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a b s t r a c t

Aerobic and anaerobic digestions were compared in reactors fed with sonicated activated sludge. Sonica-
tion treatment of activated sludge led to solubilisation of matter and especially of organic compounds. An
important improvement of aerobic and anaerobic biodegradability was observed for a sonication treat-

−1
eywords:
erobic digestion
naerobic digestion
ltrasound
ludge reduction

ment of 108,000 kJ kg TS due to the increase of the instantaneous specific soluble COD uptake rate.
Sonication led to an increase of biogas production due to the increase of available soluble COD. In this
study, sludge sonication prior to aerobic digestion in the aim of enhancing sludge reduction was incon-
clusive. Under anaerobic conditions, the enhancement of sludge reduction due to sonication depended
on the disintegration degree of the sludge. The combination of high disintegration degree of sonicated
sludge prior to an anaerobic digestion led to very good results in term of sludge reduction (80%). Energy
balance was also studied.
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. Introduction

Treatment and disposal of excess sludge represent a bottleneck
f wastewater treatment plants, due to environmental, economic,
ocial and legal factors. Many treatments such as dewatering, diges-
ion, burning, land filling and use in agriculture have been carried
ut for the disposal of excess sludge. Because of the high cost of
hese treatments, interest for solutions allowing sludge volume and

ass reduction is increasing [1].
Most mechanical and physico-chemical pre-treatment tested

o far has targeted cell lysis: ultrasound disintegration [2,3],
hear stress forces [4], alkaline pre-treatment [5,6], thermal pre-
reatment [7], alkaline combined with thermal hydrolysis [8,9]
s well as other oxidation processes (ozone, hydrogen peroxide,
tc.) [10,11]. Ultrasonic treatment is one of the most promising
ecent technologies to reduce sludge production in wastewater
reatment plants [12]. Ultrasonic treatment has positive effects:
eliability of operation (high degree of research and development),

o odour generation, no clogging problems, easiness to implement

n a WWTP, good dewaterability of the final sludge but unfortu-
ately negative aspects: erosion of the sonotrode, negative energy
alance due to the high energy consumption of the equipment [13].

∗ Corresponding author.
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The major effects of sonication on physico-chemical characteris-
ics of sludge are well known: solubilization and release of organic
omponents measured as COD, proteins, nucleic acids, polysaccha-
ides [14–16], reduction of flocs size [14,17–19], biodegradability
mprovement [14,20]. So, an ultrasonic pre-treatment of sludge
ould increase the extent of WAS biodegradability through
nhanced hydrolysis. In order to reduce the global production of
he sludge, the treated sludge could be recycled in the activated
asin (that mean aerobically digested) or injected in a digester
anaerobic treatment) [1,3,21,22]. In both cases, the coupled pro-
ess (pre-treatment plus digestion) leads to a global reduction of
he quantity of effective sludge.

According to the above results, different works have been
chieved on the optimization of sonication on waste activated
ludge, and then on the enhancement of anaerobic digestion
3,23–28]. On the contrary, literature on the effect of sonication on
erobic digestibility of activated sludge is scarcely available and the
ffectiveness of aerobic digestion after sonication remains unclear
29]. For [30] the gain in sludge reduction is about 5% when compar-
ng untreated and treated sludge while for [31] the gain of sludge
eduction reaches 10%. Simplicity of process and lower capital costs

re the advantages of aerobic digestion when compared to anaero-
ic process and because of these merits, aerobic digestion has been
popular option for the small scale WWTPs. However, high energy
ost and lower pathogen inactivation could be the main disadvan-
ages of aerobic digestion [32].

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:casellas@ensil.unilim.fr
dx.doi.org/10.1016/j.cej.2008.09.003
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Nomenclature

COD chemical oxygen demand (mgO2 L−1)
CODNaOH soluble COD after an alkaline hydrolysis (mgO2 L−1)
DD disintegration degree (%)
EB energetic balance (kJ kgTSS−1

removed)
Index 0 initial value
Index f final value
Index S parameter value in the soluble phase
Index T total parameter value
Index P parameter value in the particulate phase
P power (W)
qCOD Instantaneous specific soluble COD uptake rate

(mgCODS gVSS−1 d−1)
qBG instantaneous specific biogas production

(mLBG gVSS−1 d−1)
S solubilisation (%)
SE specific supplied energy (kJ kgTS−1

0 )
t sonication time (s)
TN total nitrogen (mg N L−1)
TP total phosphorus (mg P L−1)
TS total solids (g L−1)
TSS total suspended solids (g L−1)
V sample volume (L)
VS volatile solids (g L−1)
VSS volatile suspended solids (g L−1)
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Table 1
Characteristics of the concentrated activated sludge before sonication

pH 7.12
CODT0 mgO2 L−1 18750
CODS0 mgO2 L−1 920
CODP0 mgO2 L−1 17830
CODS0/CODT0 (%) 4.91
TS0 g L−1 17.81
VS0 g L−1 14.25
TSS g L−1 17.12
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WAS waste activated sludge
Y global yield of biogas production (LBG gCOD−1

s )

The aim of this work is to understand and to compare per-
ormances and dynamics of aerobic and anaerobic digestion of
onicated activated sludge; this comparison should permit to
hoose the most suitable process in regard to sludge reduction.

In a first part, the effect of ultrasonic treatment on sludge solu-
ilisation and membrane integrity was evaluated under different
onication energies. In a second part, the calculation of kinetic
arameters, yields and removal efficiencies was done to assess
he driving parameters of biodegradability and sludge reduction
nhancement due to sonication. The real impact of sonication on
erobic and anaerobic digestion enhancement in term of sludge
eduction and energetic balance was finally discussed.

. Materials and methods

.1. Waste activated sludge samples characteristics

The activated sludge came from the municipal wastewater treat-
ent plant of Limoges (France) (advanced biological activated

ludge treatment of 47,000 m3 per day of influent composed by 85%,
/v of domestic and 15%, v/v of organic industrial wastewater). Sam-
les of activated sludge were collected from the recirculation loop.
efore sonication, activated sludge was concentrated. The charac-
eristics of the sludge are reported in Table 1.

.2. Ultrasonic treatment

The ultrasonic apparatus was a Sonopuls Ultrasonic Homogenis-
rs (BANDELIN – GM 70). This apparatus was equipped with a probe

nd worked with an operating frequency of 20 kHz and a supplied
ower of 60 W. For each sonication experiment, 50 mL of sludge
ere filled in a stainless steel beaker and the ultrasonic probe was
ipped 2 cm into the sludge. The range of the specific supplied
nergy varied from 0 to 108,000 kJ kgTS−1

0 . Three specific energies

2
2
p
m

0

SS0 g L−1 13.96
NT0 mg N L−1 2100
PT0 mgP L−1 1560

SE) were investigated: 3600; 31,500; 108,000 kJ kgTS−1
0 . SE was

etermined by using ultrasonic power (P), ultrasonic time (t), sam-
le volume (V) and initial total solid concentration (TS0) according
o the following equation [27]:

E = P (W) × t (s)

V (L) × TS0(g L−1)
(1)

.3. Aerobic and anaerobic reactors

The anaerobic and aerobic digestions were studied in eight
tirred tank reactors (magnetic agitator (Fisher-Bioblock-France,
= 40 W at 10 rpm). Four of them were dedicated to the anaerobic
igestion experiments and the others to aerobic digestion. In this

ast case air was supplied through a sparger and an air compres-
or (P = 135 W) to ensure a uniform concentration of 2 mgO2 L−1.
ach reactor had a working volume of 3 L. The reactors were ini-
ially filled with 500 mL of inoculum, collected respectively in the
eration tank or in the digestor of Limoges WWTP, and 2.5 L of son-
cated sludge (SE respectively: 0; 3600; 31,500; 108,000 kJ kgTS−1

0 ).
he digestions were carried out at usual temperatures (room tem-
erature for aerobic digestion and 37 ◦C for the anaerobic digestion
as in the plant)). The produced biogas was collected in calibrated
lass cylinders. The cylinders were filled with deionised water acid-
fied with HCL (pH is close to 2) to avoid the solubilization of CO2
3].

.4. Analysis

.4.1. Chemical analysis

.4.1.1. Chemical oxygen demand (CODT, CODS), total nitrogen (TNT,

NS) and total phosphorus (TPT, TPS). COD, TN and TP were measured
n the total sludge (T) and in the soluble fraction (S). The soluble
raction was evaluated after centrifugation (SORVALL T 6000 D) at
600 × g’s for 20 min and filtration through a 1.2-�m membrane.
he difference between soluble fraction (S) and total sludge (T) was
alled particulate (P). COD, TN and TP were evaluated using the
icro-method HACH.

.4.1.2. Total solids (TS) and volatile solids (VS). TS and VS were
easured on the total sludge and TSS and VSS on solids of centrifu-

ation (SORVALL T 6000 D) at 3600 × g’s for 20 min. TS, VS, TSS, VSS
easurement were achieved according to normalised methods (ref
PHA): samples were heated at 105 ◦C for 24 h (determination of

he total dry matter concentration) and then heated at 550 ◦C for 2 h
determination of mineral matter). Organic matter concentration
as then deduced.
.4.2. Biological analysis: evaluation of membrane cells integrity

.4.2.1. Sample preparation. In order to obtain a single cell sus-
ension, sludge pre-treatment was performed according to the
ethod described by [33] using a mechanical blender (IKA-Turrax-
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25; IKA Labortechnik, Germany). A 48-�m pore-size filtration
as then done to avoid clogging of the cytometer nozzle. After
reak-up and filtration, samples were diluted with 0.22 �m filtered
hosphate-buffered saline solution to give a final concentration of
pproximately 106 to 107 micro-organisms per mL before staining.

.4.2.2. Cell staining. A SYTOX Green (Invitrogen) solution in
imethyl sulfoxide was delivered at a concentration of 5 mM. This
ommercial stock solution was stored at –20 ◦C. SYTOX Green was
dded to samples at a final concentration of 5 �M. Samples were
hen incubated during 5 min at room temperature as suggested by

anufacturer before flow cytometric analyses.

.4.2.3. Flow cytometric analyses. They were performed using a
ACS Vantage cell sorter (Becton Dickinson, MD, USA) equipped
ith a 488 nm argon laser (excitation wave-length of SYTOX green).

wo parameters were recorded: SSC (Side Scatter) related to cell
tructure and green fluorescence of SYTOX Green related to cell
embrane integrity of bacteria. The results were analyzed with

SC versus green fluorescence cytograms. Green fluorescence was
ollected in four decades logarithmic scale whereas SSC was col-
ected in linear scale. 10,000 cells were analyzed at a flow rate of
00 cells/s approximately.

.5. Sludge solubilisation, specific rates and removal efficiencies
ssessment

.5.1. Activated sludge disintegration assessment

COD (SCOD), Nitrogen (STN) and Phosphorus (STP) solubilisation were
calculated by using the difference between soluble concentra-
tion (Xs) and initial soluble concentration (Xs0) divided by to the
initial particulate concentration (Xp0) as follows [27]; X repre-
senting either COD, nitrogen or phosphorus concentrations:

SX =
[

Xs − Xs0

Xp0

]
× 100% (2)

Total solids (STS) and volatile solids (SVS) solubilisation were calcu-
lated as follows [27]:

STS =
[

TS0 − TS
TS0

]
× 100% (3)

SVS =
[

VS0 − VS
VS0

]
× 100% (4)

Degree of disintegration (DD): the degree of disintegration was
defined by [34] as the comparison between ultrasonic process and
the maximum soluble CODNaOH obtained by alkaline hydrolysis
(i.e. 24 h of incubation at 20 ◦C with NaOH 1 M)

DDCOD =
[

CODs − CODs0

CODNaOH − CODs0

]
× 100% (5)

.5.2. Performances assessment of aerobic and anaerobic
igestion
Removal efficiencies: total COD, and VSS removal efficiencies were
evaluated according to the following equation:

removalefficiency(%)

=
(

parametervalue(t0) − parametervalue(tf)
parametervalue(t0)

)
× 100 (6)
.5.3. Rates and yield during aerobic and anaerobic digestion
Instantaneous soluble COD uptake rate rCOD, and instantaneous
biogas production rate rBG were calculated according to the fol-

p
(
l

t
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lowing equations:

rCOD = �CODSt1t2

t2 − t1
in mgO2 L−1 d−1 (7)

rBG = �VBiogasSt1t2

t2 − t1
in mLBG d−1 (8)

Instantaneous specific soluble COD uptake rate qCOD
(mgCODS gVSS−1 d−1) and instantaneous specific biogas produc-
tion rate qBG (mLBG gVSS−1 d−1) were calculated according to
the following equations:

qCOD = rCOD

VSSt1t2

mgCODS gVSS−1 d−1 (9)

qBG = rBG

VSSt1t2

mLBG gVSS−1 d−1 (10)

Global yields of biogas production Y (LBG gDCOS
−1) was calcu-

lated according to Eq. (11), Vbiogaz represents the total amount
of biogas produced between t0 and tf:

Y = VBiogas
(CODSt0 − CODStf

)Vreactor
(11)

.6. Energy balance (EB)

The specific energy to remove 1 kg of TSS was calculated under
erobic and anaerobic conditions.

EB aerobic (kJ kgTSS-1
removed)

= (Eultrasound(kJ) + Eair compressor(kJ))

([TSSremoved(kg L−1)Vreactor(L))
(12)

EBanaerobic(kJ kgTSS−1
removed)

= Eultrasound(kJ) + Emixing(kJ) − Ebiogas(kJ)

TSSremoved(kg L−1)Vreactor(L)
(13)

Ebiogas was calculated considering that CH4 represents 55% (v/v)
f the total biogas produced and that 1 mL of CH4 corresponds to
5.95 J.

. Results and discussion

.1. Ultrasonic sludge disintegration

The effects of ultrasonic treatment on sludge disintegration
ere studied in order to evaluate: the preferential pre-treatment

onditions in terms of organic matter solubilisation and then the
ossible improvement of digestion, the source of organic matter
olubilisation.

.1.1. COD, N and P solubilisation

.1.1.1. COD solubilisation. COD solubilisation increased linearly
ith increasing specific energy (Fig. 1) for a constant total COD

n each experiment. The maximal percentage of COD solubilisation
as less than 10% for a specific energy of 108,000 kJ kgTS−1

0 . The
ow solubilisation level can be explained by sludge composition:
he mineral matter represented an important part (20%), and the
rganic matter was mainly particulate (97.9%). Only a little fraction
f the particulate might be hydrolysable with a mechanic attack

robably be due to the presence of refractory organic compounds
coming from industrial wastewater). Higher power supplied could
ead to higher solubilisation level [14,26].

If the COD solubilisation calculation permits the evaluation of
he effectiveness of an ultrasonic treatment [29], the disintegration
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Fig. 1. Comparison of COD solubilisa

egree permits to evaluate the maximum level of sludge solubil-
sation. The disintegration degree of sonicated sludge increased
ignificantly with increasing specific energy (Fig. 2). It was low for
pecific supplied energies under 3600 kJ kg TS−1 (7.8%), but for sup-
lied energies over this value, the disintegration degree increased
trongly. A disintegration degree of 47% was obtained for the max-
mal specific supplied energy (108,000 kJ kgTS−1

0 ). This result was
omparable to the results of [14] at a lower specific energy but bet-
er than the results of [18] (less than 20%) for comparable specific
nergy and lower total solids concentration (Fig. 2).

The discrepancy between the low values of COD solubilisa-
ion (10%) and high value of disintegration degree (47%), could be
ttributed to the nature and composition of the sludge: higher TS
oncentration led to higher disintegration degree [29].

.1.1.2. Nitrogen and phosphorus solubilisation. During the exper-
ments, total nitrogen concentration remained constant in the
ludges (soluble + particulate concentrations). The total nitrogen

olubilisation increased with increasing specific energy (Fig. 3). For
pecific energies above 3600 kJ kgTS−1

0 , the increase was linear. For
specific energy of 108,000 kJ kgTS−1

0 the solubilisation of nitrogen
eached 19.6%, value less important than the solubilisation reached
y [14] (40%) with the use of a higher power supplied. The behaviour

c
a
c
w
o

Fig. 2. Comparison of the degree of disintegra
ith different ultrasonic treatments.

f phosphorus forms after sonication, rarely described in literature,
s reported in Fig. 3. Total phosphorus solubilisation increased with
ncreasing sonication energy up to 31,500 kJ kgTS−1

0 . The solubilisa-
ion reached 12%. For supplied energy above 31,500 kJ kgTS−1

0 , total
hosphorus solubilisation remained constant.

.1.2. Origins of the solubilised organic matter
The membrane integrity has been investigated by using flow

ytometry. Fig. 4 shows cell structure (SSC) versus membrane
ntegrity (FL1) of cells obtained from untreated (A), heat treated
B) and sonicated (C1, C2, C3) activated sludge samples stained
ith SYTOX green. A heat treated sample (where bacteria were in
ajority permeabilized) was used as positive control for SYTOX

reen efficiency. The R1 population corresponded to stained cells,
.g. permeabilized cells. After thermal treatment (60 min at 80 ◦C),
he cells exhibited an increase of green fluorescence due to the
oss of membrane integrity. But after sonication (C1, C2 and C3),
o membrane integrity loss was exhibited. In all samples, the total

ell concentration (permeabilised and intact) remained constant
t approximately 7 × 109 cells/ml (data not shown). Intact cells
oncentration remained approximately constant during sonication
hatever the specific energy applied. The increase of soluble forms

f carbon, nitrogen and phosphorus cannot be attributed in the

tion for different ultrasonic treatments.
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Fig. 3. Total Nitrogen an

onditions of the study to cell lysis but more probably to floc disin-
egration and especially to EPS destructuration promoting the shift
f extracellular proteins and polysaccharides from inner layer to
uter, resulting in increasing soluble COD with increasing sonica-
ion power supply [31].

.1.3. Sludge reduction due to the pre-treatment (sonication)

Ultrasonic treatment induced per se sludge reduction due to the

olubilisation of total and volatile solids (Fig. 8). The contribution
f the ultrasonic pre-treatment to sludge reduction was 7.1, 17.6
nd 22.3% for TSS and 13.5, 24.6 and 29.7% for VSS, respectively,
or specific energy values of 0; 3600; 31,500 and 108,000 kJ kgTS−1

0 .

t
0
p
2
p

ig. 4. Cell structure (SSC) versus membrane integrity (FL1) cytogram for untreated (A),
tained with SYTOX green. SE are 3600, 31500 and 108,000 kJ kgTS−1

0 for C1, C2 and C3, re
sphorus solubilisation.

or a constant total matter quantity (in this study, using ultrasound
id not mineralize the organic matter), soluble matter increased
ith SE, whereas particulate matter concentration decreased. The

ncrease of solubilisation of total solids (STS) versus increasing spe-
ific energies between 3600 and 108,000 kJ kgTS−1

0 (Fig. 5) is linear.
otal solids solubilisation reach 14.65% for the maximal specific
nergy input. As it is shown Fig. 5, the volatil solids solubilisa-

ion (SVS) rapidly increased for specific energies varying between

to 31,500 kJ kgTS−1
0 and reached 15.8%. For higher specific sup-

lied energies volatile solids solubilisation was slower. SVS reached
3% for the maximal energy input. Volatil solids solubilisation was
roportionally more important than total solids solubilisation.

heat treated (B) (positive control), and sonicated (C1, C2, C3) activated sludge cells
spectively.
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Fig. 5. Total solids and

.2. Performances assessment of aerobic and anaerobic digestion
f sonicated activated sludge

The ability of ultrasonic pre-treatment to solubilize particulate
rganic matter having been demonstrated, the analysis and the
omparison of the quality of released organic matter (in terms of
ts aerobic and anaerobic biodegradability) was required for the
uture choice of process (both pre-treatment coupled to the diges-
ion step).

.2.1. Quantitative and qualitative aspects of biogas production of
onicated sludge under anaerobic conditions

In a first time, the anaerobic fermentation was investigated. The
otal volume of produced biogas was 3.7, 3.9, 5.1 and 6.8 L for non-
reated sludge and sonicated sludge respectively with increasing
pecific energies (Table 2). The amount of produced biogas was as
uch important as the specific energy was high. This result con-
rms previous studies on the subject [14,24].
The calculation of instantaneous specific rates of biogas pro-

uction (qBG) allowed a more accurate understanding of the
echanisms of biogas production (Fig. 6) which revealed a bell-like

ehaviour comparable whatever the power supplied during ultra-

i
Y
d
s
n

able 2
erobic and anaerobic digestions efficiencies after 50 days

erobic digestion

nergy of sonication Eultrasound CODT removal
efficiency (%)

J kgTS−1
0 kJ

on-treated (control) 0 79.7
,600 160 80.1
1,500 1400 80.7
08,000 4806 89.9

naerobic digestion

nergy of sonication Eultrasound VTBG (mL) Ebiogas (kJ) Y (LBG gCOD−1
s ) CODT r

efficien

J kgTS−1
0 kJ

on treated (Control) 0 3725 74 1.98 86.2
,600 160 3975 79 1.61 88.3
1,500 1400 5095 101 1.92 88.7
08,000 4806 6835 135 1.34 92.1
le solids solubilisation.

onic treatment. They increased until day 20 and then decreased to
. Moreover, specific rates of gas production were greatly improved
y ultrasonic pre-treatment. The qBG values increased with increas-
ng specific energies. The maximum values were: 9.3, 13, 22.6, and
3 mL biogas gVSS−1 d−1 respectively for specific energy of 0; 3600;
1,500; 108,000 kJ kgTS−1

0 .
According to [14,26], the fact that there was a linear correlation

etween the soluble organic matter to degrade and the volume of
roduced biogas, means that sonication did not have an impact on
he kinetic parameters of conversion of soluble COD to biogas (i.e.
he quality of released biodegradable matter is the same whatever
he pre-treatment and the specific energy). The biogas to solu-
le COD yield (Y) was assessed for the different specific energies
Table 2). After 50 days of digestion Y values were not significantly
nfluenced by increasing specific energies. So, the increase in biogas
roduction could be attributed to the increase of available soluble
OD due to sonication and not to an improvement of Y. This result
s in accordance with the work of [25]. A possible explanation of
evolution in this study could be that the important length of the
igestion time (50 days) provides enough time for non sonicated
ludge to achieve a more complete hydrolysis of particulate matter
on-easily biodegradable.

Global VSS removal
efficiency (%)

Global TSS removal
efficiency (%)

Global energetic balance
EB (kJ kgTSS−1

removed)

39.3 23.1 56,650,00
45.4 28.2 46,500,000
49.3 31.6 41,550,000
61.3 45.3 29,150,000

emoval
cy (%)

Global VSS removal
efficiency (%)

Global TSS removal
efficiency (%)

Global energetic
balance EB
(kJ kgTSS−1

removed)

44 38.5 8,400,000
53.8 54.5 5,930,000
66.1 59.6 5,480,000
80.7 73.6 4,540,000
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Fig. 6. Instantaneous spec

.2.2. Biodegradability of sonicated activated sludge: comparison
etween aerobic and anaerobic conditions

As it was shown before, sonication induced solubilisation
f organic matter and consequently, it is supposed to improve
he global digestion of the matter. In fact, aerobic or anaero-
ic digestions could be different in regard to the rate of matter
iodegradation and by extension, to the quality of the released
atter. Whatever the conditions (aerobic or anaerobic), total COD

emoval efficiencies (and thus biodegradability) were strongly
nfluenced by the level of solubilisation of organic matter and thus
y the level of the specific energy: as expected, high specific energy
upplied led to higher removal efficiency (Table 2). For specific
nergies (SE) lower than 31,500 kJ kgTS−1

0 the removal efficiency
f total COD was not improved under either aerobic or anaerobic
onditions. Nevertheless, an interesting improvement of total COD
emoval was observed for a specific energy of 108,000 kJ kgTS−1

0 .
fter 50 days the removal efficiencies were respectively 89 and
2% under aerobic and anaerobic conditions compare to 80 and
8% for the control. The calculation of instantaneous specific rates
COD aimed to a better understanding of soluble COD removal
fficiencies (Fig. 7(a) and (b)). The specific instantaneous solu-
le COD uptake rate increased with increasing specific energy
ntil day 15 either under aerobic and anaerobic conditions. After
his period, qCOD drastically decreased to reach a very low value
close to 0). The maximal qCOD values obtained after 15 days for
specific energy of 108,000 kJ kgTS−1

0 were respectively 10.2 and

.8 mgCODS gVSS−1 d−1 under aerobic and anaerobic conditions.
he increase of soluble COD due to sonication positively influenced
he soluble COD removal of specific removal rates. Ultrasonic pre-
reatment might enhanced enzymatic activities and promoted the
hift of extracellular proteins, polysaccharides and enzymes from

d
a
c
o

Fig. 7. Instantaneous specific soluble COD uptake rate qC
ogas production rate qBG.

nner layers of sludge flocs to outer layers resulting in improved
fficiency of digestion [31].

.2.3. Assessment of sludge reduction under aerobic and
naerobic conditions
.2.3.1. Quantitative estimation of sludge reduction. The relative
ontribution of pre-treatment and digestion step on sludge reduc-
ion were investigated (Fig. 8(a) and (b)). Ultrasonic treatment of
ludge induced per se sludge reduction (3.1.3). The specific con-
ribution of aerobic and anaerobic digestions on VSS reduction
ere, respectively, after 50 days: 39, 32, 25 and 32%, and 44,
0, 41 and 51%. Under aerobic conditions VSS removal was not

mproved by activated sludge sonication and a slight decrease of
SS removal in reactor fed with sonicated sludge was observed.
oreover, VSS removal remained constant after about 35 days
hatever the conditions. Other authors demonstrated on the

ontrary VSS removal improvement after sonication and aerobic
igestion [29–31]. However, the enhancement of sludge reduction
nder aerobic conditions could be greatly influenced by the density
f the power supplied. In this study, it was 60 W, corresponding to a
ensity of 1200 W L−1, value 2 times lower than the density applied
y [31]. Sludge reduction under anaerobic conditions was slightly
mproved by sonication pre-treatments under certain conditions:
SS removal efficiency was improved by 14% when the reactor was

ed with sludge treated with the maximal sonication energy of
08,000 kJ kgTS−1

0 .

The global VSS removal including the pre-treatment and the

igestion for increasing specific energies were: 39; 45, 49 and 61%
nd 44, 53, 66 and 80%, respectively, under aerobic and anaerobic
onditions (Table 2). The improvement of VSS removal under aer-
bic conditions was only due to the pre-treatment itself; on the

OD during aerobic (a) and anaerobic (b) digestions.
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Fig. 8. Comparison of the relative contribution of ultrasonic pre-treatment (black stick) and aerobic (a) or anaerobic (b) digestion (white stick) to sludge reduction for different
specific energies.
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disintegration. Poor solubilisation results (10% in this study) could
Fig. 9. Evolution of K (constant of reaction rate, VSS consump

ontrary, under anaerobic conditions, sonication positively influ-
nced VSS removal especially when a sufficient specific energy is
upplied to the sludge. The best result in term of VSS removal (80%)
as obtained for anaerobic digestion of sonicated sludge with a spe-

ific energy of 108,000 kJ kgTS−1
0 (degree of disintegration equal to

7%), in other ways, an improvement of 82% of sludge reduction was
oticed when compared to the control. The proportional improve-
ent of digestion is less important than the contribution of the

re-treatment itself.

.2.3.2. Qualitative assessment of sludge reduction. The determina-
ion of kinetics of sludge reduction enhancement due to sonication
nder aerobic and anaerobic conditions was investigated. The ini-
ial slope of VSS decrease could be described with a first order
eaction dynamics with K the constant of reaction rate in d−1:

d[VSS]
dt

= −K[VSS] (14)

K (calculated in each aerobic and anaerobic reactors containing
re-treated sludge) has been plotted against specific energy both

n aerobic and anaerobic conditions (Fig. 9): sonication of sludge
efore aerobic treatment did not improve significantly the kinetic
f sludge reduction. On the contrary, K and thus sludge reduction
ere improved during anaerobic digestion when the sludge was
reviously sonicated. So, anaerobic digestion was as much efficient
n sludge reduction, when the disintegration degree of sludge was
mportant.

.2.3.3. Energy balance of sludge reduction. The energy required
y sonication (Eultrasound (kJ)) and the energy recovered by bio-
te) as a function of the specific energy applied to the sludge.

as production (Ebiogas (kJ)) are compared in Table 2. Without any
ptimisation of energy balance, the energy input required by son-
cation was not offset by the recovery of energy due to the greater
as production. Nevertheless, the global specific energy used to
emove TSS was decreasing with increasing specific energy and
naerobic conditions were more favourable to sludge reduction.
he global energy balance confirmed the interest of using high
ltrasonic treatment (108,000 kJ kgTS−1

0 ) followed by an anaerobic
igestion.

. Conclusions

This work aimed to compare the performances (biodegradability
nd sludge reduction) of aerobic and anaerobic reactors fed with
onicated activated sludge.

Ultrasonic treatment of sludge at different specific energies:
3600, 31,500, 108,000 kJ kgTS−1

0 led to solubilisation (disintegra-
tion) of matter. TS, VS, Total Nitrogen, and COD solubilisation
increased with increasing specific energy supplied. COD sol-
ubilisation was proven not to be a relevant parameter of
sonication efficiency. The disintegration degree gave more inter-
esting information as it included the maximal potential of sludge
correspond to good disintegration degree (47% in this study). In
the conditions of the study (f = 20 Hz, power supply = 60 W, TS:
17.8 g/L), flow cytometry experiments showed that organic mat-
ter solubilisation was not due to cell membrane breakage but
more probably to floc breakage.
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The biodegradability of the sonicated sludge was comparable
under aerobic and anaerobic conditions. The improvement of aer-
obic and anaerobic performances in term of total COD removal
was noticeable only for high specific energy (108,000 kJ kgTS−1

0 )
or disintegration degree (47%) and was due to higher instanta-
neous specific rates.
Biogas production was greatly improved by sonication of WAS.
Nevertheless, it was proven that the yield of biogas to soluble
COD conversion remained constant.
Ultrasonic pre-treatment of activated sludge did not improve the
total sludge reduction under aerobic conditions. The improve-
ment of global sludge reduction production of sonicated sludge
under aerobic conditions is only due to the ultrasonic treatment
itself.
Ultrasonic pre-treatment improved sludge reduction under
anaerobic condition to certain extends. This improvement is
closely conditioned to the effectiveness of ultrasonic treatment
in term of degree of disintegration or solubilisation. The improve-
ment of global sludge reduction production of sonicated sludge
under anaerobic conditions was due to both ultrasonic treatment
and digestion.
Sludge digestion was found to be enhanced by ultrasonic
pre-treatment under anaerobic conditions which was not the
case under aerobic conditions. This enhancement is greatly
conditioned to the quality of the ultrasonic treatment. The dis-
integration degree was found to be a good parameter for the
evaluation of the effectiveness of an ultrasonic treatment.
The global VSS removal (including the pre-treatment and the
digestion) was improved by 82 and 36% respectively after 50 days
of anaerobic or aerobic digestion for a specific energy supplied
of 108,000 kJ kgTS−1

0 . This improvement was mainly due to the
pre-treatment itself.
The energy input required by sonication was not offset
by a greater gas production but the energy balance was
largely in favour of highly ultrasonically pre-treated sludge
(108,000 kJ kgTS−1

0 ) followed by an anaerobic digestion.

In these experimental conditions, sludge sonication prior to
erobic digestion in the aim of enhancing sludge reduction was
nconclusive. On the contrary, the combination of high disintegra-
ion degree of sonicated sludge prior to an anaerobic digestion led
o very good results in term of sludge reduction (80%). The combi-
ation of these two processes appears to be the most suitable with
oreover energy save and certainly financial recovery.
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