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ABSTRACT

Aerobic and anaerobic digestions were compared with different sludge reduction processes such as
ultrasonic, ozone, and thermal treatments. Each treatment was tested under the following conditions
to improve batch aerobic or anaerobic digestion: ultrasound (200, 000 k] kgTSa1 ), thermal (40°C, 60°C,
90°Cfor90 min, 120°C 15 min, 1 bar), and ozonation (0.1 g0s gTSa1 ). The different pretreatments induced
organic matter solubilisation and intrinsic sludge reduction (total suspended solids): ultrasound (47%),
thermal 90°C (16%), ozone (15%), thermal 60 °C (9%), thermal 40°C (5%), autoclave (120°C) (4.2%). TSS
(and also VSS) solubilisation were found to be highly correlated to the pretreatment ability to break the
flocs rather than to specific energy input. The total values of TSS reduction ranged from 57% to 71% under
aerobic conditions and from 66% to 86% under anaerobic conditions. TSS solubilisation after pretreatment
can be considered as a predictive parameter of sludge volume reduction enhancement after aerobic or
anaerobic digestion while specific energy input did not show anything or negligible impact. In our exper-
imental conditions, ultrasound and ozone led to the best TSS removal improvement after both aerobic
(30% and 20%) and anaerobic digestion (20%). Ultrasonic and ozone pretreatments prior to aerobic or
anaerobic digestion led to the best reduction of the specific energy required for removing 1kg of TSS
compared to the control. Anaerobic digestion was globally more effective (compare to aerobic digestion)

in enhancing sludge production reduction.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The well-known biological process called “activated sludge pro-
cess” is the most widely used process for biological wastewater
treatment nowadays, but it results in the generation of a consid-
erable amount of waste that has to be disposed of. This sludge
contains high fractions of volatile solids (VS) and retains large
amounts of water before a possible drying (>95% by weight), result-
ing in the production of extremely large volumes of residual solids,
and significant disposal costs. Thereby, the conventional method
leads to water pollution problem into solid waste disposal problem.
The main alternative methods for sludge disposal are: landfilling,
land application and incineration. Incineration is quite expensive
and land application (or agricultural use) is subject to reservations
from farmers and consumers.

There is therefore, a growing interest in developing technologies
to reduce the wastewater sludge generation [1]. Aerobic or anaer-
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obic digestion of waste activated sludge (WAS) is often slow due to
the rate limiting cell lysis step. Several systems combining biolog-
ical and physico-chemical treatment have been studied in order to
improve the aerobic and anaerobic biodegradation of solid wastes.

Flocs destruction and cells disruption can be achieved by var-
ious methods: ultrasonic disintegration [2,3], shear stress forces
[4], alkaline pretreatment [5], thermal pretreatment [6], alkaline
combined with thermal hydrolysis [7,8] as well as other oxidation
processes (0zone, hydrogen peroxide) [9,10].

Possible applications of ultrasonic treatment have increased
both in number and diversity of devices and ultrasonic treatment is
recognized as a promising technology to reduce sludge production
[11].

Solubilisation and release of organic components such as
COD, proteins, nucleic acids, extracellular polysaccharides (EPS)
[12-14], reduction of flocs size [12,15-17], and biodegradability
improvement [12,18] are the main effects of sonication on sludge
physico-chemical parameters.

Previous reports on the use of sonication before aerobic degra-
dation (i.e. on the recycling loop) or anaerobic digestion led to
significant reduction in the sludge production [1,3,19,20].
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Nomenclature

COD chemical oxygen demand (mg0, L1)

TS total solids (mgL-1)
TSS total suspended solids (mgL-1)
VS volatile solids (mgL-1)

VSS volatile suspended solids (mgL~1)

Sx solubilisation of parameter X (%)

P power (W)

%4 sample volume (L)

SE specificsupplied energy (k] kgTSg1 )inputduring the
pretreatment

Et total energy (pretreatment +digestion) (kWh)

EB energetic balance (kWh kgTSr’elmove )

WAS waste activated sludge

t sonication time (s)

Y global yield of biogas production (mLBG gCOD§1)

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
BG biogas

Sludge ozonation was shown to be one of the most cost effec-
tive technologies with the highest disintegration capability [21,22].
Ozone is a powerful oxidant which breaks the structure of natural
organic matter and enhances the transformation of high molecular
weight compounds into low molecular weight (MW) products, such
as carboxylic acids, hydrophilic acids, carbohydrates, amino acids,
etc. [23,24]. Sludge disintegration by ozone is well described by
the sequential decomposition processes of floc disintegration, sol-
ubilisation and mineralization [25]. The feasibility of the activated
sludge system coupled with an ozonation process was checked
through the full scale plant operations without excess sludge pro-
duction [26,27]. Ozonation was also considered as an attractive
pretreatment procedure for solid hydrolysis prior to aerobic and
anaerobic digestion [28].

Sludge heating could also be an interesting pretreatment
approach to increase the methanogenic potential of the sludge [29]
because it results in the breakdown of the gel structure of the
sludge and the release of intracellularly bound water [30]. When
sludge heating is to be performed in order to reduce sludge pro-
duction, sludge solubilisation process would be necessary. For this
purpose, two main temperature brackets are to be considered (from
economic or efficiency point of view): temperatures either higher
or lower than 150°C [31]. The necessary temperatures to obtain
solubilised sludge would be around 160-200°C [6,7]. Therefore,
this treatment allows a high level of solubilisation, modification in
sludge characteristics (increase in filterability and viscosity reduc-
tion) and reduction of pathogen microorganisms [32,33].In fact, the
temperature of treatment has more impact on sludge solubilisation
than the time of treatment [6,34].

The association of a process for hydrolysis of organic matter
and/or a process for biomass stress together with a biological pro-
cess (either aerobic or anaerobic) was reported to improve sludge
reduction. Different works have been achieved on the enhancement
of anaerobic digestion [2,35-40]. On the contrary, literature on the
effect of pretreatment on aerobic digestibility of activated sludges
is scarcely available.

Few data are available in the literature concerning any compari-
son between aerobic and anaerobic digestion on sludge production
improvement after pretreatment [41]. This is also the case for
information related to the potential links between pretreatment

performances (such as solubilisation) and anaerobic or aerobic
digestion performances.

The aim of this work was to compare the dynamic, technical
and economical performances of aerobic and anaerobic digestion
of sludge subjected to different pretreatments. In the first part, the
effect of different sludge reduction processes such as ultrasonic
treatment, ozone treatment, and thermal treatment on sludge sol-
ubilisation was assessed. In the second part, different combinations
of pretreatment and digestion (aerobic/anaerobic) were evaluated
in terms of (1) sludge production reduction improvement, (2) rela-
tion with initial solubilisation parameters or specific energy input
and (3) energetic performances comparison. Then comparisons
would provide valuable information in regard to selection of the
best types of digestion and allow the evaluation of the best pre-
treatment for sludge reduction and cost saving.

2. Materials and methods
2.1. Waste activated sludge characteristics

The activated sludge was received from the municipal wastew-
ater treatment plant of Limoges (France) (285,000 people
equivalent). Samples of activated sludge were collected from the
recirculation loop. Before pretreatment, activated sludge was con-
centrated up to 14.26gL-! of total solids (TS), with standard
deviation (SD=2.18gL-1) and volatile solids (VS) content was
72.82% TS (SD =3.32%). Sludge was stored at 4°C.

Two series of samples were studied: ultrasound, autoclave,
thermal treatment 90°C and compared to control 1, and thermal
treatment 40 °C, 60 °C, ozone and compared to control 2, the main
difference being the time when they were collected.

2.2. Pretreatment conditions

2.2.1. Ultrasonic treatment

The ultrasonic apparatus was a Sonopuls Ultrasonic Homogenis-
ers (BANDELIN - GM 70). This apparatus was equipped with a probe
and worked with an operating frequency of 20 kHz and a continu-
ous supplied power of 50 W. For each sonication experiment, 50 mL
of sludge were filled in a stainless steel beaker and the ultrasonic
probe was dipped into the sludge.

The specific energy applied to the
(200, 000 k] kgTS™1).

Specific energy (SE) is defined according to Eq. (1) with P the
ultrasonic power (W), t the ultrasonic time (s), V the sample volume
(L) and TSq the initial total solid concentration (gL~1):

sludge was

Pxt

SE:vszO

(1)

2.2.2. Ozone treatment

The ozonation device was composed of an ozone generator
(TRAILIGAZ OZONE SAS), an ozone analyser (964 BT), an oxy-
gen cylinder for oxygen supply, a contact column (1800 mm high
water column), an ozone destructor (supplied by TRAILIGAZ), an air
pump and a tail gas adsorption flask with potassium iodide inside.
A pre-calibrated rotameter with a regulating valve for gas flow
adjustment and an output control scale was mounted in front of
the generator assembly. Pipes and valves were made of polypropy-
lene (for water flow) and PTFE (for ozone flow), and the contact
column was made of PVC (opaque in the base of column and trans-
parent in the top of column). The power of the ozone generator
and the oxygen flow and air pressure were set in all the tests
at 180 W (from 50 W to 200 W) and 600 NLh~! (from 300 NLh!
to 800NLh~1), and 0.7 bar (from 0.0atm to 1atm), respectively,
ensuring a constant supply of O3 to the contact column. Ozone gen-
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eration performances were determined by measuring the gas flow
rate. Maximum ozone production was found to be 50 g/Nm?3. Resid-
ual ozone was measured at the outlet of the contact column during
the tests.

All the experiments were conducted at room temperature and
in a semi-batch mode by ozone bubbling into the sludge sample.
As sludge ozonation leads to pH decrease, pH was readjusted to
7.0-7.2 after ozonation by using NaOH (1N).

For each ozonation experiment, 700 ml of sludge was ozonated
for 60 min in a cylindrical glass contactor (effective volume: 2L).
Ozone consumption ratio was calculated from difference between
the amount of ozone in the inlet and in the outlet of the ozone con-
tactor per amount of initial ozonated sludge since dissolved ozone
was not detected. The ozone dose applied was 0.1 g03 gTS~1.

2.2.3. Thermal treatment

Two different types of thermal treatment were investigated:
autoclave and thermostatic bath. Autoclave Reactor was a Préci-
clave no. 942 (Autoclave, France), the temperature of treatment
was 121 °Cunder 1 bar for 15 min and the sample volume was 0.7 L.
Thermostatic bath reactor was an Isotemp 120. Three temperatures
were applied to the sludge: 40°C, 60°C and 90 °C for 60 min. Five
hundred milliliters of sludge were put in close bottles to avoid water
loss by evaporation. The input power was set to 400 W, 600W,
900 W and 6000W for 40°C, 60°C, 90°C and 121 °C (autoclave),
respectively.

2.3. Aerobic and anaerobic reactors

Anaerobic and aerobic digestions were performed in eight
stirred tank reactors. Four of them were dedicated to the aero-
bic digestion and the rest to the anaerobic digestion. The working
volume of each reactor was 3 L. The reactors were initially filled
with 500 mL of inoculum, collected from the aeration tank or in
the digestor of Limoges WWTP, and 2.5L of pre-treated sludge
(ultrasound, thermal, ozone) respectively. The digestions were car-
ried out at room temperature for aerobic digestion and at 37 °C for
the anaerobic digestion. The produced biogas was collected in cal-
ibrated glass cylinders. The cylinders were filled with deionised
water acidified with HCI (pH close to 2) to avoid the solubilisation
of CO; [2].

2.4. Sample analysis

The parameters were measured in the total sludge (T) and in
the soluble fraction (S). The soluble fraction was evaluated after
centrifugation (SORVALL T 6000 D) at 6000 x g for 20 min and filtra-
tion through a 1.2 wm membrane. All differences between soluble
fraction (S) and total sludge (T) were related as particulate (P) ones.

2.4.1. Chemical and biochemical analysis

Chemical oxygen demand: CODy, CODs were measured follow-
ing the micro-method HACH. The standard deviation for triplicates
was 10% for soluble COD measurement and 15% for total COD mea-
surement.

Total solids (TS) and volatile solids (VS): TS and VS were measured
on total sludge and TSS and VSS on solids obtained after centrifu-
gation (SORVALL T 6000 D) at 6000 x g for 20 min. TS, VS, TSS, VSS
measurement were performed according to the normalised meth-
ods: samples were heated at 105 °C for 24 h (determination of the
total dry matter concentration) and then heated at 550°C for 2h
(determination of mineral matter). Organic matter concentration
was then deduced.

Proteins measurements: Total and soluble proteins (proteinsr,
proteinss) were measured following the slightly modified tech-
nique [42] using BSA (bovine serum albumin) as a standard. The

standard deviation for triplicates was 5-8% for soluble proteins and
10-15% for total proteins.

Carbohydrates measurements: Total and soluble carbohydrates
(carbohydratest, carbohydratess) concentrations were determined
using the phenol sulphuric method proposed by [42].

2.5. Sludge solubilisation, removal efficiencies assessment

2.5.1. Activated sludge disintegration assessment

® COD (Scop), proteins (Sproteins) and carbohydrates (Scarbohydrates)
solubilisations were calculated by using the difference between
soluble concentration (Xs) and initial soluble concentration (Xsg)
divided by the initial particulate concentration (Xpg). X rep-
resents either COD, proteins or carbohydrates concentration
(Eq. (2)):

Xs — Xsg

Sx = [ } x 100% 2
x = “x. )
e Total solids (Sts) and volatile solids (Sys) solubilisations were

calculated according to Egs. (3) and (4):

TSo — TS .

Sts = [T] x 100% (3)
VS — VS )

Sys = {viso} x 100% (4)

2.5.2. Performances assessment of aerobic and anaerobic

digestion

e Removal efficiencies: TSS and VSS removal efficiencies were eval-
uated according to Eq. (5):

Removal efficiency (%)

B ( Parameter value (t0) — Parameter value (tf)

Parameter value (t0) ) x 100 (5)

2.6. Specific energy (SE) calculation

SE was determined for each treatment by using input power
(P), treatment time (t), sample volume (V) and initial total solid
concentration (TSp) (Eq. (6)):

Pw) x &s)

SE (K kgTS )= —— W =)
Viy x TSo (g L)

(6)

2.7. Energy balance

The specific energy required for removing one kilogram of TSS
was calculated under aerobic and anaerobic conditions (Egs. (7) and

(8)).

2.7.1. Et under aerobic condition (Et)

For aerobic systems, total energy consumption (Er) was con-
sidered as the sum of applied energy by air compressor during
aerobic digestion (EagraTion) and specific energy applied for solu-
bilising samples during the pretreatment (Eprerreatment) (EQ. (7)).
The power of air compressor was 135W.

Etr (kWh) = Eagration (KWh) + Epretreatment (KWh) (7)

The specific energy to remove one kilogram of TSS (EB aerobic)
was calculated according to Eq. (8):

Er (kWh)

EBaerobic (KWhkgTSS™L )=
aerobic TSSremoved (KEL™1) x Vreactor (L)

removed
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Table 1
Organic matter and sludge solubilisation after the different pretreatments.
Ultrasound Thermic (40°C) Thermic (60°C) Thermic (90°C) Autoclave (121°C) Ozone

SE (k] kgTSD’1) 200,000 144,000 216,000 558,620 665,024 46,285
Scop 46 3.8 8 16.8 15.7 10
DBO5/CODs 58 67 69 40 45 75
Sproteins 97.7 0.5 8.8 45 44 9
Scarbohydrates 33 0.3 4 37.6 33.6 7.1
Stss 46.5 5 8.8 15.8 4.2 15
Svss 55 6.5 11.7 21.2 4.8 19.2

2.7.2. Eqotq under anaerobic condition (E7)

For anaerobic system, two devices were used: agitator and
heater. An agitator was used to mix the sludge during the digestion
process. Heater was used to maintain the temperature of sludge
at 35-37°C. The duty cycle of heater was about 15%, the heater
working time being only 15% of the digestion time. The powers of
agitator and heater were 40 W and 640 W, respectively.

The energy of methane production was also taken into account
(Epjogas )- Anaerobic digestion results in methane production which
may be used to provide a fraction of required energy. Epjpgas Was
calculated considering that CH,4 represents 65% (v/v) of the total
biogas produced and that 1 mL of CH4 corresponds to 35.95] [43].

Total energy (Er) is equal to the sum of energy due to the
pre-treatment EpreTREATMENT, agitation Eyxing, and heater energies
(ExeaTING) Minus methane energy (Epipgas):

Er (kWh) = Eprerreatment (KWh) + Envixing (KWh)
+ Exeating (KWh) — Epiogas (KWh) 9)

The specific energy to remove one kilogram of TSS (EB aerobic) was
calculated according to the equation (10).

ET(kWh)

EB bic (KWhkegTss~! )=
anaeroe TSSremoved (Kg L ) X Vreactor ({-‘1)0)

removed

3. Results and discussion

Different combinations of pretreatment/aerobic or anaerobic
digestion were investigated in order to enhance sludge production
reduction. Three types of pretreatments were evaluated: thermal
(40°C, 60°C, 90°C and autoclave), mechanical (ultrasonic treat-
ment) and oxidative (ozone treatment) processes. Based on the
earlier studies, the following conditions were adopted with regard
to their effectiveness in terms of organic matter solubilisation:
40°C,60°C,90°C for 90 min, 120°C 1 bar 15 min, ultrasounds input
power of 50W (SE = 200, 000k kgTS;') and 0.1g05; gTS;". The
pre-treated sludge was aerobically and anaerobically digested for
50 days for evaluation of sludge reduction improvement and cost

effective analysis achieved for the different combinations (pretreat-
ment +digestion).

3.1. Sludge solubilisation and reduction due to the different
pretreatments

The effects of the different pretreatments on sludge solubilisa-
tion were first investigated (Table 1). Sludge solubilisation is highly
dependent on the kind of treatment (mechanic, oxidative, thermic)
rather than the specific energy input. Mechanical pretreatment
(ultrasound) led to the best results in terms of TSS and VSS solubil-
isation (47% and 55%, respectively) but also to good organic matter
solubilisation (Scop: 46%, Sproteins: 98%, Scarbohydrates: 33%). Ther-
mal treatment at 90 °C and ozonation process also led to noticeable
results in terms of sludge solubilisation (16% and 15% of TSS sol-
ubilisation, respectively). However poor results were observed in
terms of TSS or VSS solubilisation for other treatment (thermic:
40°C, 60°C, autoclave): 5%, 8% and 4.2%, respectively, for TSS sol-
ubilisation. In the case of autoclave organic matter solubilisation,
the parameters Scop, Scarbohydrates aNd Sproteins are not negligible as
evidenced by the enhanced activity (15.7%, 33.6%, and 44%, respec-
tively) due to the pretreatment.

Ultrasonic, thermal and ozone treatment of sludges induced per
se sludge reduction due to solubilisation of total and volatile solids.
The relative part of TSS removal specifically due to the pretreatment
was evaluated (Table 2). The relative contributions of the pretreat-
ment process to global sludge reduction vary largely according to
the kind of treatment. Ultrasonic pretreatment contributed major
role to sludge reduction improvement (61% under aerobic condi-
tions and 54% under anaerobic conditions). This observation clearly
indicates that the pretreatment can considerably reduce the diges-
tion length to reach the TSS removal of the non-treated sludge.
For thermal treatment the contribution in sludge reduction was
as much important as the temperature is increasing: this removal
ranged between 12% and 20% when the temperature varied from
40°C to 90°C. The contribution of ozone pretreatment (20%) to
global sludge reduction was comparable to the one determined by
thermal treatment (90 °C). For ozone treatment this result is found
to be lower than the sludge reduction obtained by Park et al. [22]

Table 2
TSS removal yield under aerobic and anaerobic conditions, relative contributions of the pretreatment and of the digestion step in TSS reduction.
Pretreatment Control 1 Ultrasound Thermic (90°C) Autoclave Control 2 Thermic 40°C Thermic (60°C) Ozone
Aerobic conditions
TSS removal yield (%) 57 76 68 69 59 62.5 65 71
Removal yield improvement/reduction 1.3 1.2 1.2 1.06 1.1 1.2
Part of pretreatment (%) 0 61 23 5.5 0 8 13.5 21
Part of digestion (%) 100 39 77 94.5 100 92 86.5 79
Initial slope of TSS removal (gTSSL~'d~1) 0.78 0.19 0.61 0.73 0.45 0.45 0.47 0.40
Anaerobic conditions
TSS removal yield (%) 72 86.2 76.5 76.9 66 69.5 73 78.5
Removal yield improvement/reduction 1.2 1.06 1.07 1.05 1.1 1.2
Part of pretreatment (%) 0 53.5 19.8 44 0 7.2 12 19.1
Part of digestion (%) 100 46.5 80.2 95.6 100 92.8 88 80.9
Initial slope of TSS removal (gTSSL~'d-1) 0.81 0.14 0.69 0.74 0.58 0.6 0.58 0.76
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Fig. 1. Evolution of TSS concentration during anaerobic digestion (control 1, ultrasound 200, 000 k] kgTSgl, thermic 90°C, 121°C).

(45%) for the same ozone dose. The autoclave pretreatment was
found to be less important contribution to TSS global removal (only
4-5%).

3.2. Study of sludge reduction improvement during aerobic and
anaerobic digestion

In the previous section it has been demonstrated that the
pretreatment process led to intrinsic sludge reduction and to sol-
ubilisation. The aim of the pretreatment was also to enhance the
sludge reduction production during aerobic or anaerobic digestion.

As the final sludge reduction was also due to the digestion
step, the respective contributions in sludge reduction of pretreat-
ment and aerobic/anaerobic digestions were assessed (Table 2). TSS
removal was greatly at variance according to the kind of digestion
(aerobic or anaerobic).

Sludge reduction production during digestion and after pre-
treatment can be due to:

e Uncoupling metabolism in which excess free energy would be
directed away from anabolism so that the production of biomass
can be reduced. Uncoupled metabolism was observed under
some conditions such as: the presence of inhibitory compounds,
heavy metals, excess energy source (high S/X ratios), abnormal
temperatures and limitation of nutrients [44].

e Maintenance metabolism: microorganisms satisfy their main-
tenance energy requirements rather than producing additional
biomass [44].

Sludge reduction was evaluated during 50 days in reactors fed with
pre-treated (ultrasound, thermal treatment at 40°C, 60°C, 90°C,
autoclave and ozone) activated sludge under aerobic and anaer-
obic conditions and were compared with non pre-treated sludge
(Table 2).

3.2.1. Sludge reduction improvement under anaerobic conditions
The different pretreatments led to TSS removal improvement
under anaerobic conditions. Anaerobic conditions were observed

251
xcontrol2 + Thermic 40 C + Thermic 60 C -Ozone
201
]
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] I
D2 151 F
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I I i ;
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Fig. 2. Evolution of TSS concentration during anaerobic digestion (control 2, ozone, thermic 40°C, 60 °C).
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to be more favourable to TSS reduction than the aerobic conditions
(Table 2). It has been observed that the global values of anaero-
bic TSS reduction ranged from 66% to 86% (Table 2). TSS anaerobic
reduction improvement after the different pretreatment was evalu-
ated: it showed that ultrasonically and ozonated pre-treated sludge
led to 20% of TSS removal improvement. Sludge reduction improve-
ments were comparable to the results found in the literature after
anaerobic digestion. Kim et al. [45] obtained 89% and 56% of sludge
reduction improvement respectively for an SRT of 7 after ultra-
sound or autoclave pretreatment, Bougrier et al. [39] reported a
TSS removal improvement of 80% after a pretreatment at higher
temperature (170°C).

The thermal pretreatments at 40°C, 90°C, and autoclave led
to poor levels of improvement of sludge removal (5%, 6% and 7%
respectively) as found in Barjenbruch and Kopplow [46] (VSS degra-
dation improvement: 80°C, 4%; 90°C, 5%; 121 °C, 6%).

For most of the pretreatment applied to the sludge, except ultra-
sound (47%), the digestion step represented the major part of sludge
production reduction from 96% for autoclave to 80% for thermal
treatment at 90 °C (Table 2).

The analysis of the dynamic of TSS removal during anaerobic
digestion showed that sonicated sludge behaviour was specific
when compared to other treatments (Figs. 1 and 2). As already
mentioned in Salsabil et al. [47] TSS removal of sonicated sludge is
linear as a function of time all along the process of anaerobic diges-
tion, which means that the length of the digestion in accordance
with the level of TSS removal expected can be easily calculated.
For other treatments and controls the TSS removal is divided in
two chronological parts: an important slope was noticed during
the 5 (first series) or 10 (second series) first days whereas a slower
one occurred until the end of the digestion. The calculation of the
initial slope expressed in gTSSL~1d-1 (Table 2) showed that the
kinetics of TSS removal of the treated sludges are always equal to
or lower than the control except in the specific case of ozonation
(0.76 gTSSL~1d~! compared to 0.58 gTSSL~'d~! for the control).
The sludge reduction improvement of the pretreatment cannot be
related to enhance instantaneous removal rate.

The value of TSS concentration after 50 days for the non pre-
treated sludges (control) can be reached only 20 days after the
pretreatment. [t means that the length of the digestion can be con-
siderably reduced (half) by sludge pretreatment to reach the same
level of sludge reduction.

The best pretreatments in term of TSS removal improvement
were ultrasound and ozonation under anaerobic conditions.

M.R. Salsabil et al. / Journal of Hazardous Materials 174 (2010) 323-333

3.2.2. Sludge reduction under aerobic conditions

Sludge reduction was enhanced under aerobic conditions by the
different pretreatments of the sludge. Global TSS reduction for pre-
treated and digested sludge varied between 62.5% and 76%. For
most of the pretreatments applied to the sludge except ultrasound,
the digestion step represented the most important part of sludge
production reduction from 95% for autoclave to 77% for thermal
treatment at 90 °C (Table 2).

The relative sludge removal improvement was more impor-
tant under aerobic conditions than under anaerobic. The maximal
TSS removal improvement was 33% for ultrasonically pre-treated
sludges, 20% for ozonated and thermally pre-treated (90°C and
autoclave) sludges, then 10% for thermally treated at 60°C. Low
thermal treatments (40°C and 60°C) led to poor sludge removal
enhancement (respectively 6% and 10%) after aerobic diges-
tion.

Ultrasonic, thermal at 90°C and autoclave treatment of sludge
prior to aerobic digestion led to the highest TSS elimination effi-
ciencies (76% for sonication, 68% for 90°C and 69% for autoclave
against 57% for control sample). Ozonation of samples prior to aer-
obic digestion led to an elimination efficiency of 63% after 40 days
of digestion. This value reached 71% after approximately 50 days.
This value was superior to the control sample one that was 57% for
the same period of time.

Ultrasound irradiation acceleration of sludge aerobic digestion
may be due to the satisfaction of suitable aerobic condition for the
microorganism like enzymatic activities enhancement and release
of extracellular proteins and polysaccharides [48,49]. Ding et al.
[48] and Yu et al. [49] demonstrated that for ultrasonic pre-treated
sludge at lower specific energies (respectively SE=9500k] kgTS~!
and 112,500 k] keTS—1), TSS removal improvement could reach 40%
and 48% after an aerobic digestion.

Ozone treatment prior to aerobic represented one of the best
pretreatments in terms of TSS removal improvement and energy
consumption under aerobic conditions. This result confirmed the
interest of the use of ozone pretreatment [22,28,31,50]. The val-
ues of TSS removal improvement (71% and 78.5%) are above the
values proposed by Paul et al. [31] (30%) to economically justify a
process of sludge reduction furthermore above the results of Siev-
ers et al. [50] on full scale application who reached 20-35% and
19% after aerobic or anaerobic stabilisation and ozone treatment
of 0.05g03 gTSS~!. Deleris et al. [51] obtained comparable results
(70% of reduction of sludge production) with lower ozone dose
(ozonation on the recycling loop 0.05 g03 gVSS—1).

¢ Controlt = US 200000 kJ/kgTS & Thermic 90 C xAutoclave

TSS (g/L)
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X0

P
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25 30 35 40 45 50
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Fig. 3. Evolution of TSS concentration during aerobic digestion (control 1, ultrasound 200, 000 k] kgTSgl, thermic 90 °C, autoclave).
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Fig. 4. Evolution of TSS concentration during aerobic digestion (control 2, ozone, thermic 40 °C, 60°C).

Different processes could explain the good results of ther-
mal treatment (90 °C and autoclave) before aerobic digestion: the
important release of organics, the immediate and reversible bio-
logical inactivation associated with additional maintenance energy
requirements and the potential inert production [52].

The analysis of the dynamic of TSS removal during aerobic
digestion can be compared to what was observed under anaerobic
conditions (Figs. 3 and 4): there is also a specific behaviour of son-
icated sludge compared to other treatments. Aerobic TSS removal
of sonicated sludge is linear all along the process of aerobic diges-
tion while for other treatments and controls the TSS removal is
divided in two parts: an important slope during the 5 (first series)
or 10 (second series) first days and then a more slowly until the
end of the digestion. The calculation of the initial slope expressed
in gTSSL~1d~1 (Table 2) showed that the kinetics of TSS removal of
the treated sludges were always equal to or lower than the control.
The sludge reduction improvement of the pretreatment cannot be
related to enhance instantaneous removal rate.

As already mentioned under anaerobic conditions: pretreat-
ment prior to aerobic digestion can considerably reduce the
digestion length. The values of TSS concentration after 50 days in
the control can be reached after 25 days with a pretreatment of
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the sludge which means a reduction by half of the duration of the
process.

Under aerobic conditions the pretreatment process leading to
the best combination in regard to sludge production reduction
improvement was ultrasound.

3.2.3. Driving parameters of sludge reduction under aerobic and
anaerobic conditions

The research of rapid parameters which can predict pretreat-
ment efficiency would be of interest for setting up of the processes
of sludge reduction.

Correlations between TSS removal improvement and solubilisa-
tion parameters of organic matter (Scop, Sproteins» Scarbohydrates) after
pretreatment were investigated under both aerobic and anaer-
obic conditions (Figs. 5 and 6). Under anaerobic conditions, no
linear correlation was noticed between solubilisation parameters
of organic matter and sludge reduction enhancement (Fig. 6). This
is probably due to the discrepancy of the different mechanisms
studied.

On the contrary, TSS removal under aerobic conditions was
linearly correlated to the solubilisation parameters (Scarhohydrates
and Sproteins) (Fig. 5) obtained after the pretreatment: TSS removal

R’ = 0.7373 (Proteins)

F{2 = 0.5855 (Carbohydrates)

1 1.05 11 1.156

1.2 1.256 1.3 1.35

AerobicTSS removal improvement

Fig. 5. Proteins, COD and carbohydrates solubilisation as a function of aerobic TSS removal.



330 M.R. Salsabil et al. / Journal of Hazardous Materials 174 (2010) 323-333

45

40+

351

A
]

30

251

20

Solubilisation (%)

151

101

+SCOD
= Sproteins
a S carbohydrates

1.18

1.2 1.25 1.3 1.35

AerobicTSS removal improvement

Fig. 6. Proteins, COD and carbohydrates solubilisation as a function of anaerobic TSS removal.

increased with increasing solubilisation level whatever the pre-
treatment.

Some authors mentioned that improvement of VSS removal
after ozonation and anaerobic stabilisation can be related to
VSS solubilisation during the pretreatment [28]. Specific energy
input during the pretreatment has already been mentioned as a
parameter of interest for the processes of sludge reduction [47].
Correlations between global TSS removal improvement (after pre-
treatment and digestion) and TSS solubilisation (Fig. 7) (or specific
energy input (Fig. 8) during the pretreatment were investigated
under both aerobic and anaerobic conditions.

The global TSS removal improvement (after pretreat-
ment +digestion) increased with increasing TSS solubilisation
(after pretreatment only) whatever the kind of treatment under
both aerobic and anaerobic conditions (Fig. 7). TSS solubilisation
is thus an interesting parameter to predict sludge reduction
production improvement. The use of the parameter “specific
energy” to predict the efficiency of a pretreatment varies accord-
ing to the kind of digestion. Under anaerobic conditions, TSS
removal improvement was slightly decreasing with increasing

0.8

0.61

TSS removal improvement

0.4

0.2

specific energy while under aerobic conditions there was no
impact of input specific energy during the pretreatment on sludge
reduction production. It can be concluded that the amount of
energy provided to the system before digestion was not as much
important as the ability of the pretreatment by itself to solubilise
TSS.

3.3. Energetic cost comparison of the different combination
pretreatments and aerobic or anaerobic procedures

Economic efficiency and energy balance calculations are
important tools for performing the cost-benefit analysis of a dis-
integration process. An energetic study was achieved in order
to compare each combination pretreatment/aerobic or anaerobic
digestion. The energetic calculations were based on the total energy
requirement of each method and the TSS removal yield achieved
by that method. The total specific energy required to remove 1kg
of TSS (EBaerobic : kWh kgTSSr’elmved) was calculated for each pre-
treatment method (solubilisation if applicable and digestion) under
aerobic and anaerobic condition (Table 3).

+ Aérobie
a Anaérobie

30 40 50
Stss )

Fig. 7. TSS removal improvement as a function of TSS solubilisation.
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Fig. 8. TSS removal improvement as a function of specific energy input.

Table 3
Economic balance calculation of different pretreatments applied before aerobic and anaerobic digestions.
Control 1 Ultrasound Thermal (90°C) Autoclave Control 2 Ozonation Thermal (40°C) Thermal (60°C)
Aerobic
Epretreatment/Et (%) - 0.17 2.13 3.57 - 0.32 0.66 1.06
EB (kWh kgTSSlTELmved) 3153 1647 2137 2085 2197 1602 1945 1747
Cost reduction (%) - 48 32 34 - 27 11 20.5
Anaerobic
Epretreatment/Et (%) - 0.10 1.10 2 - 0.18 0.39 0.61
EB (kWh kgTSSlT;moved) 4655 2601 3665 3381 3212 2496 2958 2682
Cost reduction % - 44 21 27 - 22 8 16.5

The energy consumed during the solubilisation step (or pre-
treatment step) (Es) was found to be negligible when compared to
total applied energy (Et) during both pretreatment and digestion
steps (Table 3). Under aerobic and anaerobic conditions, the min-
imum Es/Et ratio was 0.1% (for ultrasonically) pre-treated sludge
and the maximum ratio was 3.6% (for autoclave pre-treated sludge).

The total cost of consumed energy during the pretreatment step
(ultrasound, temperature and ozonation) and the biological diges-
tion step for different pretreatment methods and control sample
(only biological digestion) was investigated (considering that the
price of electricity was 0.11€ per kWh for France in 2008). A com-
parison of results is reproduced in Table 3.

In fact, a wide variety of parameters may interfere with
economic efficiency. Some of the examples considered may be
investment costs, personnel costs, energy costs of disintegration
process, operating and maintenance costs, dewatering, disposal,
etc. However, most of the above mentioned parameters were not
considered in this study because we focused on the exploitation
costs. In this regard, it must be pointed out that these results are
obtained with the laboratory scale devices with low energetic per-
formances with respect to the full scale module applications.

The introduction of a pretreatment before aerobic and anaer-
obic digestion always led to the cost reduction compare to the
control. Sonication led to the best cost reduction: 48% and 44%,
respectively, under aerobic or anaerobic conditions. High thermal
treatment (90°C and autoclave) and ozonation led to interesting
cost reduction: about 30% under aerobic conditions and about 25%
under anaerobic conditions. Even low thermal treatment led to
non-negligible cost reduction: respectively 11% and 8% under aer-
obic and anaerobic conditions.

Simplicity of process and lower capital costs are the main advan-
tages of aerobic digestion when compared to anaerobic process and
because of these merits, aerobic digestion has been a popular option
for the small scale WWTPs. However, high energy cost and lower
pathogen inactivation could be the main disadvantages of aerobic
digestion.

4. Conclusion

The effect of different pretreatment like ultrasonic treatment
(200,000 k] kgTS—1), ozone treatment (0.1 g03 gTS~!) and thermal
treatment (40°C, 60°C and 90°C for 60 min and 121 °C under 1 bar
for 20 min) on sludge solubilisation were assessed. Pretreatments
led to TSS solubilisation quite efficiently and thus to intrinsic sludge
reduction which varied from 47% to 4%. Ultrasound process led to
the best TSS reduction. In regard to our results, solubilisation can be
related to the pretreatment ability to break the flocs (mechanical
or chemical effect) rather than to the specific energy input.

The pre-treated sludge was aerobically and anaerobically
digested and sludge reduction production efficiency after aerobic or
anaerobic conditions was secondly investigated. TSS removal was
globally improved by sludge pretreatment. The global values of TSS
reduction ranged from 57% to 71% under aerobic conditions and
from 66% to 86% under anaerobic conditions respectively. Anaero-
bic conditions are globally more favourable to TSS reduction than
aerobic conditions. The best sludge reduction improvement can be
attributed to ozone and ultrasonic pretreatment (20% of improve-
ment) under both aerobic and anaerobic conditions. For thermal
treatments (40°C, 60°C, 90°C and autoclave) the results are less
spectacular. The digestion step represented the main part of sludge
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production reduction (i.e. in the case of ozonation, the digestion
step represents 80% of the total sludge reduction improvement
and the pretreatment step 20%). In the case of ultrasonic treat-
ment the respective implication in sludge reduction improvement
of pretreatment and anaerobic digestion was equal (50%).

TSS solubilisation during the pretreatment was a good indicator
of TSS removal improvement (under aerobic or anaerobic condi-
tions). On the contrary the specific energy input into the system
was not sufficient to guarantee good TSS removal improvement.
COD, proteins and carbohydrates solubilisation can be used to pre-
dict sludge reduction improvement under aerobic conditions but
not under anaerobic conditions.

An energetic balance and the determination of the energy
required for removing 1 kg of TSS led to the conclusion that ultra-
sonic and ozonation pretreatment prior to aerobic or anaerobic
digestion always led to cost reduction compare to the control.

Ozone and ultrasonic treatment before anaerobic digestion led
to the best improvement of TSS removal: ultrasonic treatment is
energetically costly but the digestion time can be reduced, ozone
treatment is less costly but the length of the digestion largely con-
tributes to sludge reduction.
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