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a b s t r a c t

This paper presents a review of the main sludge treatment techniques used as a pretreatment to anaero-
bic digestion. These processes include biological (largely thermal phased anaerobic), thermal hydrolysis,
mechanical (such as ultrasound, high pressure and lysis), chemical with oxidation (mainly ozonation),
and alkali treatments. The first three are the most widespread. Emphasis is put on their impact on the
resulting sludge properties, on the potential biogas (renewable energy) production and on their appli-
cation at industrial scale. Thermal biological provides a moderate performance increase over mesophilic
iosolids
iogas
ethane

ctivated sludge
retreatment

digestion, with moderate energetic input. Mechanical treatment methods are comparable, and provide
moderate performance improvements with moderate electrical input. Thermal hydrolysis provides sub-
stantial performance increases, with a substantial consumption of thermal energy. It is likely that low
impact pretreatment methods such as mechanical and thermal phased improve speed of degradation,
while high impact methods such as thermal hydrolysis or oxidation improve both speed and extent of
enewable energy degradation. While increased nutrient release can be a substantial cost in enhanced sludge destruction,
it also offers opportunities to recover nutrients from a concentrated water stream as mineral fertiliser.

© 2010 Elsevier B.V. All rights reserved.
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Nomenclature

AhT aerobic hyper-thermophilic
BNPR biological nitrogen and phosphorus removal
COD chemical oxygen demand
CST capillary suction time
CSTR continuous stirred tank reactor
db balls diameter
EPS extracellular polymeric substances
Es specific energy
HRT hydraulic retention time
PE person equivalent
PS primary sludge
rpm round per minute
SRT solids retention time
TNK total Kjeldahl nitrogen
TP total phosphorus
TPAD temperature phased anaerobic digestion
TS total solids
TSS total suspended solids
UASB upflow anaerobic sludge blanket
vb balls velocity
VS volatile solids
VSS volatile suspended solids
w/w weight/weight
WAS waste activated sludge
WWTP wastewater treatment plant
XI inert fraction
XP particulate fraction

F
v
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ig. 1. Potential location for sludge cotreatments in a classical wastewater treatment p
ated sludge recirculation loop. T3: Pretreatment of primary sludge before anaerobic dig
retreatment of mixed sludge before anaerobic digestion. T6: Cotreatment on the anaero
us Materials 183 (2010) 1–15

1. Introduction

In the field of sludge treatment, the terms pretreatment, cotreat-
ment, disintegration and hydrolysis usually refer to processes
which are combined with the main biological sludge treatment
process. The objectives of the overall treatment train is to remove
organic material and water, hence reducing volume and mass,
remove degradable material, which prevents subsequent odours
and pathogen vectors, and remove pathogens [1]. Anaerobic diges-
tion is a favoured stabilisation method compared to aerobic
digestion, due to its lower cost, lower energy footprint, and mod-
erate performance, especially for stabilisation [2]. Cotreatment
processes aim at enhancing the main anaerobic digestion pro-
cesses by altering physical or chemical properties. The two basic
properties that determine sludge behaviour are degradation rate
(often defined by a 1st order coefficient), and extent, or conversely,
inert fraction [3]. Cotreatment processes may change either prop-
erty, and can be located in a number of places in the treatment
plant (Fig. 1). In the case of main treatment plant enhancement,
the main process is manipulated to provide improved degradabil-
ity. Changes in either kinetic degradation rate or degradability
will enhance gas production and anaerobic digester perfor-
mance. Improving rate can also allow process intensification,
with the faster kinetics allowing for the same performance in
a smaller digester, and thus decreasing hydraulic retention time
(HRT).

Figure 1 shows potential locations for cotreatment in a classical
urban wastewater treatment plant. When combined with wastew-
ater treatment processes, cotreatment may be implemented either
directly in the aeration tank (T1) or in the sludge recirculation loop,
after thickening (T2). Cotreatment in the main water line may aim

at either total volume minimisation, or at producing a more degrad-
able material [4]. Direct material pretreatment preceding sludge
anaerobic digestion, may be either on primary sludge (T3), to excess
waste activated sludge (T4) or to the mix of primary and waste
activated sludge (T5). However, since primary sludge is already

lant. T1: Cotreatment on activated sludge process. T2: Cotreatment on the acti-
estion. T4: Pretreatment of waste activated sludge before anaerobic digestion. T5:
bic digester recirculation loop.
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eadily degradable, pretreatment may be less effective [5]. Waste
ctivated sludge however, has relatively low degradability, espe-
ially at long sludge ages [6]. In addition, waste activated sludge
s generally hydrolysis limited, and can be enhanced by improved
ates [7]. Thus, activated sludge pretreatment (T4) is often used
n preference to primary sludge pretreatment (T3), except for spe-
ific circumstances discussed later. Pretreatment of mixed sludge
T5) may be useful when the treatment also leads to sludge sanita-
ion (for example thermal treatment). Finally, cotreatment can be
mplemented in the recirculation loop of the digester (T6). This is

here degradability of inert or slowly degradable material is to be
nhanced, as the digester has already removed readily biodegrad-
ble material. This is particularly interesting when cotreatment
osts are proportional to the level of organics (for example in the
ase of sludge ozonation, where the ozone dose is expressed as
ram of ozone per gram of total or organic solids in the sludge). A
isadvantage is that any active anaerobic biomass will normally be
illed by the pretreatment method, and therefore, high circulation
ates cannot be used.

Configurations T1 or T2 normally minimise sludge production
y either increased sludge age, or increased aerobic destruction
f organics. This leads to additional CO2 emissions, and energy
osts. The other configurations are linked with anaerobic diges-
ion. Enabling this technology reduces greenhouse gas emissions
nd costs compared to aerobic treatment. For this reason, this
aper is mainly focussed on the combination of cotreatments with
naerobic digestion (configurations T3 to T6). These pretreatment
ethods have improved recently in popularity due to a number

f factors, including: (i) a trend towards lower nitrogen limits,
hich is driving up sludge ages and decreasing degradability of

ctivated sludge streams [6], and (ii) increased final handling costs
especially for final destruction options like incineration), and (iii)
ncreased legislative requirements for stabilisation performance
nd pathogen removal. There is therefore an increased need to
eview and analyse the different pretreatment options in terms of
echanism, costs, and performance. Here, we review the major

lasses of biological, thermal, mechanical and chemical pretreat-
ent methods, and evaluate the likely future of pretreatment prior

o sludge stabilisation.

. Digestion of waste activated sludge

For the reasons described above, this paper focuses on the
nhancement of anaerobic digestion of waste activated sludge.

The microbial activity (secretion and lysis of cells) during
eration processes in wastewater treatment plants results in a
icrobial matrix (flocs) composed of microbial and exopolymeric

ubstances [8]. These microbial-originated extracellular polymeric
ubstances (EPS) are a complex mixture of biopolymers compris-
ng polysaccharides, proteins [9–11], nucleic acids, uronic acids,
umic substances [12], and lipids, amongst others. EPS is rela-
ively recalcitrant to anaerobic and aerobic digestion by nature.
ndeed, various studies have reported EPS as 30–50% biodegradable
13–15]. Specific compounds in EPS are known to be recalcitrant to
oth aerobic and anaerobic activity [16]. Degradability of activated
ludge depends on a number of properties, including whether or
ot there is a primary settler, the level of inerts coming from the
pstream catchment, temperature, aerobic/anoxic fraction, and in
articular, the aerobic sludge age [6,17]. Actually, the XP and XI frac-
ions in the activated sludge models [18] can generally be used to

redict aerobic degradability. In a conventional mesophilic anaero-
ic digestion process with a HRT of 20 days, conversion of organics
o gas is typically 25–60% [19,20], with the lower performance on
ong-sludge age activated sludges, and higher performance on pri-

ary sludges. The goal of pretreatment is to improve this either
us Materials 183 (2010) 1–15 3

by increasing the rate, or the inherent degradability of the mate-
rial. The first is done by increasing rate of the process, which is
generally rate-limiting [13,21].

3. Biological pretreatment methods

Biological treatment encompasses a broad range of processes
that can include both aerobic and anaerobic processes. These can
include in-process excess sludge destruction (configurations T1 and
T2 in Fig. 1), or biological pretreatment prior to anaerobic digestion
(configurations T3 to T6 in Fig. 1). This section focuses on the latter
for the reasons described above.

Biological pretreatment aims at intensification by enhancing the
hydrolysis process in an additional stage prior to the main digestion
process. The most common type is temperature phased anaerobic
digestion (TPAD), which uses a higher stage at either thermophilic
(around 55 ◦C) or hyper-thermophilic (between 60 and 70 ◦C) con-
ditions, anaerobic and aerobic.

Thermophilic processes and particularly thermophilic
hydrolytic activity of bacterial populations have been investi-
gated 80 years ago, mainly at a temperature of 55 ◦C [22]. There
have been a number of configurations tested, including short
pretreatment prior to mesophilic digestion [23], dual digesters:
thermophilic and mesophilic [24], single stage digesters [25,26]
and recently, temperature co-phase processes [27,28]. Ther-
mophilic conditions generally result in an increase of the organic
solids destruction rate, attributed to increased hydrolytic activity.
Ge et al. [29] evaluated thermophilic against mesophilic pretreat-
ment (HRT of 2 days) prior to mesophilic anaerobic digestion
(HRT of 13–14 days) for primary sludge. An increase of 25% on the
methane production and solids destruction was observed. Model
based analysis indicated that the improved performance was due
to an increased hydrolysis coefficient rather than an increase in
inherent biodegradability [29]. Elevating temperature above 55 ◦C
did not provide additional benefits. Bioaugmentation by specific
thermophilic hydrolytic anaerobic bacteria has been attempted,
but not successful [30].

Table 1 summarises biochemical pretreatment methods
(Table 1). Elevated temperature biochemical pretreatment allows
increased pathogen destruction [31–33], and generally, an increase
in hydrolysis rates 70 ◦C. Higher temperature can reduce the effect,
and increase energy costs. With anaerobic hyper-thermophilic
pretreatment (70 ◦C), the increase of biodegradable COD content
observed was in the range of 15–50% depending on the character-
istics of the sludge: primary sludge [34], secondary sludge [35–37]
or a mixture of both [38,39] (Table 1).

In order to improve the degradation of recalcitrant organic mat-
ter, aerobic treatments has also been evaluated [40], as there are
materials that can be degraded under aerobic, not available under
anaerobic conditions [41]. Hyper-thermophilic aerobic treatment
is also an option (Table 1). Destruction of 75% organic solids from
excess waste activated sludge was obtained at full scale, by com-
bining a conventional municipal activated sludge process with a
thermophilic aerobic sludge digester (65 ◦C, HRT of 2.8 days) [42].
Hyper-thermophilic aerobic microbes were identified as belonging
to Bacillus with a predominance of Geobacillus stearothermophilus
[43]. They are protease-excreting bacteria, present in untreated
sludge, and can survive under anaerobic mesophilic conditions.
Therefore, the potential for increased performance is inherent in
the sludge itself [44]. An increase of 50% in biogas production was

observed using a hyper-thermophilic aerobic reactor as the first
stage of a dual process (with an anaerobic digester as the second
stage) [43]. Recently, a combined aerobic hyper-thermophilic (AhT)
process (65 ◦C, HRT of 1 day) coupled to conventional mesophilic
digester (HRT of 21 and 42 days) was shown to increase the
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Table 1
Biological pretreatment methods.

Substrate Treatment conditions Anaerobic digestion
conditions

Results Reference

Activated sludge Microaerobic,
60–70 ◦C, 1 day

Batch, 10 days
37 ◦C

Increase of biogas production from 200a to
300 mL g−1 VSin (+50%)

[43]

Activated sludge Microaerobic
65 ◦C, 1 day

CSTR, HRT: 21 and 42 days
35 ◦C

Increase of COD removal (+30%)
No methane production increase

[45]

Activated sludge 70 ◦C
7 days

Batch
37 ◦C

Increase of CH4 production from 8.30a to
10.45 mmol g−1 VSin (+26%)

[35]

Activated sludge 70 ◦C
7 days

Batch
55 ◦C

CH4 production of 10.9 mmol g−1 VSin (no
influence)

Primary sludge 70 ◦C
4 days

Batch
37 ◦C

Increase of CH4 production from 21.2a to
24.7 mmol g−1 VSin (+16%)

Primary sludge 70 ◦C
7 days

Batch
55 ◦C

Increase of CH4 production from 13.7a to
25.5 mmol g−1 VSin (+86%)

Activated sludge 70 ◦C
2 days

CSTR, HRT: 13 days (15
days without
pretreatment)
55 ◦C

Increase of CH4 production from 40a to
55 mL L−1 d−1 (+28%)

[47]

Primary sludge 70 ◦C
2 days

CSTR, HRT: 13 days (15
days without
pretreatment)
55 ◦C

Increase of CH4 production from 146a to
162 mL day−1 (+11%)

Activated sludge 70 ◦C
9 h

Batch
55 ◦C

Increase of biogas production +58% [36]

Mixed sludge 70 ◦C
9, 24, 48 h

CSTR, HRT: 10 days
55 ◦C

Increase of CH4 production from 0.15a to
0.18 mL g−1 VSin (+20%)
Increase of energy production (+60–100%)

[38,39]

Primary sludge 70 ◦C
2 days

CSTR, HRT: 13 days (15
days without
pretreatment)
55 ◦C

Increase of CH4 production from 13.6a to
20.1 mmol g−1 VSin (+48%)

[34]

Primary sludge 50–65 ◦C CSTR HRT: 13–14 days Increase of CH4 production (+25%) compared [29]
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2 days 35 ◦C

a Performance of anaerobic digestion without pretreatment.

ludge intrinsic biodegradability between 20 and 40% [45]. The AhT
otreatment allowed to increase COD removal by 30% for an over-
ll process retention time of 42 days. Nevertheless, this COD was
xidised in the aerobic stage, and therefore the methane produc-
ion yield was not improved. Compared to conventional mesophilic
igester the same quantity of COD was degraded with AhT treat-
ent at 21 days HRT than without AhT treatment at 42 days HRT.

herefore, the AhT treatment enables to reduce the HRT or digester
olume by half. Increase in the release of soluble mineral fraction
from 6% to 10%) was also observed [45].

An industrial process combined with the aerated sludge pro-
ess, Biolysis® E, is being commercialised by Ondeo-Degremont
Suez) [46]. Thickened sludge is introduced in a thermophilic reac-
or where enzymes (proteases, amylases, lipases) are produced by
pecific microorganisms (Bacillus stearothermophillus). According
o the company, this process allows from 40% to 80% reduction of
xcess sludge production, without deteriorating the wastewater
uality.

. Thermal hydrolysis (>100 ◦C)

Thermal hydrolysis was first applied to improve sludge dewa-
erability [48]. It allows degradation of the sludge gel structure
nd release of linked water. This improves sludge dewaterability

fter treatment at 150 ◦C [66] or 180 ◦C [67]. Thermal hydrolysis
eads to partial solubilisation of sludge, which enhances anaerobic
igestion, as can be seen in numerous studies on thermal hydrol-
sis for pretreatment of anaerobic digestion [48,50,68] reported in
able 2. Most studies report an optimal temperature in the range
to 35 ◦C pretreatment

of 160–180 ◦C and treatment times from 30 to 60 min (Table 2).
Pressure associated to these temperatures may vary from 600 to
2500 kPa [69]. However, treatment time is often shown to have
little effect at this temperature range [70]. Dohanyos et al. [55]
proposed a very fast thermal treatment at 170 ◦C, lasting only 60 s.
On the other hand, thermal treatments at moderate temperature
(70 ◦C) may last several days [35,38], because the main mechanism
in such a case is assumed to be enzymatic hydrolysis as described
in the previous section.

The increase of methane production has been linked to sludge
COD solubilisation by linear correlations [71]. Conversely, Dwyer
et al. [72] found that while increasing temperature above 150 ◦C
increased solubilisation, no increase in methane conversion was
observed. Treatments at excessively high temperatures (higher
than 170–190 ◦C) lead to decreased sludge biodegradability in spite
of achieving high solubilisation efficiencies. This is usually ascribed
to the so called Maillard reactions [72], involving carbohydrates
and amino acids in the formation of melanoidins, which are dif-
ficult or impossible to degrade [68]. Melanoidins also increase the
colour from the anaerobic digester, which can increase colour in the
final effluent [72]. The increase of methane production depends on
the initial biodegradability of the sludge, with higher impacts on
hardly biodegradable sludge [71] and better results on waste acti-
vated sludge than on primary sludge [73]. While thermal hydrolysis

largely decouples degradability from sludge age, there is still a
basic relationship at long sludge ages [3]. Thermal hydrolysis also
results in increased hydrolysis rates [3,65,74] and HRT could be
decreased down to 2.9 days by feeding the digester with the liq-
uid fraction of pretreated sludge [57]. Additional advantages of
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Table 2
Thermal pretreatment.

Substrate Treatment
conditions

Anaerobic digestion
conditions

Results Reference

Activated sludge 175 ◦C
30 min

CSTR, HRT: 15 days
35 ◦C

Increase of CH4 production from 115 to
186 mL g−1 CODin (+62%)

[48]

Primary sludge 175 ◦C
30 min

CSTR, HRT: 15 days
35 ◦C

CH4 production of 252 mL g−1 CODin (no
influence)

Mixed sludge 175 ◦C
30 min

CSTR, HRT: 15 days
35 ◦C

Increase of CH4 production from 205a to
234 mL g−1 CODin (+14%)

Activated sludge 175 ◦C
60 min

Batch, 25 days
35 ◦C

Increase of COD conversion to CH4 from 48% to
68% (+42%)

[49]

Activated sludge 175 ◦C
60 min

CSTR, HRT: 5 days
35 ◦C

Increase of gas production from 108a to
216 mL g−1 CODin (+100%)

[13]

Activated sludge (industrial) 180 ◦C
60 min

Batch, 8 days
37 ◦C

Increase of CH4 production (+90%) [50]

Mixed sludge 165–180 ◦C
30–60 min

WWTP 90,000 PE
HRT: 17 days

Increase of electricity production (+20%) [51]

Activated sludge 160 ◦C WWTP 45,000 PE
CSTR, HRT: 15 days

Increase of biogas production (+60%) [52]

Mixed sludge 121 ◦C
60 min

CSTR, HRT: 20 days
36 ◦C

Increase of biogas production from 350a to
420 mL g−1 soluble VSin (+20%)

[53]

Activated sludge 121 ◦C
30 min

Batch, 7 days
37 ◦C

Increase of biogas production from 3657a to
4843 L m−3 sludgein (+32%)

[54]

Digested mixed sludge 170 ◦C
60 s, 0.8 MPa

Batch
20 days

Increase of biogas production (+49%) [55]

Activated sludge 170 ◦C
60 min

Batch, 24 days
35 ◦C

Increase of biogas production (+45%) [56]

Activated sludge 170 ◦C
60 min

CSTR, HRT: 20 days
35 ◦C

Increase of CH4 production from 88a to
142 mL g−1 CODin (+61%)

Activated sludge 175 ◦C
40 min

Fixed film reactor, HRT: 2.9
days
37 ◦C

65% TSS reduction [57]

Activated sludge 170 ◦C
30 min

Batch, 24 days
35 ◦C

Increase of CH4 production from 221a to
333 mL g−1 CODin (+76%)

[58]

Activated sludge 170 ◦C
30 min

CSTR, HRT: 20 days
35 ◦C

Increase of CH4 production from 145a to
256 mL g−1 VSin (+51%)

[59]

Mixed sludge 140 ◦C, 1 min
0.6 MPa

WWTP 100,000 PE
two-stage digestion
55–53 ◦C

Increase of biogas production from 507a to
599 L kg−1 VSin (+18%)

[60]

Activated sludge (extended
aeration)

160 ◦C
30 min

WWTP 62,000 PE
HRT: 15 days 35 ◦C

Increase of TS removal from 25%a to 45% [61]

Activated sludge 170 ◦C
30 min, 7 bar

Batch Increase of CH4 production (+50%) [62]

Activated sludge 170 ◦C
30 min, 7 bar

Continuous
HRT: 12 days

Increase of biogas production (+40–50%)
Increase of electricity production (+40%)

Activated sludge (wastewater
from a crude oil refinery)

200 ◦C
30 min, 20 MPa

Two-stage UASB, HRT: 3.8
days 35 ◦C digestion of
liquid after pretreatment
(batch 33 days without
pretreament)

Increase of CH4 production from 2419a to
3775 mL kg−1 WAS (+15%)

[63]

Activated sludge Microwave
175 ◦C

Batch, 18 days
33 ◦C

Increase of CH4 production (+31%) [64]

t
v
n
e
[
a
t
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fi

Primary sludge Microwave
35–90 ◦C

Batch, 18 days
33 ◦C

a Performance of anaerobic digestion without pretreatment.

hermal treatments include sludge sanitation, reduction of sludge
iscosity with subsequent enhancement of sludge handling, and
o extra energy needs, since energy requirements can be cov-
red by excess biogas production and energy balance is positive

51]. Disadvantages are largely increased soluble inert fraction
nd final effluent colour [72], increased ammonia inhibition in
he main digester due to increased performance [75], and possi-
ly, poorer centrifuge or press solids capture due to an increase in
nes.
Increase of degradation rates
No impact on ultimate methane production

[65]

Some industrial processes such as Cambi [51] and BioTHELYS®
[61] have been commercialised (Table 2). Both processes consist
of a treatment at 150–180 ◦C during 30–60 min, by vapour injec-
tion. The first Cambi process was implemented in 1995 at HIAS

wastewater treatment plant (WWTP) (90,000 person equivalent
(PE)) of Hamar (Norway). An energy balance showed that ther-
mal hydrolysis led to 20% increase of electricity production [51].
More than 10 installations are currently in operation and the main
results obtained are [76]: (i) an increase in biogas production and
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eduction of organic matter around 60%, (ii) a reduction of sludge
olume with digested sludge cake total solids (TS) content higher
han 30%, (iii) an increase of digester capacity with organic loading
f 5–6 kg VS m−3 day−1. In France, the BioTHELYS® process (Veolia
aters) was implemented in 2006 at the urban WWTP of Saumur

62,000 PE, 1400 t TS year−1 of sludge from an extended aeration
ank) and Château Gontier (38,000 PE, 1000 t TS year−1 of sludge).
he results from Saumur were an increase of TS removal from
5% to 45% and an increase of sludge cake TS content from 22% to
0%, corresponding to 46% reduction of sludge volume compared
o classical digestion [61]. The interest of sludge thickening before
hermal treatment as well as the recovery of heat from hot streams
n order to reduce energy requirements has been underlined [77].

While direct steam injection is normally used in industrial pro-
esses, research is mainly conducted with autoclave or microwave
eating. Mottet et al. [74] compared 165 ◦C pretreatment by steam

njection and electric heating and found no significant difference.
skicioglu et al. [78] compared microwave heating and conven-
ional heating in a water bath. Whereas both treatments led to the
ame solubilisation results, microwave heating resulted in slightly
igher methane potentials (+16% after 15 days of mesophilic diges-
ion and 96 ◦C pretreatment). A thermal effect may be caused by
olarised parts of macromolecules aligning with the poles of the
lectromagnetic field [78].

. Mechanical treatment

.1. Ultrasonic treatment
Ultrasonic treatment acts to mechanically disrupt the cell struc-
ure and floc matrix. There are two key mechanisms associated with
ltrasonic treatment; cavitation, which is favoured at low frequen-
ies, and chemical reactions due to the formation of OH•, HO2

•, H•

able 3
echanical pretreatments: ultrasound.

Substrate Treatment conditions Anaerobic dig
conditions

Mixed sludge 31 kHz
3.6 kW, 64 s

Continuous, H
37 ◦C

Mixed sludge (25 g TS L−1) 9 kHz
200 W, 30 min

Batch, 11 day
36 ◦C

Activated sludge (SRT: 16 days) 41 kHz
150 min

Semi-continu
37 ◦C

Activated sludge (9.38 g TS L−1) 20 kHz
0.33 W mL−1, 20 min

Batch, 100 da
35 ◦C

Sewage sludge (54 g TS L−1) 20 kHz
200 W, 30 min

Batch, 33 day
37 ◦C

Mixed sludge 20 kHz
180 W, 60 s

Batch, 28 day
35 ◦C

Activated sludge (27 g TS L−1) 20 kHz, 7000 and
15,000 kJ kg−1TS

Batch, 16 day
35–37 ◦C

Activated sludge 5000 kJ kg−1 TS Semi-continu
HRT: 20 days

Activated sludge (17.1 g TS L−1) 20 kHz
108,000 kJ kg−1 TS

Batch, 50 day
37 ◦C

Activated sludge (2.14% TS) 20 kHz
9690 kJ kg−1 TS

Batch, 35 day
36 ◦C

Activated sludge 30 kWh m−3 sludge Batch

Activated sludge 30 kWh m−3 sludge Continuous, H

Activated sludge Sonication of 25% of WAS WWTP 330,00

Mixed sludge(1.5% VSS) 20 kHz W cm−2, 1.5 s 5000 m3 egg-
HRT: 22.5 day

a Performance of anaerobic digestion without pretreatment.
us Materials 183 (2010) 1–15

radicals at high frequencies. In sludge treatment, low frequencies
(20–40 kHz) are the most efficient. The mechanical phenomena of
sludge sonication leads to sludge floc disintegration and microor-
ganisms lyses, according to the treatment time and power, equating
to specific energy applied [79]. The energy input for lysis is high,
and inactivation of microorganisms was observed prior the occur-
rence of cell lysis [79]. Moreover, Salsabil et al. [80] showed by
flow cytometry experiments that sonication at 20 kHz and 60 W,
(TS = 7.8 g L−1) did not produce cell membrane breakage. According
to Li et al. [81], cells started to lyse only when the disintegra-
tion degree (solubilised COD divided by the maximum soluble COD
obtained by alkaline hydrolysis) was over 40%.

Therefore, a threshold for specific energy is often reported for
sludge solubilisation. This threshold specific energy ranges from
1000 to 16,000 kJ kg−1 TS and depends on sludge TS concentration.
Indeed, the higher the sludge concentrations, the lower the spe-
cific threshold energy (higher efficiency); since cavitation bubbles
have higher probabilities of contacting sludge particles. However,
according to Show et al. [82] the optimal range of solids content for
sonication lies between 2.3% and 3.2% TS; if the solids concentration
is too high, increased viscosity hinders cavitation bubble forma-
tion. For a given specific energy, power input is more effective than
retention time (i.e., a high power is more effective in disruption
than a long retention time) [83].

For research, ultrasounds have widely been applied as pre-
treatment of anaerobic digestion; main results are summarised
in Table 3. Considering energy consumption and enhancement
of anaerobic digestion performance, applied specific energies are

usually in the range from 1000 to 16,000 kJ kg−1 TS (the same as sol-
ubilisation threshold) although biogas production increases with
the energy input [80]. Taken as a whole, biogas enhancement ranges
from 24% to 140% in batch systems and from 10% to 45% in continu-
ous or semi-continuous systems (Table 3). However, this latter may

estion Results Reference

RT: 22 days Increase of VS removal from 45.8%a to
50.3% (+9%)

[90]

s Increase of CH4 production from 210a

to 345 mL g−1 VSin (+64%)
[91]

ous, HRT: 8 days Increase of VS removal from 21.5%a to
33.7% (+36%)

[92]

ys Increase of CH4 production from 143a

to 292 g kg−1 TSin (+104%)
[79]

s Increase of biogas production (+138%) [93]

s Increase of biogas production (+24%) [94]

s Increase of biogas production (+40%) [95]

ous Increase of biogas production (+36%) [96]

s Increase of biogas production (+84%) [80]

s Increase of biogas production (+44%) [97]

Increase of biogas production (+42%) [98]

RT: 20 days Increase of biogas production (+37%)
Increase of VS removal (+25%)

0 PE Increase of biogas production (+30%) [88]

shape digester
s, 29–33 ◦C

Increase of biogas production (+45%) [89]
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Table 4
Mechanical pretreatment: lysing-centrifuge.

Substrate Treatment
conditions

Anaerobic digestion conditions Results Reference

Activated sludge Batch, 25 days
35 ◦C

Increase of biogas production from 91a to
168 mL g−1 CODin (+85%)

[99]

Mixed sludge (only
activated sludge lyses)

Batch, 25 days
35 ◦C

Increase of biogas production from 170a to
210 mL g−1 CODin (+24%)

Sewage sludge Liberec 39 m3 h−1

3140 rpm
Continuous
HRT: 40 days

Increase of biogas production from 0.335a to
0.422 Nm3 kg−1 VSin (+26%)

[100]

Sewage sludge
Furstenfeldbruck

12 m3 h−1

2250 rpm
Continuous
HRT: 35 days

Increase of biogas production from 0.462a to
0.529 Nm3 kg−1 VSin (+15%)

Sewage sludge
Aachen-Soers

200 m3.h−1 Continuous HRT: 19 days
38 ◦C

Increase of biogas production from 0.326a to
0.402 Nm3 kg−1 VSin (+23%)

o-stag
to 55
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Sewage sludge Prague Semi- continuous, Tw
HRT: 19 days, from 35

a Performance of anaerobic digestion without pretreatment.

e due either to VS destruction enhancement or to the increase of
he digester organic load. Sonication has also been applied within
he activated sludge process (configurations T1 or T2 in Fig. 1)
84]. Regarding the effect on waste activated sludge dewaterability,
xperimental results are contradictory, with positive or negative
mpacts. Kim and Kim [85] measured sludge dewaterability after
onication at increasing times; and found that dewaterability was
rst diminished and then improved with sonication time. In par-
icular, Li et al. [81] showed that sludge dewaterability was only
mproved when sludge disintegration degree was 2–5%. Settling

ay also be improved by sonication [86]. Another advantage of
onication is the mitigation of sludge bulking problems [87,88] and
otential digester foaming.

Ultrasounds have been implemented extensively in industry,
ainly as pretreatment for anaerobic digestion (Table 3). For

xample, the implementation in Bamberg’s WWTP (280,000 PE,
ermany) has been described by Neis et al. [88]. However, this per-

ormance seems quite high as compared to other studies (Table 6).

ie et al. [89] estimated the energy ratio between net energy gener-
tion and electricity consumption by an ultrasound device. In this
ull scale experiment carried out in Singapore, the methane pro-
uction increased by 45%, with an energy ratio of 2.5 (assuming an
lectricity yield of 2.2 kWh m−3 CH4).

able 5
echanical pretreatment: high pressures.

Substrate Treatment conditions Anaerobic digestion
conditions

Activated sludge Plate collision
�P: 30 bar

Batch, 26 days
35 ◦C

Activated sludge
(14–18 g TS L−1)

Plate collision
�P: 30 bar

CSTR, HRT: 13, 8, 6 days
35 ◦C

Activated sludge
(SRT: 3 days)

Homogeniser
�P: 400 bar

Fixed biomass reactor,
HRT: 2.5 days
35 ◦C

Activated sludge
(SRT: 13 days)

Homogeniser
�P: 400 bar

Fixed biomass reactor,
HRT: 2.5 days
35 ◦C

Activated sludge Homogeniser
�P: 300 bar
(750 kJ kg−1 TS)

CSTR, HRT: 10–15 days
35 ◦C

Activated sludge Homogeniser
�P: 300 bar
(750 kJ kg−1 TS)

Fixed biomass reactor,
HRT: 2–5 days
35 ◦C

Mixed sludge Homogeniser
�P: 600 bar

CSTR, HRT: 20 days
36 ◦C

a Performance of anaerobic digestion without pretreatment.
e
◦C

Increase of biogas production from 0.470a to
0.650 Nm3 kg−1 VSin (+38%)

[60]

5.2. Lysis-centrifuge

Lysis-centrifuge operates directly on the thickened sludge
stream in a dewatering centrifuge [99]. After this, it is then re-
suspended with the liquid stream. Table 4 shows the main results
published on this system. It has been implemented in several
wastewater treatment plants as a pretreatment for anaerobic
digestion: Liberec (100,000 PE, Czech Republic), Furstenfeldbruck
(70,000 PE) and Aachen-Soers (650,000 PE) in Germany [100]. The
increase of biogas production is 15–26% (Table 4).

5.3. Liquid shear

Liquid shear depends on high liquid flows due to a high pressure
system to provide mechanical disruption to cells and flocs. Table 5
summarises the results of different technologies that have been
used.
5.3.1. Collision plate
Sludge is pressurised to 30–50 bar by a high pressure pump

and jetted to the collision plate after going through a nozzle. Thus,
sludge undergoes a rapid depressurisation and is jetted on the plate
with velocities of 30–100 m s−1. This process has only been applied

Results Reference

Increase of VS removal from 35%a to 50% (+43%) [101]

VS removal of 30% [102]

Increase of VS removal from 40%a to 51% (+28%) [103]

Increase of VS removal from 15%a to 28% (+87%)

Increase of CH4 production from 129a to 206 mL g−1

VSin (+60%)
[104]

CH4 production of 178 mL g−1 VSin

Increase of biogas production from 350a to 413 mL g−1

VSSin (+18%)
[53]
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Table 6
Mechanical pretreatment: grinding.

Substrate Treatment conditions Anaerobic digestion conditions Results Reference

Activated sludge
(SRT: 7 days)

db: 0.25 mm
vb: 10 m s−1

9 min, 60 ◦C

Batch, 21 days
37 ◦C

Increase of biogas production (+10%) [109]

Activated sludge
(extended
aeration)

db: 0.25 mm
vb: 10 m s−1

9 min, 60 ◦C

Batch, 21 days
37 ◦C

Increase of biogas production (+24%)

Anaerobic digested
sludge

db: 0.25 mm
vb: 10 m s−1

9 min, 60 ◦C

Batch,21 days
37 ◦C

Increase of biogas production (+62%)

Activated sludge
(SRT: 3 days)

db: 0.35 mm
vb: 6 m s−1

Es: 2000 kJ kg−1 TS

Continuous suspended biomass
HRT: 7 days

Increase of VS removal from 42%a to 47% (+12%) [110]

Activated sludge
(SRT: 3 days)

db: 0.35 mm
v : 6 m s−1

Fixed biomass
HRT: 2 days

Increase of VS removal from 26%a to 37% (+88%)

v

a
w

5

t
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Es: 2000 kJ kg−1 TS

b is the balls velocity and db is the balls diameter.
a Performance of anaerobic digestion without pretreatment.

t laboratory scale and allowed a decrease in HRT from 14 to 6 days
ithout affecting anaerobic digestion performance [101,102].

.3.2. High pressure homogeniser
Sludge pressure is increased up to 900 bar, then sludge goes

hrough an homogenisation valve under strong depressurisation
103]. This process has been tested at full-scale for anaerobic diges-
ion. A fraction of digested sludge was treated at 150 bar and
e-introduced in the digester, which led to an increase of biogas
roduction by 30% and a reduction of sludge volume by 23% [105].
owever, sludge dewaterability diminished [53].

Several other processes which are based on sludge pressuri-
ation and depressurisation are commercially available. Examples
re:

the Crown® process (Biogest company), with operation at 12 bar
in several full-scale implementations [106].
Cellruptor or Rapid non-equilibrium decompression, RnD® process
(Ecosolids). Sludge is compressed at pressures higher than 1 bar.
A gas, which is soluble in the sludge stream, is introduced in the
sludge stream. The gas, due to its rapid rate of diffusion across the
cell walls, is transported across the cell walls. The gasified sludge
stream is then depressurised. This rapid, non-equilibrium decom-
pression causes exceedingly high shear rates and irreversible cell
rupture, decreasing particle size, and releasing the interstitial
water to the sludge stream. Biogas production can be increased
from 0.3–0.6 to 0.48–0.816 m3 kg−1 VS [107].
Microsludge® process (Paradigm Environmental Technologie Inc).
Sludge is first treated with chemicals with the aim of adjusting
the pH to 11 or 2 in order to weaken cell walls. A high pressure
homogeniser at 830 bar then provides cellular disruption. This
process was applied in Los Angeles WWTP. Treated waste acti-
vated sludge was introduced in a digester together with primary
sludge, with a ratio 68/32 (w/w). The degradation of mixed sludge
was increased from 50% to 57% [108].

.4. Grinding

Table 6 shows results obtained during anaerobic digestion of
ludge which had been disintegrated by stirred ball mills. Grinding

as more beneficial on digested sludge (increase of batch biogas
roduction by 60%) and on waste activated sludge from an extended
eration process (24% increase) than on activated sludge with an
igher SRT (7% increase) [109,110]. Kopp et al. [110] underlined
igher impacts on methane production when anaerobic digestion
was carried out at short HRT (see Table 6), showing an acceleration
of anaerobic digestion as the main effect of pretreatment.

6. Chemical treatment

6.1. Oxidation

The most widely used chemical method is ozonation (Table 7).
Ozonation leads to partial sludge solubilisation and yield increases
with ozone dose. A too high ozone dose will result in reduced
apparent solubilisation due to oxidation of the solubilised compo-
nents [112]. In addition, it is oxidative, and may therefore increase
destruction at the expense of methane yield. Several studies have
shown an optimal ozone dose for the enhancement of anaero-
bic biodegradability: 0.1 g O3 g−1 COD [111], 0.2 g O3 g−1 TSS [112],
0.15 g O3 g−1 TS [118] (Table 7). However, sludge ozonation was
first used in combination with activated sludge process for wastew-
ater treatment [119]. In this work, the feasibility of operating
an activated sludge process without physically wasting excess
sludge has been shown. Thickened sludge was dosed with ozone
(0.02 g O3 g−1 TS) and re-introduced in the aerated tank. However,
the concentration of nitrogen and suspended solids in the effluent
slightly increased, although it remained under authorised limits. A
review of studies concerning the combination of ozonation with
activated sludge process (configurations T1 or T2 in Fig. 1) has
been recently proposed by Chu et al. [120]. This process has been
commercialised by the Japanese Kurita company and about 30
installations have been implemented [121]. Another industrial pro-
cess has been proposed by Ondeo-Degremont (Suez): Biolysis® O
process [46].

Ozonation has also been combined with anaerobic digestion as a
pretreatment [111,112,118] or posttreatment and recycling back to
the anaerobic digester [113,114]. The main results are summarised
in Table 7. Goel et al. [113] showed better performance and lower
ozone consumption in the case of posttreatment and recycling in
the digester.

Hydrogen peroxide has also been used as an oxidant [56,116]
(Table 7). The COD removal during anaerobic digestion was
enhanced by means of oxidation at 90 ◦C with 2 g H2O2 g−1 VSS, but
not by the oxidation at 37 ◦C [116]. Moreover, posttreatment on the

recirculation loop, treating 20% of the sludge stream, was more effi-
cient than a configuration with pretreatment. However, the process
consisting of one anaerobic digester, high temperature oxidation
and a second digester led to the highest removal of faecal coliforms
[116]. Use of Fenton catalysed oxidation (0.067 g Fe(II) g−1 H2O2,
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Table 7
Chemical pretreatment: oxidation.

Substrate Treatment conditions Anaerobic digestion conditions Results Reference

Mixed sludge 0.1 g O3 g−1 COD Batch, 30 days
33 ◦C

Increase of CH4 production from 110a

to 220 mL g−1.CODin (+100%)
[111]

Sewage sludge 0.1 g O3 g−1 TSS Batch
30 days

Increase of CH4 production from 82a to
173 mL g−1.CODin (+110%)

[112]

Activated sludge (synthetic) 0.05 g O3 g−1 TS CSTR HRT: 28 days
35 ◦C

Increase of TS removal from 31%a to
59% (+90%)

[113]

Activated sludge (synthetic) 0.045 g O3 g−1 TS
recirculation loop at
digester outlet

CSTR With supernatant withdraw
HRT: 28 days
35 ◦C

TS removal of 85%

Activated sludge 0.16 g O3 g−1 TSS
recirculation loop at
digester outlet (25%)

CSTR
35 ◦C

Increase of COD removal from 38%a to
58% (+53%)

[114]

Activated sludge 0.15 g O3 g−1 TS Batch, 18 days
35 ◦C

Increase of biogas production from
150a to 367 mL g−1 CODin (+145%)

[115]

Activated sludge
17 g L−1

H2O2: 150 mmol L−1

FeSO4: 5 mmol L−1

90 ◦C, 60 min

Batch, 24 days
35 ◦C

Increase of biogas production (+16%) [56]

Mixed sludge 2 g H2O2 g−1 VSS
90 ◦C, 24 h

CSTR, HRT: 30 days
37 ◦C

Increase of COD removal from 52.2%a

to 70.1% (+34%)
[116]

Mixed sludge 2 g H2O2 g−1 VSS
90 ◦C, 60 h
recirculation at
digester outlet (20%
per day)

CSTR HRT: 30 days
37 ◦C

Increase of COD removal from 52.2%a

to 74.6% (+43%)

Digested mixed sludge
(SRT: 15 days)

2 g H2O2 g−1 VSS
90 ◦C, 24 h

CSTR, HRT: 15 days
37 ◦C

Increase of VSS removal from 52.2%a to
70.6% (+35%)

Sewage sludge Catalytic wet oxidation
270 ◦C, 86 kg m−2

24 min

UASB, HRT: 24 h, 35 ◦C
Digestion of supernatant of treated
sludge

Soluble COD removal of 93.8% [117]

Activated sludge (wastewater
from a crude oil refinery)

Wet air oxidation
200 ◦C, 20 MPa

Two-stage UASB, HRT: 3.8 days, 35 ◦C
digestion of liquid after pretreatment

h 33 d

Increase of CH4 production from 2419a

to 33,084 mL kg−1 WAS (+27%)
[63]
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30 min (classical batc
pretreatment)

a Performance of anaerobic digestion without pretreatment.

nd 60 g H2O2 kg−1 TS) decreased sludge resistance to dewatering
n terms of capillary suction time (CST), but did not have a positive
ffect on sludge dewatering performance on a belt press simula-
ion [122]. Wet oxidation has also been applied to sewage sludge,
ith the solubilised fraction subsequently treated in a UASB reactor

63,117] (Table 7).

.2. Alkali treatments

Alkali treatment is relatively effective in sludge solubilisa-
ion, with in order of efficacy being (NaOH > KOH > Mg(OH)2 and
a(OH)2) [54]. However, too high concentrations of Na+ or K+

ay cause subsequent inhibition of anaerobic digestion [123]. It
s normally combined with thermal treatment. Sludge solubilisa-
ion and anaerobic biodegradability increase with alkali dose and
emperature, with an upper limit [54,56]. Compared to thermal
ydrolysis, alkali treatment temperature is normally lower, and
he increase in temperature normally driven by chemical processes
from 170 to 120–130 ◦C). Performance improvements in methane
roduction are summarised in Table 8. They are moderate as com-
ared to solubilisation performance [50,56]. Alkali treatment (pH
f 12, NaOH) combined with microwave irradiation (160 ◦C) led to
ethane production 10% higher than microwave irradiation alone

124]. However, since the addition of alkali increases mineral con-

ent of digested sludge, it reduces the interest of cotreatment on
ludge reduction [56]. In addition, sludge dewaterability may be
iminished by KOH addition [125]. Dogan and Sanin [124] observed
n improvement on the dewaterability (measured by CST) by about
2% after anaerobic digestion of pretreated sludge (pH of 12, 160 ◦C
ays without

microwave) compared to anaerobic digestion of waste activated
sludge.

7. Comparison of treatment methods

The results of sludge cotreatments may not be compared
directly from different studies as they depend on the sludge (pri-
mary, waste activated, sludge age, sludge concentration . . .) and
on the anaerobic digestion process parameters (batch or continu-
ous, HRT, temperature). The basis of comparison for pretreatment
methods can thus be divided into a number of different components
including:

(a) Whether the treatment method is aimed at activated or primary
sludges.

(b) Treatment effectiveness – whether it increases just degrada-
tion rate, or increases the overall amount of material available
(bioavailability).

(c) Cost of treatment, particularly energy cost, and secondary costs
caused by nutrient release or generation of byproducts (e.g.,
melanoidins).

(d) Chemical consumption, particularly for oxidative or chemical
treatment.

For point (a), as outlined previously in the paper, most treat-

ment methods are orientated towards activated sludges, and are
often applied to primary sludges for secondary considerations such
as improved dewaterability or pathogen removal. Most analyses of
comparative performance have focused also on activated sludge,
and the main focus for comparative analysis has been pretreat-
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Table 8
Thermo-chemical pretreatment.

Substrate Treatment conditions Anaerobic digestion
conditions

Results Reference

Activated sludge
(43 g L−1)

300 meq HCl L−1

175 ◦C, 60 min
Batch, 25 days
35 ◦C

Increase of COD conversion to CH4

from 48%a to 75% (+56%)
[49]

Activated sludge
(43 g L−1)

300 meq NaOH L−1

175 ◦C, 60 min
Batch, 25 days
35 ◦C

Increase of COD conversion to CH4

from 48%a to 78% (+62%)

Activated sludge
(7 g L−1)

0.3 g NaOH g−1 VSS
130 ◦C, 5 min

Batch, 10 days
37 ◦C

Increase of COD conversion to CH4

from 32%a to 42% (+31%)
[50]

Activated sludge
(industrial, 8.4 g L−1)

0.3 g NaOH g−1 VSS
130 ◦C, 5 min

Batch, 10 days
37 ◦C

Increase of COD conversion to CH4

from 11%a to 25% (+127%)

Activated sludge
(17 g L−1)

7 g NaOH L−1

121 ◦C, 30 min
Batch, 7 days
37 ◦C

Increase of biogas production from
3 657a to 5 037 L m−3 sludge (+38%)

[54]

Activated sludge 7 g NaOH L−1

121 ◦C, 30 min
Two-stage:
Acidogenic:
HRT: 6 days, 37 ◦C
Methanogenic:
HRT: 12 days, 41 ◦C

Increase of CH4 production from 290a

to 520 L kg−1 VSin (+79%)
[126]

Activated sludge
(30 g L−1)

45 meq NaOH L−1

55 ◦C, 240 min
Batch, 20 days
35 ◦C

Increase of CH4 production from165a

to 310 L kg−1 VSin (+88%)
[127]

Activated sludge
(100 g L−1)

pH: 11
90 ◦C, 10 h

Batch, 15 days
55 ◦C

CH4 production of 280 L.kg−1 VSin [128]

Activated sludge
(17 g L−1)

1.65 g KOH L−1 pH: 10
130 ◦C, 60 min

Batch 24 days
35 ◦C

Increase of biogas production (+30%) [56]

Activated sludge
(17 g L−1)

1.65 g KOH L−1 pH: 10
130 ◦C, 60 min

CSTR, HRT: 20 days
35 ◦C

Increase of CH4 production from 88a to
154 mL g−1 CODin (+75%)

Activated sludge Microwave, 160 ◦C
pH: 12 by NaOH 16 min

Batch
37 ◦C

Increase of CH4 production (+19%) [124]

Activated sludge Microwave, 160 ◦C Semi-continuous,
ays

Increase of CH production from 144a
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pH: 12 by NaOH 16 min HRT: 15 d
37 ◦C

a Performance of anaerobic digestion without pretreatment.

ent versus no-pretreatment. Bougrier et al. [59] compared the
ffect of ultrasound, thermal hydrolysis and ozonation pretreat-
ent on the same activated sludge sample prior to batch mesophilic

naerobic digestion. In terms of solubilisation, the thermal treat-
ent was the most efficient. The thermal treatment also led to
strong decrease of apparent viscosity, and a strong increase in
lterability. All three pretreatments improved biogas production.
or ozonation (0.10 and 0.16 g O3 g−1 TS), this enhancement was
ow (246–272 mL CH4 g−1 CODin against 221 mL CH4 g−1 CODin for
he raw sludge) compared to sonication (with a specific energy of
250 and 9350 kJ kg−1 TS) and thermal hydrolysis (at 170 or 190 ◦C),
hich both resulted in the same outcomes (325–334 mL CH4 g−1

ODin). Ultrasonic treatment provided minimal solubilisation of
ludge and particle size reduction, but improved biodegradability
f the particulate fraction. Thermal hydrolysis increased solubili-
ation, but did not enhance degradability of residual particulates
59].

Salsabil et al. [129] compared thermal treatment (from 40 to
20 ◦C), ozonation (0.1 g O3 g−1 TS), and sonication (200,000 kJ kg−1

S) on the basis of TSS reduction after subsequent batch anaerobic
igestion. Increase of TSS removal was 30% with sonication and 20%
ith ozonation and thermal treatments at 90 or 120 ◦C. However,

pecific energy of sonication was extremely high compared to other
tudies.

Kim et al. [54] compared thermal (121 ◦C), chemical (7 g L−1

aOH), ultrasonic (42 kHz, 120 min) and thermochemical (121 ◦C,
g L−1 NaOH) pretreatment prior to batch anaerobic digestion.

hey obtained the best results with the thermal (3390 L CH4 m−3

AS) and thermochemical (3367 L CH4 m−3 WAS) pretreatments,
ollowed by the ultrasounds (3007 L CH4 m−3 WAS) and chemi-
al (2827 L CH4 m−3 WAS) pretreatments, the production from raw
ludge being equal to (2507 L CH4 m−3 WAS).
4

to 220 mL g−1 VSin (+53%)

Barjenbruch and Kopplow [53] compared thermal treat-
ment (80–121 ◦C), high pressure homogenisation (600 bar) and
enzymatic treatment (carbohydrase addition) for pretreatment
prior to continuous anaerobic digestion with 10 days HRT. An
increase of biogas production was observed in the following
order: low intensity thermal treatment at 90 and 121 ◦C (>20%
increase) > high pressure and thermal treatment at 80 ◦C (>16–17%
increase) > enzymatic treatment (>13% increase).

Yang et al. [63] studied thermal pretreatment and wet air
oxidation followed by anaerobic digestion of the liquid fraction
in a two stage UASB reactor. Although some COD was oxidised
to CO2 during pretreatment, wet air oxidation (200 ◦C, 20 MPa)
led to better results than thermal treatment (200 ◦C): 385 ver-
sus 261 mL biogas g−1 CODin and 3084 versus 2775 mL CH4 kg−1

WAS. Moreover, wet air oxidation showed better filterability of the
residue compared with thermal treatment.

Muller et al. [130] considered a 250,000 PE virtual WWTP to
compare stirred ball milling, ozonation, lysate centrifugation and
sonication. The authors provided several classifications of pretreat-
ments according to:

- Energy demand: lysate centrifuge < stirred ball mill <
sonication < ozonation.

- Increase of sludge degradation: ozonation > stirred ball
mill > sonication > lysate centrifuge.

- Increase in polymer demand for dewatering: lysate cen-
trifuge < stirred ball mill < sonication < ozonation.
- Increase in polymer demand: lysate centrifuge < stirred ball
mill < sonication < ozonation.

- Increase in soluble COD and ammonia concentrations in super-
natant after dewatering: sonication < lysate centrifuge < stirred
ball mill < ozonation.
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Overall, all pretreatment options require significant and com-
arative resources (see next section). The performance level is
eflected in the intensity of treatment, with lower energy methods
uch as sonication and mechanical pretreatment mainly affect-
ng hydrolysis rate, and to a limited extent (20–30% improved VS
estruction), but high impact methods such as thermal hydrolysis
nd oxidation having significant improvement, but with a substan-
ial energy (and possibly capital) input.

. Energy aspects

One of the most significant inputs, environmentally, and finan-
ially is energy. While the cost of treatment may be disposal driven,
n energy terms, energy utilised should hopefully match the energy
roduced by increases in biogas production. The energy input
epends heavily on method, and may be a function of sludge com-
osition, operating and ambient conditions, and equipment used,
mongst others.

A summary of performance and energy outcomes for the major
igester options is given in Table 9. This is information standard-

sed from the various sources on the basis of kg VS. Assumptions
sed are given as follows. Energy consumption in anaerobic
igesters is electrical and thermal. Electrical requirements are
ainly feed and mixing, and are approx. 0.1–0.2 kWh m−3 d−1

131,132]. 0.12 kWh m−3 d−1 has been used in our analysis. The
nalysis also assumes a hydraulic retention time of 20 days for
esophilic, or 15 days for thermophilic. Heating requirements are

hermal capacity plus approx. 10% losses in mesophilic or 20% in
hermophilic. This is consistent with reasonable insulation [132].
eat recovery could reduce this further, but this is likely not
ecessary (see below). Performance measures were taken from ref-
rences in the far column, and were available thermal or electrical
onsumption values. A nominal VS:TS ratio of 80% was used, with a
OD:VS ratio of 1.5 g COD g VS−1. Calorific values and heat capaci-
ies have been taken from standard texts. In general, where a range
f performance measures have been used, the more widely indus-
rially applied examples, or best conditions have been applied.
or example, 200 bar has been used as a reference case for high
ressure homogenisation, while approx 170 ◦C has been used for
hermal hydrolysis. Energy has not been split between electrical-
vailable, and thermal available energy, but most cogeneration
ngines would produce approx. 30–40% as electricity, and 40–50%
s heat. Thus one advantage of thermal treatments is the use of
eat energy which is produced from biogas. This thermal energy is
enerally in excess as compared to the wastewater treatment plant

eeds.

As shown in Table 9, generally mesophilic and thermophilic pro-
uce adequate thermal energy, and an excess of electrical energy.
his is consistent with knowledge of our systems, and only ther-
ophilic systems in cold climate, or with poorly degradable feeds

able 9
nergy analysis.

Pretreatment
method

Treatment
conditions

Feed
concentration

VS
destruction

Electrica
(kWh kg

None-mesophilic 6% 40% 0.04

None-thermophilic 6% 50% 0.03

Biological
(thermal)

70 ◦C
9–48 h

6% 50% 0.03

Thermal hydrolysis 170 ◦C
15–30 min

9% 60% 0.04

Sonication 100 W, 16 s,
30 kW m−3

6% 50% 0.37

Ball milling 6% 50% 1.04

High pressure 200 bar 6% 50% 0.33
us Materials 183 (2010) 1–15 11

struggle to produce sufficient energy for self-heating [133]. Fer-
rer et al. [39] compared to the base case, three broad classes of
pretreatment:

a) Mild impact temperature–biological thermal pretreatment.
This is comparable in performance and energy consumption to
single stage thermophilic.

b) High impact temperature–thermal hydrolysis. This uses much
more thermal energy, but improved performance means there
is sufficient energy available. Therefore, this can be applied,
with minimal loss, or increase in total electrical energy yield.

(c) Mild impact mechanical. All the mechanical forms of solubili-
sation have moderate increases in overall yield, with generally,
consumption of approx. 0.3 kWh kg VS−1. This produces an
increase in gas production of approx. 0.5 kWh kg VS−1, which
given a 30% electrical yield, would mean that the energy balance
is generally negative.

Energy balances for mechanical options can be improved by
thickening [98,134], but at the expense of increased viscosity and
energy consumption [135]. Ozonation and chemical processes have
not been included in this analysis, due to a lack of information.

All options for pretreatment have substantial capital cost, with
thermal hydrolysis being more capitally intensive than mechani-
cal options [136]. Often, the cost of ancillary items such as odour
control, and sludge receivals in a centralised facility exceed sub-
stantially the cost of the actual pretreatment equipment [136].
Investment and operation costs of lysing-centrifuges are amongst
the lowest, especially when they are implemented by adapting
a lysing device to existing machinery. Other options to improve
digester retention time, such as gravity belt thickening [132] may
improve digestion performance substantially at minimal capital
cost as an alternative to pretreatment.

9. Nutrients issue

Activated sludges have a nitrogen content of 11%, and a
phosphorous content of 5% [132]. Naturally, an improvement
in activated sludge destruction increases release of these com-
pounds, which then need to be treated, either in a dedicated
process, or through the main treatment process. Byproducts such
as melanoidins can also carry embodied nitrogen [72]. While this
can increase the cost of pretreatment, especially if nutrients are
removed in the main process, it also offers the possibility for nutri-
ent recovery from a concentrated stream.
9.1. Release of nutrients

Release of nutrients has been observed consistently due to most
pretreatment processes. For biological, in a two stage thermophilic

l consumed
−1 VS fed)

Thermal consumed
(kWh kg−1 VS fed)

Max biogas
(kWh kg−1 TS fed)

References

0.5 1.9 [5,111]

1.0 2.4 [137]

1.0 2.4 [4,34,39]

2.0 2.9 [2,51,60,62,138]

0.5 2.4 [98,134]

0.5 2.4 [134]

1.0 2.6 [135]
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60 ◦C)–mesophilic process, Watts et al. [139] observed a 35–40% VS
emoval treating secondary sludge and a phosphorus release rang-
ng from 10% to 20%. Muller [140] observed an increase by a factor
f 10 of nitrogen concentration and a factor of 3 for phosphorus in
he supernatant after disintegration by high-pressure homogeniser
80 MPa). In another study [141], sonication at 500 kWh m−3 over
h (a very high dose) of a waste activated sludge originating from a
iological nitrogen and phosphorus removal process (BNPR) led to
he release of 57% of the organic content (measured as COD), 70%
f total nitrogen and more than 60% phosphorus. Most released
itrogen was organic-N (84.9%), followed by NH3-N (14.9%) and
race amounts of nitrate and nitrite. 80% of the released phosphorus
as as PO4-P [141]. Microwave advanced oxidation (MW/H2O2/O3)

aused release of 30% of TP and 20% of TKN and 37% of total
OD [142]. This brief review has focused mainly on release dur-

ng pretreatment. Treatment during the actual digestion process
ould be in excess to this, and indeed, for more aggressive treat-
ent methods (e.g., thermal hydrolysis) can result in in-digester

otal ammonia concentrations in excess of 3 g L−1, with consequent
mmonia inhibition.

.2. Nutrients removal or recovery

Nutrient impact depends on whether the sludge minimisation
rocess is a main stream cotreatment, or pretreatment method
Fig. 1). The impacts for cotreatment are (a) impact of released
utrients and organics, and (b) impact on the activated sludge pop-
lation. As an example, according to Boehler and Siegrist [143]
itrifiers are partially killed by cotreatment ozonation, which can
herefore lead to a decrease of the sludge age, increasing risk
f nitrification failure. In contrast, in another study, nitrification
otential was shown to remain constant after the introduction of
zonation [143,144]. The recycling of treated sludge may also lead
o an increase of denitrification rates, as disintegrated carbon mate-
ial can be used as carbon source for the denitrification process
140,145]. The release of phosphorus is more problematic as an
dditional physical-chemical precipitation of phosphorus is nec-
ssary to deal with phosphorus removal in the activated sludge
rocess combined with ozonation [146] or sonication [147].

Pretreatment of sludge will result in increased nitrogen and
hosphorous release as discussed above. Nitrogen is mainly in
mmonium form and phosphorus in phosphates. These streams
an be treated in the main treatment (activated sludge or BNPR
rocess) via recycling of reject water, but this has a direct cost in
erms of carbon, electricity, and phosphorous precipitant, and relies
n the main process having sufficient capacity. It is generally more
fficient to apply a dedicated process directly on the concentrated
eject water. Nitrogen can be removed by dedicated processes
uch as nitrification/denitrification, Anammox, Cannon, NOx pro-
esses, as described in Ahn’s review [148]. Morse et al. [149] have
eviewed the technologies for phosphorous removal and recov-
ry: biological phosphorus removal, chemical precipitation (mainly
ith Ca, Al or Fe addition) or crystallisation. Among them, struvite

MgNH4PO4·6H2O) crystallisation is highly recommended, in par-
icular to recover phosphorus from digested effluents [150–155].
he increased concentrations of nitrogen and phosphorus in the
naerobic supernatant make this process feasible in contrast to
ater line struvite recovery. However, the stoichiometry of stru-

ite precipitation means that only minimal amounts of nitrogen
re removed.

In a number of cases, pretreatment has been applied specifically

or nutrient release and recovery:

Addition of a strong base (NaOH), strong acid (HCl), organic acid
(citric acid), and sodium acetate [156].
Microwave/advanced oxidation process [157,158].
us Materials 183 (2010) 1–15

- Sonication [141].
- Ozonation [159].
- Heat pretreatment (70 ◦C) and addition of CaCl2 for recovery of P

before anaerobic digestion [160].

10. Conclusions

Sludge minimisation may be either combined with the activated
sludge process (cotreatment) in the wastewater treatment line or as
a pretreatment to anaerobic digestion. If combined to the activated
sludge process, the cotreatment objective is to avoid or to miti-
gate excess sludge production. However, excess sludge reduction
should not impact seriously the main process. In particular, cotreat-
ment will generally decrease effective sludge age by destruction of
nitrifiers, increase effective nitrogen and phosphorous load, and
increase the effective concentration of micropollutants and metals,
which would normally adsorb onto the sludge.

If combined to sludge anaerobic digestion, the pretreatment
objective is to not only reduce the final amount of sludge to be dis-
posed of, but also to increase methane production. Various methods
may have the effect of:

- Increasing degradability extent, leading higher energy recovery
and lower residual digested sludge.

- Increasing degradation kinetics, making it possible to decrease
sludge retention time in the digester, therefore making it possible
to reduce digester volume or increase the organic load rate of a
given digester.

Mechanical and low intensity processes such as biological
pretreatment, sonication, and high pressure treatment generally
increase rate, while high intensity processes such as thermal
hydrolysis increase extent and rate. Mechanical processes have
low energy requirements, as electricity. Low intensity thermal
phased pretreatment, has higher energy requirements, but as ther-
mal energy, which is generally available at a lower cost. Thermal
hydrolysis has a high energy requirement, as thermal energy. Over-
all performance and feasibility depends on a wide range of factors,
not just encompassed by energy use and performance. For instance,
sludge dewaterability is a key parameter, and the polymer dose and
total solids content in the sludge cake can be improved or degraded
depending on cotreatment conditions. As a result of cotreatments,
a fraction of nitrogen, phosphorus and refractory COD is released
into the dewatered sludge liquid phase. If this phase is returned to
the main activated sludge process, the degradation of such addi-
tional load may increase aeration costs. However the recovery of
phosphorus and a part of nitrogen by struvite crystallisation is a
sustainable option made possible by digestion.
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