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ABSTRACT

Anaerobic digestion of sludge has been an efficaal sustainable technology for sludge
treatment but the low microbial conversion ratetsffirst stage requires sludge pretreatment,
such as biological (aerobic, anaerobic conditiotf®rmal, mechanical (ultrasonication, lysis-
centrifuge, liquid shear, grinding), and chemicaxidation, alkali, acidic pretreatmergic)
techniques. This work aims at presenting a reviadr a short comparison of these common
sludge pretreatment techniques, serving the sefeofithe most suitable technique for lab scale
research and for subsequent actual application.

Keywords: anaerobic digestion; waste activated sludge; s€uggetreatment; biological
pretreatment; thermal pretreatment;

1. INTRODUCTION

Sludge treatment aims at removing organic mateaad water, consequently reduces the
volume and mass of sludge and degradable materdald, then odors and pathogens.
Incineration, ocean discharge, land applicatiom @emposting are the common sludge
treatments used over the years but no longer sasiai due to the economic difficulties and
their negative impacts on environment. Theref@eaerobic digestionAD) of sludge has
applied as the efficient and sustainable technolémy sludge treatment thanks to mass
reduction, odor removal, pathogen decrease, lesgygruse, and energy recovery in form of
methane.

However, the low rate of microbial conversion ie thydrolysis stage (the first stageAdd
process) requirethe pretreatment of sludgbat ruptures the cell wall and facilitates thiease
of intracellular matter into the aqueous phasectekerate biodegradability and to enhance the
AD. Figure 1shows the process flowchart of sludge processaysst

There are some very popular techniques used didgsl disintegration such as biological,
thermal, mechanical, and chemical pretreatments. dlfjective of this work is to present an
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executive review and a short comparison of comnhatige pretreatments, serving the selection
of the most suitable technique for lab scale reseand for subsequent actual application.
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Figure 1.Process flowchart of sludge processing steps [1].
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2. SLUDGE TYPE

It was proven that sludge characteristics and abiat kinetics of sludge degradation are
the most important parameters influencing Aie performance. Five main categories of sludge
considered folAD are presented as follows: (a) organic fractiommomicipal solid waste, (b)
organic waste from the food industry, (c) energypsror agricultural harvesting residues, (d)
manure, and (e) sludge from wastewater treatmemtpiVWTB [2]. Figure 2 presenting the
collection of pretreatment techniques and sludgedyshows sludge frodfWTPto be the most
common object for studying on pretreatment appbost and divided into 3 main sludge types
as described in figure 3

Primary sludge is produced through the mechanical wastewatertntex@ process. It
occurs after the screen and the grit chamber ariddes untreated wastewater contaminations.
The sludge amassing at the bottom of the primaayifidr is also called primary sludge. It is
decay-able and must be stabilized before beingodexp off. The composition of this sludge
depends on the characteristics of the catchmeiat &emary sludge is easily biodegradable
since it consists of more easily digestible carhliphies and fats (faeces, vegetables, fruits,
textiles, papergetc). Biogas therefore is produced more easily frommary sludge but the
methane proportion in the gas is small.

Activated sludge comes from the secondary wastewater treatment.thénsecondary
treatment, different types of bacteria and micraargms consume oxygen to live, grow and
multiply to biodegrade the organic matter. The it&sy sludge from this process is called
activated sludge, consisting largely of biologicaass, mainly protein (30%), carbohydrate
(40%) and lipids (30%) in particulate form [3]. Maally, a part of the activated sludge is
returned back to the system called returned aetivalludge and the remaining is removed at the
bottom of secondary clarifier called excess sludwesecondary sludge, or waste activated
sludge WAS. Overall, the sludge is the same properties Ifterdnt name regarding to their
usage. Activated sludge contains large amount thiogens and causes odor problem, thus it has
to be stabilized. Besides, activated sludge isendiifficult to digest than primary sludge and
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identified as a low biodegradability sludge, whiekplains the interest iRVAS pretreatment
applications.

Digested sludges the residual product after anaerobic digestibprimmary and activated
sludge. The digested sludge is reduced in mass, ddsrous, and safer in the aspect of
pathogens and more easily dewatered than the priamat activated sludge.
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Figure 2.Collection of pretreatment techniques and slugiged [2]. The pie-chart corresponds to the
number of times each sludge type occurs in comibimatith a pretreatment. The bar-charts present the

distribution among the different pretreatmentsefach type of sludge.
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Figure 3 Sludge sources from classical wastewater tredtpiants [4].
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3. MAIN EFFECTS OF PRETREATMENTS ON SLUDGE

According to Carlssost al.[2], the main effects of pretreatments on sludgdd be listed
as (i) particle size reduction, (ii) solubilisatioffiii) biodegradability enhancement, (iv)
formation of refractory compounds and (v) loss igfamic material.

Particle size reductionhas been used to describe the effect of pretredtamesiudge (the
increase in sludge surface area), but challengedlifigulties in quantifying the shape of
particles, and any effects on increased inner saerés on increased particle porosity without
overall particle size modification remains unacdednfor by this factor. Therefore, this
parameter may misrepresent the effect of pretredtror the actual surface area for some
materials, such as fibrous materials subjectedhéausforces, which may be damaged, increase
in their surface area without decrease in theitiglarsize. Moreover, this parameter may be
only based on the distribution of particles remagnafter pretreatment without accounting for
the solubilised material.

Solubilisation has been analysed and calculated by various wayst commonly based
on chemical oxygen deman@@D) measurements (before and after pretreatmengwelll by
total solids TS, volatile solids ¥§ or organic compositions (proteins, carbohydrates]
lipids). Generally, these soluble concentratiorterapretreatment are compared to either the
(total, particulate, or soluble) concentrationghe “maximum hydrolysable” concentrations of
the raw sludge. However, the definition of solublaction is not always specified: soluble
fraction has been either measured directly in thpematant after centrifugation (without
filtration) or separated from total sample or frempernatant after centrifugation by filtration
using different membrane filters (materials andeprizes).

Biodegradability often represents the amount of material that canbhwlogically
converted into methane b&D, thus it includes the concept of bioavailabilit®].[ Under
pretreatment, mechanical or physical-chemical &feause sludge disintegration, solubilisation
and/or chemical transformation; consequently slubigelegradability could be changed. The
exposure of biodegradable matters previously utetai to microorganisms and the alteration
of the composition of hardly degradable compouredslIto an increase in biodegradability.
Biodegradability is commonly evaluated through biemical methane potentiaBI(IP) tests
(known as an approximate indicator) and expresseacaumulated methane volume produced
per unit of TS, VSor COD input. It is important to note that inoculum qtaland testing
duration for BMP tests significantly affect the total biodegradiéypil and also the
biodegradability enhancement.

The correlations between biodegradability enhamcgnand particle size reduction and
solubilisation are ambiguous: positive (stronglyrretated), lacking, or even negative. As
mentioned, the efficiency of a pretreatment heastdpends on sludge type and characteristics,
where the solubilised material is inherently eabilydegradable, the effect on biodegradability
enhancement may be limited. In some cases, thalgelbiodegradability decreases after
pretreatment may be caused by fibblenation of refractory/toxic compounds andremoval of
organic material. For examples, lignocellulosic biomass pretreatmesitlts in the formation of
furfural, hydrolymethylfurfural KIMF), and soluble phenolic compounds, or Maillard tieas
of sludge containing proteins and carbohydrateslte$n the formation of melanoidines, or
removal of organic material results in a net desweaf organic material available for methane
production.
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4. BIOLOGICAL PRETREATMENT TECHNIQUES

Biological pretreatments have a wide range of @sees that comprise of both aerobic and
anaerobic processes, and can be applied in thesestedge destruction process, or biological
pretreatment prior t&\D. This technique disintegrates sludge with enzy(egternal enzymes,
enzyme catalyzed reactions and autolysis processesracking cell wall compounds) or
without enzymes [5].

Aerobic or anaerobic digestion WfASIs often slow due to the rate limiting cell lysi®p.
Several systems combining biological and physibalrgical treatments have been studied in
order to improve the aerobic/anaerobic biodegradaf]. Yamaguchiet al. [7] suggested a
two-step pretreatment system with a biological t@aaconsisting of sludge degrading
microorganisms. First step was alkali pretreatntieat increased the pH above 9. Consequently,
sludge was introduced into biological degradatieactor where sludge was further degraded to
simple molecules and pH became appropriate fondurdigestion.

4.1. Aerobic pretreatment

In order to improve the degradation of recalcitrarganic matter, aerobic pretreatments
have been applied because there are materialsahdie degraded under aerobic, not anaerobic
conditions [8].

Aerobic hyper-thermophilic pretreatmentyper-thermophilic aerobic microbes are
protease-excreting bacteria, presented in untresitethe, and can survive under anaerobic
mesophilic conditions. The potential for increas@érformance thus is inherent in sludge itself
[9]. An increase of 50% in biogas production wasesked using a hyper-thermophilic aerobic
reactor as the first stage of a dual process (@dtas the second stage) [10].

Another term igo-treatment procesgiming at enhancement of the maD processes by
altering physical or chemical properties, improveimef degradability (subsequently enhance
gas production and anaerobic digester performamdiejyance of process intensification with
faster kinetics (provide the same performance ismaller digester and decrease hydraulic
retention time HRT) [4].

Aerobic thermophilic co-treatmenthe process includes two different stages: a biokd
wastewater treatment and a thermophilic aerobieatign of the resulting sludge. A part of
returned sludge from the wastewater treatmentisteggected into a thermophilic aerobic sludge
digester TASD to be solubilized by thermophilic aerobic baaerThe solubilized sludge is
then returned to the aeration tank in the wastawegatment step for its further degradation.
Destruction of 75 % organic solids from waste ated sludge was obtained at full scale (65
°C,HRTof 2.8 day) [11].

Aerobic hyper-thermophilic co-treatmefigure 4): A combination of a Mesophilic
Anaerobic DigestersMAD (HRT of 21 and 42 days) and hyper-Thermophilic Aerdbéactor -
TAR (65 °C,HRT of 1 day) increased the intrinsic biodegradabttigtween 20 and 40 % [12].
The MAD/TAR model increaseOD release by 30 % foHRT of 42 days. However, this
amount ofCOD was oxidized in the aerobic stage, and consequémt methane production
yield was not improved. Besides, the degra@&b with 21 daysHRT for the MAD/TARmMode
was equal to that with 42 daiRT for conventionaMAD, which indicates that thRIAD/TAR
reduces theHRT or digester volume by half. An increase in solutvimeral fraction release
(from 6 % to 10 %) was also observed [12].
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Figure 4. Aerobic hyper-thermophilic co-treatment [12].

An industrial process combined with the aeratedigg process, Biolysis® E, is being
commercialized by Ondeo-Degremont (Suez), restuteth) — 80 % reduction of excess sludge
production, without deteriorating the wastewatealty [13]. Thickened sludge is introduced in
a thermophilic reactor where enzymes (proteaseglases, lipases) are produced by specific
microorganisms (Bacillus stearothermophillus).

4.2. Anaerobic Digestion

Anaerobic digestionis a favored stabilization method compared to laierdigestion, due
to its lower cost, lower energy input, and modepadormance, especially for stabilization [14].
The AD of sludge is a complex and slow process requihiigh retention time to convert
degradable organic compounds to Ckhd CQ (a renewable energy source helping replace
fossil fuels) in the absence of oxygen through fetmges, namely, (1) Hydrolysis, (2)
Acidogenesis, (3) Acetogenesis, and (4) Methanaisnigure 5). There are three different
groups of bacteria in this process. Kydrolytic and acidogenic bacteribydrolyze the complex
substrates (carbohydrates, lipids, proteins, dtc.jlissolved monomers (sugars, fatty acids,
amino acids, etc.) and further to &, organic acids and alcohols. (Bretogensnclude
Hydrogen producing acetogemenverting the simple monomers and fatty acidadetate, ki
and CQ and Homoacetogensonverting H and CQ to acetate. (3Methanogenic bacteria
utilize the H, CG; and acetate to produce ¢ahd CQ.
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Figure 5 The main stages in anaerobic digestion procésgs [1
Since methane formers (last group of microorgasismmechanism) are quite sensitive to
environmental conditionsAD process requires strictly control of environmentahditions
during operation. Factors affecting anaerobic digagrocess are presentedable 1

Table 1 Factors in anaerobic digestion [16].

Physical factors

Chemical factors

Temperature

Hydraulic Retention Time
Solids Retention Time
Solids loading

Volatile Solids Loading
Mixing

pH

Volatile Acids
Alkalinity
Nutrients

Toxic compounds
Trace elements

Solids Concentration

Sludge Type

Temperature: It is a main factor for monitoring anaerobic ditgr. Microorganisms
normally grow faster at higher temperature leadndigest much organic matters. The organic
substances therefore can be decomposed and maogasbigas produced, even faster by
thermophilic AD (50 — 60 °C) than by mesophilic ddion (30 — 38 °C). Because of more
energy consumption for temperature control, verpsgwe of methanogenic bacteria to
temperature variation (< 0.5 °C), and comparahbgédns yield to mesophilic, thermophilic is not
economical. Mesophilic thus has been selected gedated at 35 - 37 °C. Besides, the two-
stageAD with thermophilic and mesophilic digestion and ggoretention time gave the best
results [17, 18].
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Table 2.Comparison of mesophilic and thermophilic condisio

Parameter Mesophilic Thermophilic
Temperature 20 — 45°C > 45°C
Residence Time 15 - 30 days 10 — 20 days
Benefits - More robust and tolerance process - High gas production
- Less sensitive to the temperature - Faster throughput
change (within 2°C) - Short residence time
- Less energy consumption due to low | - Small digester volume

temperature supplied - High organic loading rate

Limitations - Low gas production rate - Need effective control
- Large digester volume - Very sensitive to temperature

- Long residence time change (<0.5 °C)
- High energy consumption

Hydraulic Retention Time (HRT) & Solids Retention Time SRT): HRT represents the
time spent in a reactor of a water molec8&Trepresents the ratio of mass of solids in the
reactor to mass of solids wasted daily. For a sirsgihge or high rate conventional anaerobic
digester (with no recycleHRT is equal taSRT SRT = V/Q whereV is working volume of the
reactor (mL)Q is sludge flow or loading rate (mL/daydccording to Vesilind [19], typicabRT
value for mesophilicAD lies between 10-20 days. Meanwhile, digestion BftC3requires
minimum SRTof 4 days [20]. Therefore, general approach isrdening the minimunERTby
using growth rate of microorganisms and choosingrafirds a largeBRTvalue to be on the
safe side [21]. Longer retention time leads to deerease in specific gas production [28].
other word, higher effects on methane productiomevwachieved with shoiRT of AD (an
increment inVSremoval by 12% and 88% compared to that of théroboorresponding to 7
days and 2 days ®iRT, respectively) [23], indicating an accelerationA® as the main effect
of pretreatment.

Organic Loading Rate OLR): The SRT HRT, volume, and solids concentration
determine the solids loading to the digester, iiclg the amount of feed sludge that
microorganisms must stabilize and the time foriftafg this sludge. Microorganisms growth
and stabilization rate are main factors that detegnmthe maximum loading rates. Due to
degradable properties, biologically volatile so{/dS reduction (depending on sludge type
digested, temperature, af@l.R) is commonly used to assess the performance cdrabia
digestion processes. It is well known that @ieR is one of the most important factors to control
AD systemsOLR = G, * V;, / V whereC;, is influentVS concentrationy, is influent feeding
volume per day an® is working volume of the reactor. Typical range@ifR is 1.0 — 5.0
kgeoo/m™d [24], or 0.64 — 1.60 kgdm>d for low rate and 2.40 — 6.40 kg/m>*d for high rate
digesters [25]. An important advantageAdd is the ability of stabilizing stronger organic ttsa
higher efficiencies therefore are expected whereemingOLR[26].

Mixing plays an important role iAD by preventing the settlement and the formation of
scum, providing effective contact between food amcroorganisms, and facilitating the release
of biogas. Mixing is necessary for preventing terapre grading and stratification that limit the
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digestion performance. Ineffective mixing redudes &ctive volume of a reactor, consequently
SRTdecreases and washout becomes a potential problem.

pH, Volatile Acids, and Alkalinity: These three factors and their effects AD are
interdependent, hence should be considered toggikhedrop is the major risk due to faster
growth rate of acetogenic bacteria and the incremselatile acids concentratiovVFAS. VFAs
are important intermediary compounds in the metalmhthway of methane fermentation. In
high concentrationsyFAs cause microbial stress and finally lead to failofeéhe digester [27-
29]. The main acids are acetate, propionate, andtyrate [30]. The ratio of propionic acid to
acetic acid can also be used as an indicator ektig imbalance. The acetic acid level in excess
of 800 mg/L or a propionic acid to acetic acid gagreater than 1.4 indicated digester failure
[31]. Besides, alkalinity plays an important roliengutralizing VFAs in order to maintain the
optimum pH range of 6.8 - 7.2 for methanogenesis i extremely sensitive to both high and
low pH methane-forming microorganisms. Some optinuaiaes or ranges could be listed such
as pH 6.4 - 7.5 [32], pH 6.5 - 8 [33, 34], pH 6.5.2 [35], pH 7 - 8 [36], and pH 6.5 — 7.6 [37]
etc.

Nutrient: Sufficient amount of nutrients such as nitrogen phdsphorus are required for
an efficientAD due to production of microbial cell. The amounteafch nutrient required is
directly proportional to the amount of microorgangsgrown. Overall, the optimum C/N ratio
for AD is about 20 - 30.

Toxicity: The AD is sensitive to certain compounds including sefidvolatile acids,
heavy metals, calcium, sodium, potassium, dissobsggdien, ammonia and chlorinated organic
compounds [38]. The inhibitory concentration of wbstance depends on many variations,
including pH, organic loading, temperature, hydaildading, the presence of other materials,
and the ratio of the toxic substance concentratidhe biomass concentration.

As mentioned, biological pretreatment aims atrisifgcation by enhancing the hydrolysis
step in an additional stage prior to the main digasprocess. The most common type is
temperature phased anaerobic digestaineither thermophilic (55 °C) or hyper-thermophili
(60 — 70 °C) conditions.

Anaerobic thermophilic pretreatment (Figure 6here are some modes, such as short
pretreatment prior to mesophilic digestion (Twoggtal hermophiliavAD) [17, 18, 39], single-
stage digesters [40]. Thermophilic conditions galeincreased organic solids destruction rate,
subsequently increased hydrolytic activity. An gase of 25 % on methane production and
solids destruction (for primary sludge) was obsénmder thermophilic compared to that under
mesophilic pretreatmenHRT of 2 days) prior ttMAD (HRT of 13—-14 days) [41]. Get al.[41]
indicated that the performance improvement was tduan increase in hydrolysis coefficient
rather than an increase in inherent biodegradgbilit
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Figure 6.Anaerobic thermophilic pretreatment: (a) The terapge co-phasAD system;
(b) The single-stag®IAD; (c) The thermophilic AD processes [17].

Anaerobic hyper-thermophilic  pretreatmentincreased temperature biochemical
pretreatment enhances pathogen destruction [42),-addl hydrolysis rates as well. Higher
temperatures might reduce the effectiveness anddse energy costs. With anaerobic hyper-
thermophilic pretreatment (70 °C), the increasemtiégradableCOD content was 15 — 50 %
depending on sludge characteristics: primary slydg§& secondary sludge [46 - 48] or mixed
sludge [49, 50].

One of the most significant elements, related neirenment and finance, is energy. In
general, energy utilized should match the energydyeed by increased biogas production.
Energy consumption in anaerobic digesters is ébattand thermalElectrical requirementare
mainly feed and mixing (about 0.1 — 0.2 kWRdin[24, 51].Heating requirementare thermal
capacity along with about 10 % or 20 % losses isaphilic or in thermophilic, respectively
[24]. Generally, mesophilic and thermophilic pratreents produce an adequate thermal energy
and an excess of electrical energy. Only thermapBistems in cold climate or with poorly
degradable feeds are difficult to produce suffitemergy for self-heating [52].

5. MECHANICAL PRETREATMENT TECHNIQUES

Among mechanical pretreatments, secondary sludiyasonic pretreatment has been
focused with a large number of scientific reseascl@ther mechanical pretreatments, such as
centrifugation, grinding, high-pressure pretreatindrave been applied to large particle size
materials (energy crops/harvesting residues arahicgvaste from household=c) [2].

5.1. Lysis-centrifuge, Grinding, and Liquid shear echniques
Lysis-centrifuge operates directly on the thickened sludge streama imlewatering

centrifuge [53]. It is then suspended again witk tlguid stream. The increase of biogas
production is 15 — 26 %. This technique has beewwcied in som&VWTPas a pretreatment

10
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for AD: Liberec (100,000 person equivalent (PE), CzechuRkc), Furstenfeldbruck (70,000
PE) and Aachen-Soers (650,000 PE) in Germany [54].

Grinding (by stirred ball mills) is more effective on diged sludge (increase of batch
biogas production by 60 %) and WASfrom an extended aeration process (24 % increéhaa)
on activated sludge with a highBRT(7 % increase) [23, 55].

Liquid shear (such asCollision plateand High-pressure homogenizedepends on high
liquid flows thanks to a high-pressure system tsrugit mechanically cells and flocs. For
collision plate,sludge is pressurized to 30 — 50 bar by a highspirespump and jetted to the
collision plate through a nozzle. This processafad depressurization with high flow velocities
of 30 — 100 m/s) has only been applied at laboyatoale and decreasd&T (from 14 to 6 day)
without affecting AD performance [56 - 57]. Fohigh-pressure homogenizesludge is
pressurized up to 900 bar then goes through a henwagion valve under strong
depressurization [58]. This process has been testiedl-scale forAD. A part of digested sludge
was treated at 150 bar and returned to the digdstling to an increase of 30 % in biogas
production and a reduction of 23 % in sludge volufd8], but a decrease in sludge
dewaterability [60]. Several other (de)pressuraatbased processes are commercially
available, such as The Crown® process (Biogest aoy)p with operation at 12 bar in several
full-scale implementations [61], Cellruptor or Rapnon-equilibrium decompression, RnD®
process (Ecosolids) [62], and Microsludge® procé®aradigm Environmental Technologie
Inc), applied in Los Angele®/WTP[63]. For RnD® process, that sludge is pressurtzigtier
than 1 bar allows a gas (soluble in sludge straargp through cell walls due to its rapid rate of
diffusion. The gasified sludge stream is then degpwgzed (a rapid non-equilibrium
decompression), subsequently causes extremely dfighr rates and cell rupture, consequent
particle size reduction, the interstitial wateregede, and biogas production increase (0.3 — 0.816
m*/kgvs) [62]. For Microsludge® process, chemicals areliegdirst (pH 11 or pH 2) to weaken
sludge cell walls. A high-pressure homogenizer3 Bar then causes cell disruption. Pretreated
WAS:Is introduced in a digester together with primalydge, with a ratio 68/32 (w/w). The
degradation of mixed sludge is increased by 50 %483].

5.2. Ultrasonic pretreatment technique

The mechanisms of ultrasonic sludge disintegragi@n(a) Hydro-mechanical shear forces
created by cavitation, (b) Oxidizing effect @H, ‘H, ‘N, and'O produced under the ultrasound
radiation, (c) Thermal decomposition of volatiledngphobic substances in the sludge, and (d)
Increase in temperature during ultrasonic activeiedige disintegration. It was proved that
sludge disintegration is mainly caused by hydroima@ical shear forces and by the oxidizing
effect of OH, but mostly in the former process [15, 64]. Hmbient conditions of the reaction
system can significantly affect the intensity ovitation; consequently affect the efficiency (rate
and/or yield) of reaction. Different conditions uded in different effectiveness of sludge
ultrasonic pretreatment. Main parameters effecttagitation include ultrasonic frequency,
power input, intensity, and specific energy inda§( temperature, hydrostatic pressure, stirrer
type and speed, and sludge characteristics (shypge pH, total solid contefiS etc.).

As cited byPilli et al [15], ultrasonic irradiation (US)is a feasible and promising mechanical
disruption technique for sludge disintegration amitroorganisms’ lyses according to the
treatment time and power, equating to specific gnaémput. Several positive characteristics of
this method are efficient sludge disintegration][ifprovement in biodegradability and bio-

11
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solids quality [3], increase in biogas/methane pobidn [65 - 67], no chemical additives [68],
less sludge retention time [69], and sludge redudb7].

Ultrasonic pretreatment is very effective particle size reduction of sludge The mean
particle size reduction increases with the increadéS densityf15], 60 % and 73 % at 2 W/mL
and 4 W/mL, respectively [68], or 61 %, 74 %, ard98 corresponding to 0.18 W/mL, 0.33
W/mL, and 0.52 W/mL, respectively [70], indicatitigat sludge disintegration efficiency also
increases at high&sS densities. In addition, sludge particle size regueery fast owing to the
increase inJS duration[69 - 72], especially in the initial period of idsonic process, and much
faster thanCOD release in the aqueous phase. On the other hi#thdugh this reduction
accelerates the hydrolysis stage of slud@eand enhances degradation of organic matters, the
findings of Leet al [72] indicated this parameter not to be convetrfi@enprocess optimization.

UnderUS, sludge mass reductioris happened anasually measured by the decrease in the
suspended solidsS@, VS TS or total dissolved solidTDS concentrations. DuringS (0—-30
min), SSreduction, and/S reduction increase were almost linear wit§ duration, indicating
the continuous and stable sludge floc disintegnatioass reduction, and cell lysis [80]. Besides,
the solubilisation ofTS (¢ increased linearly following an increase &S (from 3600 to
108000 kJ/kgs) and reached 14.65 % B, Meanwhile, theVS solubilisation ($s) initially
fast increased in thESrange of 0 - 31500 kJ/kg(reached 15.8 %) and then slowed down at
higher ES values (reached 23 % &S,,) [81]. In terms of sludge disintegratioBs was
proportionally more important tha®s [81, 82]. Moreover, Fengt al [74] found theTDS also
increased (2.9 - 45.8 %) with an increas&8(500-26000 kJ/kg).

In terms ofsludge dewaterability, he capillary suction timeQST) and the specific
resistanceto filtration (SRF tests are both commonly used to estimate. In lweed, the
enhancement level of dewaterability depend€8nUS duration, and sludge volume [33]. The
CSTof sludge decreased at lowRgs and US duration because the flocs did not reduce their
sizes, but with an increase WS duration at the sam®,s, the CSTvalue increased [71]. Net
al. [76] found that an increase WS doses (0-above 2000 kJ/L) leaded to a decrea&Sin
(from 53s to under 10s), implying ultrasonic treatihof WASimproved the dewaterability.
According to Liet al [84], sludge dewaterability will increase where tdegree of sludge
disintegration PDcop) is 2 — 5 % because floc structure has a limiteahge aDDcop of less
than 2 %, the number of fine particles in boundewvaicreases @Dcop 0f 6 — 7 %, and sludge
particle size significantly decreasesRDcop of more than 7 %. In the other hand, sludge
dewaterability decreased gradually with an incread4S duration [73, 83, 85)JS density [15,
73]), ES[83, 86], cell lysis and release of biopolymeisnirextracellular polymeric substances
(EPS and bacteria into aqueous phase [15, 85], aretieedse in free water of the sludge [85].

The settleability of sludgeis inversely proportional to the degree of sludggntegration
underUS Sludge settleability changed with an increas&$increased after the first hour but
decreased thereafter), in which the optim&® for improving WAS settleability was 1000
kJ/kgrs [74]. WAS settleability was improved &S of less than 1000 kJ/kg because of the
slight flocs disruption; on the contrary, the s=bility deteriorated &ES of more than 5000
kJ/kgrs [74] due to the complete breakdown of flocs anttease irEPSconcentration in the
liquid phase. However, Chat al [73] indicated that ultrasonic treatment has fiiect on sludge
settleability that contradicts recent research ltesabout the changes in particle size and floc
structure [74, 76].

The turbidity of sludge increased due to the increaseb8 and particle size reduction
during disintegration [75]. The supernatant tutlyiadif pretreated sludge decrease@&0f less
than 5000 kJ/kg. However, it increased significantly BSgreater than 5000 kJ/kgdue to the
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release of micro-particles from sludge flocs intpernatant, which settle very slowly [74].
Therefore, the minimurkS required to disrupt sludge flocs and/or to reldasge amounts of
organic matters was 1000 kJ{kd71, 74].

US has considerable effect onicrobial disruption which leads to the changes of floc
density, particle size, turbidity, settling velggitand filterability, but still unclear about the
efficiency of the disruption [15]. According to Dévet al. (2006) cited by Pillet al.[15], US
pretreatment reduces average size of flocs andesrdbe bulk of separate cells and short
filaments pieces (Actinomyces). In addition, theci and cell wall will be completely broken
down with the increase dS duration [73, 87]: after 60 min of sonication [7Blowever, Feng
et al. [74] found that even at high level BS (26000 kJ/kgs), neither the floc structure nor the
microbial cells were totally disintegrated (becatisere was still a network of filamentous
bacteria in the photomicrographs of the treatedgai

Both cellular or extracellular matter and orgadébris orEPSof sludge are disintegrated
by US, leading to the solubilisation of solid mattersgdahe increase in organic matt&BS
concentrations in aqueous phase, consequent theagecinSCOD of sludge[75, 80, 86, 88,
89], protein, polysaccharide,DNA, Ca*, and Mg?* levels[85, 86], andAD performance [90].
The increase in proteins slowed down after long8uration while polysaccharide amNA
concentrations dropped after 20 min of sonicati®s].[Among those components, the level of
released protein was the highest in the aqueousepifasonicated sludge. This predominance of
proteins may be due to large quantities of exoemezyin the floc: the ratio of protein to
polysaccharide was about 5.4 [74].

Besides,Organic nitrogen and ammonia concentrations in sludge samples increased
owing to the increase iES and TS content of WAS[65, 74, 91]. The bacterial cells were
disintegrated and the intracellular organic nitrogeas released in the aqueous phase, which
was subsequently hydrolyzed to ammonia, resultirpé increase in ammonia-N concentration
[91].

The breakdown of bacterial cell wallsbecausdJS can be evaluated based on Oxygen
Utilization/Uptake Rate QUR). In general, sludge microbial activity decreaseten DDcop
increased during ultrasonic sludge treatment [§4f survival ratio (ratio of viable bacteria
density levels aftedSto those of original sample) of the heterotroddacteria decreased owing
to the increase itJS duration [73]. Zhanget al. [80] suggested the hypothesas follows:
sludge disintegration and cell lysis occurred cumtiusly during sonication busludge
inactivation occurred mainly in the second stage (10-30 mil@). [®activation of sludge
(biomass inactivation) depends bi$ duration. It occurred after 10 min of sonicati&®] and
after 20 min of sonication using loWS density [73], which indicated th&tS density is also a
parameter affecting on inactivation of sludge. Besj Liet al [84] indicated two main stages of
ultrasonic sludge pretreatment process: (i) slutiges were changed and disintegrated at first,
and then (ii) the exposed cells were disruptadthe first stage some organic matters in the
flocs were dissolved anBCODincreased slightly. At the same tin@QURwas increased due
to the enhancement of oxygen and nutrients consamph the second stagsome cells were
exposed and damaged by ultrasonic cavitation, gath the release in intracellular organic
matters, the further increase BCOD and the significant decrease $8OUR Due to the
heterogeneity of sludge and the differences irettiernal resistances of many types of zoogloea
and bacteria, activation and inactivation took efeat the same time and the comprehensive
effectiveness was under the influence of variotrasibnic parameters.
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6. THERMAL PRETREATMENT

While the carbohydrates and the lipids of the géudre easily degradable, the proteins are
safe from the enzymatic hydrolysis by the cell welkat provided during thermal pretreatment
destroys the chemical bonds of the cell wall andgnbr@ne, thus makes the proteins accessible
for biological degradation [1]. In addition, thisgpreatment allows a high level of solubilisation,
modification in sludge characteristics (increasal@éwaterability and viscosity reduction), and
reduction of pathogens. Two main temperature btaclkeither higher or lower than 150 °C and
high enough pressures to prevent evaporation, eaoohsidered for economic or efficiency
point of views.

In terms of pretreatment conditions, most studiese reported 160 — 188C of
temperature, 600 to 2500 kPa of pressure assodiatdtese temperatures, and 30-60 min of
pretreatment time to be optimum values [92]. Howgtemperature has more impact on sludge
solubilisation than duration of pretreatment [6, 98]. On the other hand, thermal pretreatments
at moderate temperature (70 °C) may last seveyal lbacause the main mechanism in such case
is assumed to be enzymatic hydrolysis [46, 49].

For heating equipmentsthermal pretreatment can be carried out either wiitect
steam/vapor injection [95, 96], or autoclave or nmicave heating (electric heating) [97], or
water bath heating [98]. Some industrial proceg¢sesducted at 150 — 180 °C during 30 — 60
min by vapour injection) have been commercializéak. exampleCambi at HIAS WWT Pof
Hamar-Norway from 1995 for 90,008E, results in an increase in the electric productign
20 % [95].BioTHELYS®has been implemented at the urhsvTPof Saumur for 62,00PE
and 1400 tonTSyear of sludge since 2006, resulted in 46% of gdudolume reduction; or at
Chéateau Gontier for 38,00%E and 1000 torT Syear of sludge [96]. Some positive results from
more than 10 installations were an increase indsggoduction and reduction of organic matter
around 60 %, a reduction of sludge volume, an @eeliacrease in digester capacity with
organic loading of 5.6 k¢/Sm’day [99]. The interests of sludge thickening beftirermal
pretreatment and the recovery of heat from hotsteein order to reduce energy requirements
have been underlined [100].

Some advantages of thermal pretreatnoentid be listed as followdo degrade sludge gel
structure, reduce sludge viscosity, improve slutig@aterability after treatment at 150 — 180 °C
[101-103], increase hydrolysis rates [97, 104, l@&crease HRT [106], guarantee sludge
sanitation, limit energy input [95], solubilize paf of sludge, enhanceD [101, 107, 108], and
increase methane production. The increase of metpeoduction is related to slud§g&€ODby
linear correlations [109]. Conversely, Dwyatral. [110] found that elevating temperature above
150 °C increased solubilisation, but did not inseamethane conversion. Moreover,
pretreatments at excessively high temperaturebgehigpan 170 — 190 °C, lead to the decrease in
sludge biodegradability in spite of achieving higblubilisation efficiencies. This is usually
attributed to the so-called Maillard reactions [JL16volving carbohydrates and amino acids in
the formation of melanoidins, which are difficult mnpossible to degrade [108]. Melanoidins
also increase the color from the anaerobic digesig#nsequently increase color in the final
effluent [110]. In general, thermal pretreatmentVBAS can considerably increase methane
production with respect toMAD but a lesser extent was obtained when combining to
thermophilicAD (thermophilic digestion is already more efficieml/SSreduction and methane
production as compared with mesophilic digesti@nde reduces benefits of pretreatment) [1].
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On the other handlisadvantages of thermal pretreatmeme to increase largely soluble
inert fraction and final effluent color [110], aelivas ammonia inhibition in the main digester
due to increased performance [111].

According to Carlssoet al [2], freeze/thaw pretreatment whose mechanism relies on
freezing sludge from between -10 and -80 °C wittwtimg afterwards, has been applied to a
much lesser extent than other thermal pretreatments

7. CHEMICAL PRETREATMENT

Chemical pretreatments mainly consist of oxidatieatments and acids/alkalis addition
and may be conducted with increased temperatunesvk as thermo-chemical technique).

7.1. Oxidation

Wet oxidation has been applied to sewage sludge, with the diskdbi fraction
subsequently treated inlBASBreactor [104, 112]. BesideSenton catalyzed oxidation(0.067
OreyOr202 and 60 groAKgrs) also decreased sludge resistance to dewateritegrivs of CST,
but did not have a positive effect on sludge dewageperformance on a belt press simulation
[113]. Hydrogen peroxide (HO,) has also been used as an oxidant [114, 115]. 0B
removal duringAD was enhanced by Z2:£J0vss at 90 °C, but not at 37 °C [114]. Moreover,
post-treatmen{90 °C, 2 g.0/0vss, 30 days ofSRT) on the recirculation loop, treating 20 % of
the sludge stream, was more efficient than a cardiipn with pretreatment(90 °C, 2
OH20740vss, 30 days oSRT). However, the process consisting of one anaewigester (15 days
of SRT), high temperature oxidation (90 °C, 2&@/0gvss) and a second digester (15 daySBfl)
led to the highest removal of fecal coliform (figuf) [114].
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Pretreatinent Post-treatent Combination

Figure 7. Oxidation pretreatment using hydrogen peroxiddant [114].

The most cost-effective and widely used chemicatrpatment technique with the highest
disintegration capability iszonation, [116], and an attractive pretreatment proceduresdid
hydrolysis prior to aerobic/anaerobic digestion [Bkone is a strong cell-lytic agent, which can
kill microorganisms in activated sludge and furtbgidize the organic substances released from
the cells [117 - 118]. Following ozonation, the i@weristics of the sludge are greatly changed.
The floc is broken, generating a large number ofraparticles dispersed in the supernatant
apart from soluble organic substances [119]. Sludigiategrated by ozonation is therefore well
described by the sequential decomposition procesiséiec disintegration, solubilisation, and
mineralization. In other hand, nitrogen and SS eatrations in the effluent slightly increased
although it remained under authorized limits.
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Ozonation treatment has two opposite effects: ddgradation of molecules and cell
structures that are undegradable for methanogdrineiease biogas production; (2) oxidation
of organic molecules that are degradable for metham will decrease biogas production [120].
Saktaywin et al [117] found around 60 % o$COD generated due to ozonation to be
biodegradable at the early stage of ozonation,enhi& remaining soluble organic matter was
refractory. According to Weemaex al [121], the biogas production increased by 80% at
0.1g5/gcop Of 0zonation; higher ozone doses, although stiflifive, were found to have a less
pronounced effect. The biodegradation was alsoddoenincrease with ozone dose up to 0.2
0od/0ss but further increase in ozone dose did not imptbeebiodegradation [122]. Ozone dose
therefore heavily affects sludge biodegradation.

Sludge ozonation was first used in combinationhwéctivated sludge process for
wastewater treatment [123, 124]. Gétual [119] have recently proposed a review of conagrne
studies (figure 8). Ozonation has also been comdbiméh AD as a pretreatment [121,122,125]
or post-treatment and recycling back to the anaerdigester [126, 127]. Better performance
and lower ozone consumption in the case of poatitrent and recycling in the digester were
achieved [126]. The Japanese Kurita company, OlmmEpemont (Suez): Biolysis® O process
[128] have commercialized this process and abounsi@llations have been implemented [121].
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Figure 8 Application of ozonation for sludge disintegratid 19].

7.2. Alkali treatments

According toPilli et al.[15], the effects of sonication parameters andgduproperties on
solubilisation ofCOD can be rated as follows: sludge pH > sludge cdnagon > ultrasonic
intensity > ultrasonic densityrhis suggests that pH adjustment to a suitableevpfior toUS
pretreatment is an important step.

Alkaline pretreatment enhanced sludge solubilisat@naerobic biodegradability, as well as
methane production [33, 115]. Besides, the comimnatf alkaline andUS gave better
performances ofT S solubilisation as compared to both thermo-acidid altrasonic-acidic
pretreatments [130]. Moreover, the combined alkaliitrasonic pretreatment released more
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COD in solution than the individual pretreatments, thuéhe complementary effects of hydroxyl
anion reactions (solubilizing extracellular polymgematrix) and mechanical shear force
(disrupting flocs and cells). Some synergetic ¢ff@eere even noticed [131].

The chemicals used for increasing the pH of sluage affecMWASsolubilisation and their
efficacy is as follows: NaOH > KOH > Mg(Okand Ca(OH)[33, 132]. C&" as well as Mg
are key substances connecting cells with extradeglpolymeric substances (EPS). As a result,
their presence may enhance the reflocculation ssadived organic polymers [132], which leads
to a decrease in solub®OD. On the other hand, overconcentration of & K*) was reported
to cause subsequent inhibitionAD [4].

Chiuet al [133] investigated the hydrolysis rate of alkalimltrasonic, chemical-ultrasonic
and simultaneous ultrasonic and alkaline pretreatroa WAS (1% of TS contend at ambient
temperature). Three sets of experiments were degigmd conducted: (i) pretreated with 40
meg/L NaOH for 24 h, (ii) pretreated with 40 medlaOH for 24 h followed by US for 24
sec/mL, and (iii) simultaneous ultrasonic (14.4/sd9 and chemical (40 meg/L NaOH)
pretreatment. The authors indicated the initial rblysis rate of the third approach was the
highest (211.9 mg/L*min). Moreover, this approaduld shorten th&ASpretreatment time
and resulted in a prolific production &COD The second approach was more effective in
SCODrelease and soluble organic nitrogen compareidedittst one but to be closed to the third
one.

Jinet al [132] investigated the effects of combined alkalandUS pretreatment of sludge
on AD. SCODwas used as an indicator to evaluate the effigiaidifferent combinations in
pretreatment stage as well as in the subsegBntSCOD levels for combined pretreatment
were higher than those for sole ultrasonic or atialine pretreatment. Low NaOH dosage (100
g/kg dry solid), short duration of NaOH treatmeB® (nin), and low ultrasonic specific energy
(7500 kJ/kg dry solid) were proved to be suitalde dludge disintegration. In the subsequent
AD, the degradation efficiency of organic matter waseased from 38.0% to 50.7 %, which
was much higher than that with ultrasonic (42.5%jvith NaOH pretreatment (43.5 %) at the
same retention time.

Bunrith [134] compared effects of differerit$ chemical, and combined) pretreatment
techniques orWAS disintegration and subsequefD (10, 15, and 25 days d&RT7. The
optimum chemical dose was found at 50ygg'grs at short holding time of 6 min sin&COD
increase started slowing down when higher doseappied. Chemical-ultrasonic pretreatment,
the most effective technique on sludge disintegmatreleased mor8COD at high chemical
dose and energy input. The higher efficiency ofnalsal-ultrasonic is due to the combination
effects of hydro-mechanical shear force and OHiceddeaction. Pretreatments enhanced the
subsequent anaerobic digestibility WAS with significant highTS and VS destruction, and
biogas production, but no methane improvementenbibgas. The hydrolysis rate for chemical-
ultrasonicated sludge was higher than that forasdinicated and unpretreated sludge;
subsequently the degradation rate was faster ttiarsy which eventually reduce the digester
volume for same digestion efficiency. Besides, gnaequirement for mixer was found the
highest followed by heat loss for maintaining tleenperature of the digester. In addition,
energy obtained from methane gas from all digestaxs sufficient for either heating sludge to
meshophilic temperature or supplying to ultrasamé at 25 days oSRT but not enough to
compensate both energy used for heating sludgel&madonic unit. Economic analysis revealed
that only control digester at 25 days ®RTwas economically viable since the income and
expense was almost the same. At the s&Rd the income of ultrasonic and chemical-
ultrasonic digester was less than 30 % comparedpense
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Kim et al [131] studied the effects of alkaline (pH 8 - 18jtrasonic (3750 — 45,000
kJ/kgrs), and combined (alkaline + ultrasonic) pretreattheon sewage sludge disintegration.
The authors found that in individual pretreatmetitg, solubilisation $COD/TCOLD increase
was limited (50 %); however, it reached 70 % in borad method, indicating that high pH
levels of sludge played a critical role in enhagcihe subsequetdS pretreatment efficiency.
Besides, sludge disintegration (with respect to ¥heation of pH andeES proportionally
increased following the increase in pH (from 8 8), but decreased gradually whES values
were more than 20,000 kJAgBesides, the pretreated sludge (pH BSof 7500 kJ/kgs) was
fed to a 3 L of anaerobic sequencing batch reaaft@r 70 days of control operation. ¢€H
production yield significantly increased from 8119 4.5 Mlcusd/Ocopadded 10 127.3 = 5.0
MLchsd/Ocopaddeddy pretreatment. However, about 20 % higher seldlconcentration found in
the reactor after anaerobic digestion would be dditianal burden in the subsequent nitrogen
removal system.

7.3. Acidic Pretreatment

Acidic pretreatment is a rare chemical pretreatmegthod and is applied by the addition
of acid to lower the pH of the sludge.

Sludge cells could be disintegrated by acidic reegtent [5, 94, 135]. According to
Neyenset al. [94], the net negative charges on the surfaceunfgd particles kept them apart.
When the pH was decreased down to 2.6 — 3.6, thgatie charge on the surface became
neutral, the repulsive force between particles equently decreased down to minimum, and
physical stability (such as easy dewatering ancttitation) could be observed. At pH 3, sludge
volume could be decreased up to 75 % by dewatamigsoluble solids could be increased due
to solubilisation of intracellular solids. pH 3 wigerefore decided to be the most appropriate pH
for acidic pretreatment [94].Chegt al.[135] showed that at pH 2.5, the viscosity of prated
sludge was smaller than that of unpretreated s|uulgehe settleability was better. These results
indicate that acidic pretreatment favours dewaiktgbnd a physically stable sludge.

Meuneret al.[136 showed that rapid hydrolysis ¥65Sthrough sulphuric acid treatment,
due to rapid mineralization of organic portion &idge. Consequently, the amount of excess
sludge was minimized. pH 1.5, 2, 2.5 and 3 werdyaad and maximun¥SSreduction was
observed in the lowest investigated pH value, wliochsumed the highest amount of acid as
expected.

Woodard and Wukash [137] pointed that at room &rapre, 4 gsodJss consumed a
significant amount of SS during 5 minutes of hofgiime. The reduction dSwas 61% mostly
independent from the initial solids concentrationd atemperature. The only parameter
significantly effected the solubilisation was fouiadbe the acid dose

Acidic pretreatment was thought to acceleratehydrolysis step by breaking up the cell
walls, mineralization of microbial cells, improveewlaterability, and improve the overall
performance of subsequent anaerobic digestion h®mther hand, according to Weemaes and
Verstraete [92], only few successful results fadi@cpretreatment at ambient temperature were
reported. Elevated temperatures create aggressaotion conditions and enhance the effects of
pretreatment. Another negative aspect of aciditrgsément is the requirement of neutralization
for subsequent biological application.

Apul [138] indicated that acidic pretreatment (pl3,12.5, and 4.5 with 20 min of holding time,
in which pH 1.5 seemed to be the best conditiontérms of cell disintegration and
solubilisation) had a very low performance compatediltrasonic pretreatment for enhancing
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the solubility of sludge. Primary requirement of pgetreatment is the effectiveness of
solubilisation prior to digestion; however, acigicetreatment was not capable of dissolving
organic matter effectively.

Combining acidic and mild-sonication pretreatmetgchnique (acidic-ultrasonic
pretreatment) was expected to disturb the floccttres and to release organic matters into
liquid phase and consequently, decrease the oveoalbumption of energy and chemical.
Additionally, the physical characteristics (suchdasvaterability and turbidity) of the pretreated
sludge were expected to be much better comparsdlie¢oultrasonic pretreatment. However, the
lower the pH value, the worse the solubilizationsveue to the antagonistic effect of acid on
ultrasonic pretreatment. Briefly, the efficacy (terms of solubilisation of organics) of
combination of acidic andS pretreatments was better than that of sole agiditreatment but
worse than that of sole mild-ultrasonic pretreatnj&g8].

8. COMPARISON OF PRETREATMENT TECHNIQUES

Sludge pretreatment has been dominated by themnaalltrasonic techniques, followed by
chemical pretreatment. The novel techniques of amiare irradiation and pulsed electric fields
are at a rather early stage of development [2].

According to Carrereet al. [4], the basis of comparison of pretreatment teples can be
divided into a number of different components: Skidypes [4], Treatment effectiveness [2, 4]
(Particle-size reduction; solubilisation; biodegahility — rate or extent), Cost of treatment [2, 4]
(energy cost, and secondary costs from nutrieeasgl or generation of by-products), Chemical
consumption [4] (particularly for oxidative or cheal treatment), pretreatment mechanisms
[4].

Bougrieret al. [139] compared the effect &fS thermal, and ozonation pretreatments on
activated sludge prior to bat®hAD (figure 9). In terms of solubilisation, thermal fyeatment
was the most efficient, led to a strong decreasapparent viscosity, a strong increase in
filterability, and an increase in particle diamet8pnication led to a decrease in particles size,
apparent viscosity, and filterability. Ozonatios@led to a decrease in apparent viscosity and
filterability, but had no effect on particle side.terms of anaerobic biodegradabiligil three
pretreatments improved biogas production. The erdraent by ozonation (0.10 and 0.16
Jod/Ors, 246 — 272 mkud/gcopin against 221 mend/deopin Of the raw sludge) was lower than that
by sonication (6250 and 9350 kJ{kg325 — 334 mkuys/geonin) and thermal hydrolysis (170 or
190 °C; 325 — 334 mkpdgeopin). That low enhancement of biogas production bynation
could be due to inhibitory conditions (to much ogoremained in the soluble phase), the
formation of refractory compounds, an unwell-addpteculum, or ozone consumption by the
reduction of sludge compounds, or due to the intiadegradability percentage of raw sludge
[139]. Meanwhile,US pretreatment provided minimal solubilisation afidge and particle size
reduction, but improved biodegradability of the tmadate fraction. Thermal pretreatment
increased solubilisation, but did not enhance ddyiity of residual particulates [139]. To sum
up, US allowed a weak solubilisation @OD and a high biodegradability, ozonation allowed a
weak solubilisation and a weak biodegradabilityd dhermal pretreatment allowed a strong
solubilisation and a strong biodegradability. There, sonication mainly focused on particles
accessibility, whereas, thermal pretreatment mdodysed on compounds solubilisation [139].
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Figure 9.Methane productions. SCODfor different pretreatment techniques [139].

Salsabilet al [6] compared thermal (40, 60, and 90°C withinr@i, 120 °C within 15
min, 1bar), ozonation (0.3gdrs), and sonication (200,000 kJiky pretreatments oimSSand
VSSsolubilisation, subsequent on batsb. It could be inferred from table 3 that solubitiea
could depend on the pretreatment ability rathen thvatheESto break the flocs (mechanical or
chemical effect). Moreover, pretreatments couldroup TSSreduction and considerably reduce
the digestion length afterwards (table 4). The globSS reduction improvement (after
pretreatment + digestion) increased with an inadasl SSsolubilisation (after pretreatment
only) whatever the kind of treatment (under bottobie and anaerobic conditions) (figure 10).
TSSsolubilisation is therefore an interesting paranéd predict sludge reduction improvement
[6]. In terms of economic efficiency, based on &xploitation costs with the laboratory scale
devices (low energetic performances), Salsadilal. [6] showed the application of a
pretreatment beforAD always led to the cost reduction compare to th@rob 44 %, 25 %,
and 8 % for sonication, high thermal treatment (@0&nd autoclave) and ozonation, and low
thermal treatment, respectively.

Table 3.TSS and VSS solubilisation under pretreatments [6].

Thermal pretreatment _ Autoclave
us Ozonation o
Solubilisation 90°C 60°C 40°C at121°C
0,
(%) 200,000 558,620 216,000 144,000 46,285 665,024
kJ/kgrs kJ/kgrs kJ/kgrs kJ/kgrs kJ/kgrs kJ/kgrs
TSS 46.5 15.8 8.8 5 15 4.2
VSS 55 22.1 11.7 6.5 19.2 4.8
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Table 4 Pretreatments digestion with respect of sludg&Sreduction [6].

Thermal pretreatment ) Autoclave
Control us Ozonation .
90°C 60°C | 40°C at 121°C
Aerobic conditions
TSS reduction (%) 57-59 76 68 65 62. 71 69
Part of pretreatment (%) 0 61 23 13.p 8 21 5.5
Part of digestion (%) 100 39 77 86.5 92 79 94.5
Anaerobic conditions
TSS reduction (%) 66-72 86.2 76.5 73 69 78.5 76.9
Part of pretreatment (%) 0 53.5 19.8 12 7, 19.1 4 4.
Part of digestion (%) 100 46.5 80.2 88 92 80.9 .695
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Figure 10. TS®eduction improvement as a functionT@Ssolubilisation [6].

Kim et al. [33] compared thermal (121 °C), chemical (7 g/LO%§, ultrasonic (42 kHz,
120 min) and thermo-chemical (121 °C, 7g#.) pretreatments prior to bat&D. The results
were thermal pretreatment (339OCH|4[m3WA5) > thermo-chemical pretreatment (3367
LCHA/mg\NAs) > ultrasonication (3007dH4/m3WAS) > chemical pretreatment (282%44/m3WA5) >

raw sludge (2507 dud/M>was).

Barjenbruch and Kopplow [60] compared thermal netment (80, 90, and 121°C for
60min in an autoclave), high-pressure homogenigatfdPH 600 bar), and enzymatic
pretreatment (enzymearbohydrasg prior to continuous\D with 10 days oHRT. An increase
in biogas production was observed in the followdnder: thermal pretreatment at 90 °C (>21%)
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> thermal pretreatment at 121 °C (20 %®IBH 600 (17 %) > thermal pretreatment at 80 °C (16
%) > enzymatic pretreatment (>13 %) (figure 11).
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Figure 11. Improvement in anaerobic degradationgared to the control reactor [60].

Yanget al. [140] studied thermal pretreatment (200 °C) and aweoxidation (200 °C, 20
MPa) followed byAD of the liquid fraction in a two-stagdASBreactor. Although som&OD
was oxidized to C@during pretreatment, wet air oxidation led to éettesults than thermal
treatment: 385 vs. 261 mabgadOcopin, 3084 vs. 2775 mbuskgwas, and a better filterability of
the residue.

Muller et al.[141] considered a 250,08 virtual WWTPto compare stirred ball milling,
ozonation, lysis-centrifuge, and sonication, preddseveral classifications of pretreatments.
Energy demand: ozonation > sonication > stirredi ol > lysis-centrifuge. Increase of sludge
degradation: ozonation > stirred ball mill > sotiga > lysis centrifuge. Increase in polymer
demand for dewatering: ozonation > sonication eregti ball mill > lysis-centrifuge. Increase in
soluble COD and ammonia concentrations in supenhatféer dewatering: ozonation > stirred
ball mill > lysis centrifuge > sonication.

Carlssoret al.[2] concluded thaparticle size reductioridue tofloc structure destruction)
is the result ofultrasonic, other mechanical, low temperature tlaramd in some cases high
temperature thermal and chemical (ozone) pretregnéiowever, thermal pretreatment also
increases particle size by particle agglomeratiom td the creation of chemical bonds under the
high temperature [139]. According to Weemaes andstvaete [92], 100 % cell disintegration
can be reached und®elSif the ESis high enoughSludge solubilisatiorfdue to microbial cell
disruption andEPS solubilisation) is caused by all pretreatment téghes. The findings by
Appels et al, (2010) cited by Carlssoet al. [2] showed that low temperature thermal
pretreatment ofVAS(80 — 90°C) can solubilise proteins and carbohydrates, atitig that both
cells (rich in proteins) andEPS (rich in carbohydrates) are solubilised. Moreov&lydge
solubilisation has also increased linearly with penature up to 200 °C [1L0&iodegradability
enhancemenbenefits from most pretreatments, but by differer@chanisms, and not in all
cases. High temperature pretreatmecdsisethe formation of refractory substanceBor
examples, formation of recalcitrant or even ta©D may occur at temperatures above 165 °C
and theCOD that is solubilised between 140 and 165 °C isdegradable [110]. Besidesloss
of organic materialhas been observed from wet oxidation, high tentperathermal, and
freeze/thaw techniques (table 5).
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Table 5.Effects of different techniques on sludge pretreatnefficiency [2].

Pretreatment . Thermal . Other
Ultrasonic Microwave .
effect (<100°C) (>100°C) mechanical

Particle size + + -+ na +
reduction
Solubilisation 0/+ + + + +
Formation of na 0 + 0 na
refractory
compounds
Biodegradability 0/+ + o/+ o/+ +
enhancement
Loss of organic na na + na na
material

Table 5.Effects of different techniques on sludge pretreatt efficiency [2] ¢ont).

Chemical (+/- thermal) _
Pretreatment : - Electric Wet Freeze/Thaw
effect Ozone/ | Alkaline Acid pulses oxidation
oxidative
Particle size 0/+ na na na na na
reduction
Solubilisation + + na + + +
Formation of + + na na na na
refractory
compounds
Biodegradability 0/+ -1+ na + - na
enhancement
Loss of organic na na na na + +
material

+ : positive effect 0: no effect -: negative effect na : no information available

The pretreatment effects on WAS have been also amdpin terms ofpretreatment
mechanisms, energy inputs, and sludge characksigts presented itable 4 the pretreatment
mechanisnias been claimed to be more important than theggneput [6]. However, with the
same pretreatment technique, effects are oftenowepr following an increase ienergy input
at least up to a certain level. Relatedshiadge characteristicgprimary sludgeWAS or mixed
sludge), for examples, the effect of pretreatmenitV@\Sdepends on the initial biodegradability
of the sludge, which in turn depends on the slualge of the wastewater treatment process. As
mentioned, the pretreatment is generally more iefficin enhancing biodegradability when
applied to low initial biodegradability sludge, geally corresponding to a long sludge age, even
though this might not be reflected on increasedkslgation [22, 108, 125].
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Overall, the performance level of each pretreatrteshnique is reflected in the intensity of
treatment.Lower energy techniquemechanical S, lysis-centrifuge, liquid shear, grinding)
and biological pretreatments, mainly affect hydsidyrate with a limited extent (20-30 %
improved VS destruction) High impact techniqueghermal pretreatment and oxidation- have
significant improvements of both speed and extémtegradation but with a substantial energy
input (figure 12) [4].

Solubilisation

Thermal

Ozone
sy

Ultrasonic

Decrease . i Increase
Particle size

Figure 12.Qualitative pretreatment effects WAS[4]. The arrows indicate the effect on biodegralitsb
that was equally enhanced by and thermal pretreatments and much less by ozonati

9. CONCLUSIONS

Anaerobic digestion of sludge has been an efficaal sustainable technology for sludge
treatment. However, the low rate of microbial casien of its first stage requires the
pretreatment of sludge, such as biological (aerdraerobic conditions), thermal, mechanical
(ultrasonication, lysis-centrifuge, liquid shearinging), and chemical (oxidation, alkali, acidic
pretreatmentgtc) techniques.

In terms of efficient operation, pretreatmentsudtidoe applied t&VAS(rather than primary
or mixed sludge) because the greatest improvenfenydrolysis could be achieved. The fact
that pretreatments followed by anaerobic digestiene more effectively than aerobic digestion
should be taken into account in actual applicatilthough the gas produced from pretreated
and unpretreated sludge are almost the same atniheof AD process, the kinetics of gas
production for pretreated sludge is improved, rdwbly in the early period of monitoring.
Moreover, pretreatments can result in higher methanoduction regardless of low or
insignificantly increasedCOD solubilisation. On the other hand, apart from @8e of
pretreatment on sludge body disintegration, otlemrnterproductive effects (colorization of
effluent, nutrients releasetc) should be taken into consideration.
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Phan fiy yém khi 1a cong nghxa |i ban hgu qua va Bn vitng. Tuy nhién,dc do chuyén
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