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INTRODUCTION

1. BACKGROUND OF THE PROBLEM

The activated sludge process is the most widely used biological treatment for eliminating organic
and nitrogen pollutants in domestic wastewater. At the end of the process, a large amount of
excess bacterial biomass (sludge) needs to be treated, €.g. more than a million tons of dry matter
per year in France. Therefore, sludge management is a major issue as it represents about 50-60%

of the total expense of wastewater treatment plants (WWTP) (Nowak, 2006; Banu et al., 2009).

Incineration, ocean discharge, land spreading, and composting are the most common sludge
disposal options used over the years, but no longer sustainable due to economic reasons or
negative impacts on environment. Therefore, anaerobic digestion (AD) has been applied as an
efficient and sustainable technology thanks to mass reduction, odor removal, pathogen decrease,
less energy use, and energy recovery in the form of methane (CH,). However, the first stage of
AD process, hydrolysis, is the rate-limiting step of microbial conversion and requires a
pretreatment that ruptures cell walls and facilitates the release of intracellular matters into the

aqueous phase.

There are some very popular techniques applied in sludge pretreatment, €.g. biological (aerobic
and anaerobic processes), mechanical (US pretreatment, lysis-centrifuge, liquid shear, grinding,
etc.), chemical (oxidation, alkali, acidic pretreatment, etc.), electrical methods, and thermal

hydrolysis (>100°C) (Carreére et al., 2010).

Pilli et al. (2011) reported in their review that ultrasonication (US) is a feasible and promising
mechanical disruption technique for sludge disintegration and microorganism lysis, with
improvement in sludge biodegradability (Khanal et al., 2007), increase in methane production
(Onyeche et al., 2002; Barber, 2005; Khanal et al., 2007), no need for chemical additives (Mao
et al., 2004), less sludge retention time (Tiehm et al., 1997), and sludge reduction (Onyeche et
al., 2002).

Many studies aiming at optimization of US efficiency have been conducted. However, there is
lack of researches on the individual and integrated effects of some key US parameters as well as
external conditions of sludge pretreatment, i.e. process conditions (stirrer speed, temperature,
pressure), US parameters (power -Pys, intensity -lys, specific energy input -ES, and frequency -
Fs), and sludge characteristics (sludge type, total solids TS concentration, sludge pH). The

objective of this work is therefore to optimize high-power low-frequency sonication pretreatment
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of sludge, and especially to emphasize for the first time the effects of hydrostatic pressure and
frequency —down to audible range- which are expected to enhance sludge disintegration, to save
energy input, and to facilitate the anaerobic digestion. Sludge ultrasonic pretreatment is generally
assessed mainly based on disintegration degree (or solubilisation yield of chemical oxygen
demand). Here we also add examination of particle size reduction, morphology changes, and the

evolution of sludge viscosity.

2. ORGANIZATION OF THE STUDY

The Introductionpresents the background of the environmental problem due to sludge massive
production, and the potential use of ultrasound as sludge pretreatment. Literature review is
discussed in details in Chapter 1. In this chapter, sludge type is depicted first. Researches in
sludge US pretreatment field are collected and displayed in three main sections: brief background
of US pretreatment of sludge, approaches to assess its efficiency, and optimization efforts in
literature. Chapter 2 introduces Research methodology where outline of research plan, sludge
samples, sonication apparatus, and analytical methods are detailed. Findings of this work are
shown in the next chapters. Chapter 3 exhibits Preliminary study of operation parameters
whereat effects of solid concentration, sludge type, sludge pH (alkaline addition), stirrer speed,
and thermal effects are taken into consideration. In addition to COD solubilisation, the changes
of particle size distribution, morphology, and viscosity are investigated. Effect of ultrasound
parameters on sludge disintegration is presented in Chapter 4, including US power, intensity,
and frequency. For the first time Effect of hydrostatic pressure is taken into account and
reported in Chapter 5. This chapter aims at investigating the interaction between Pys, lys, Fs,
and pressure and their effects on isothermal sludge pretreatment. Optimal sonication
pretreatment of sludge is described in Chapter 6. Optimum conditions of Pys lus, Fs, T,
pressure, TS, and sequential sonication are discussed. Long term AD runs of some pretreated

sludge are also carried out to quantify the effects of US pretreatment.



CHAPTER 1

LITERATURE REVIEW

Incineration, ocean discharge, land application, and composting are the common ways used for
sludge disposal over the years, but they are no longer sustainable due to high costs and/or
negative impacts on the environment. Therefore, anaerobic digestion (AD) of sludge has been
applied as an efficient and sustainable technology for sludge treatment, allowing mass reduction,

odor removal, pathogen decrease, and energy recovery in the form of methane.

AD of sludge is a complex and slow process requiring high retention time to convert degradable
organic compounds to CH4 and CO; in the absence of oxygen through four stages: hydrolysis,
acidogenesis, acetogenesis, and methanogenesis. Hydrolysis is known as the rate-limiting step, in
which the intracellular biopolymers solubilize and convert to lower molecular weight
compounds. This low rate of microbial conversion requires a pretreatment of sludge which
ruptures the cell wall and facilitates the release of intracellular matter into the aqueous phase to

improve biodegradability and enhance AD.

There are some very popular techniques used in sludge pretreatment, such as biological, thermal,
mechanical, chemical, and electrical methods. Biological treatment provides a moderately better
performance over the mesophilic digestion with mild energy input. Mechanical methods (US
pretreatment, lysis centrifugation, liquid shear disruption, grinding, etc.) also provide a moderate
performance improvement with moderate electrical input. Meanwhile, thermal hydrolysis
(>100°C) provides a significant increase in performance with a substantial thermal energy
consumption. Chemical methods (oxidation, alkali, acidic pretreatment, etc.) are also applied in
sludge pretreatment (Carrere et al., 2010). Recent studies have taken intense electric fields into
account (Kopplow et al., 2004; Rittmann et al., 2008; Salerno et al., 2009; Keles et al., 2010;
Mahmoud et al., 2010; Pham, 2011; Rynkiewicz, 2011).

In their review, Pilli et al. (2011) claimed ultrasonic irradiation (US) to be a feasible and
promising mechanical disruption technique for sludge disintegration and microorganism lysis
according to the treatment time and power, equating to specific energy input (ES). Some positive
characteristics of this method are efficient sludge disintegration (Pilli et al., 2011), improvement
in biodegradability and bio-solid quality (Khanal et al., 2007), increase in biogas/methane
production (Onyeche et al., 2002; Barber et al., 2005; Khanal et al., 2007), no need for chemical



additives (Mao et al., 2004), less sludge retention time (Tiechm et al., 1997), and sludge reduction
(Onyeche et al., 2002).

1.1. SLUDGE TYPES AND PROPERTIES

Primary sludge is produced through the mechanical wastewater treatment process. It occurs
after the screen and the grit chamber and contains untreated wastewater contaminations. The
sludge amassing at the bottom of the primary clarifier is also called primary sludge. It is
decayable and must be stabilized before being disposed of (Liu and Liptak, 1999). The
composition of this sludge depends on the characteristics of the collecting area. Primary sludge is
easily biodegradable since it consists of more easily digestible carbohydrates and fats (faeces,
vegetables, fruits, textiles, paper, etc.). Biogas therefore is more easily produced from primary

sludge but the methane content of the gas is lower.

Activated sludge comes from the secondary wastewater treatment. In the secondary treatment,
different types of bacteria and microorganisms biodegrade the organic matter and consume
oxygen to live, grow and multiply. The resulting sludge from this process is called waste
activated sludge (WAS). Normally, a part of the WAS is returned back to the system (called return
activated sludge) and the remaining is removed at the bottom of the secondary clarifier (called
excess sludge or secondary sludge). Overall, the sludge has the same properties, but different
names regarding its usage. WAS consists largely of biological mass, i.e. proteins (30%),
carbohydrates (40%) and lipids (30%) in particulate form (Lin et al., 1999), as well as large
amount of pathogens. It causes odour problems and thus must be stabilized. Besides, activated

sludge is more difficult to digest than primary sludge.

Activated sludge floc is a heterogeneous mixture of particles, microorganisms, colloids, organic
polymers and cations whose composition depends on the origins (Forster 1976; Urbain et al.,
1993). Flocs have three structural levels (Fig. 1.1): microflocs, which are primarily particles of
2.5 um in size, secondary particles (13 um) linked together by exo-polymers and forming tertiary

structures having a mean diameter of 125 um (Jorand et al.,1995; Chu et al., 2001).
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Fig 1.1: Model of an activated sludge floc (Jorand et al., 1995)
Digested sludge is the residual product after AD of primary and activated sludge. The digested
sludge is reduced in mass, less odorous, and safer in the aspect of pathogens and easier

dewatered than the primary and activated sludge types (Liu and Liptak, 1999).

1.2. BRIEF BACKGROUND OF SONICATION

The diagram of sonication range is presented in Fig. 1.2
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Fig 1.2: Diagram of sonication range (Pilli et al., 2011)
When an acoustic field is applied, the sonic vibrations create an acoustic pressure (P,) which
must be considered to be additional to the ambient hydrostatic pressure (P) already present in

the medium:
P,= Pasin 2 7 Fst

where Fs is the sound frequency and Pa is the maximum pressure amplitude of the wave. The

intensity of the wave (1) is the energy transmitted per time unit and per surface unit of fluid:
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where p is the density of the medium, c is the velocity of sound in that medium, a is the
amplitude (half the height difference between a peak and a trough), and w is the angular
frequency (= 2n Fs).

When propagating in a solution, ultrasound waves generate compressions (they cause a positive
pressure on the liquid by pushing molecules together) and rarefactions (they cause a negative
pressure by pulling molecules one from each other). If a sufficiently large negative pressure is

applied during rarefaction, acoustic cavitation will take place.

It is now clearly stated that most of ultrasound outstanding effects are due to acoustic cavitation.
Acoustic cavitation is a very complex highly non-linear phenomenon which occurs at given
acoustic pressure conditions (needing rather high ultrasound intensity, > 1 W/cm? in water at
room conditions). Micro-bubbles are generated from nuclei -favored by dissolved gas, wall
defects, and liquid impurities- during the low pressure half periods (bubble formation and
expansion). They may oscillate a few periods, undergoing a slow average growth due to the so
called —ectified diffusion” process (up to several um) and suddenly, reaching a critical size, they
dramatically grow during the low pressure half period and collapse violently in a very short
fraction of the high pressure half period. Most often the bubble breaks up after the collapse point,
giving smaller bubbles ready to reproduce the same scenario: oscillatory growth, driven by
rectified diffusion, then sudden collapse (as schematized on Fig. 1.3). Such a fast collapse being

nearly adiabatic gives rise to extreme conditions inside and around the collapsing bubble.

Theoretical considerations by Noltingk and Neppiras (1950), Flynn (1964), Neppiras (1980), and
Lorimer and Mason (1987), assuming adiabatic collapse of the bubbles, allow for the calculation

of the maximal temperature (Tmax) and pressure (Pmax) Within the bubble at the end of collapse

(bubble rebound):
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where T is the ambient temperature, y is the ratio of the specific heats of gas (or gas vapour)

mixture, P is the pressure in the bubble at its maximum size and is usually assumed to be equal



to the vapour pressure (Py) of the liquid. Py, is total solution pressure at the moment of transient

collapse (P = Pp + Pa).

Such models and experimental validations suggest that final collapse leads to a temperature as
high as 5000 K at the bubble center, a pressure of 500 bar, and a high radial velocity -up to the
sound speed- then shock waves at the bubble rebound. These cavitation characteristics have
different impacts on the sonicated media: high temperature peaks produce very active free
radicals (mainly OHe in aqueous media), giving the way to intense radical chemistry either
inside or at the interface of the cavitation bubble depending on the volatility of the target
dissolved molecules. On the other hand, high pressure, high velocity gradients, and shock waves
have mainly physical effects through very strong micro turbulence and intense local mixing,
increasing heat and mass transfer. These physical effects are even more efficient in multiphase
systems and especially on solid surfaces due to asymmetrical collapse with projection of a very
fast jet towards the solid close to cavitation bubbles. This is the main cause of ultrasonic cleaning

and also of most of ultrasonic solid processing, such as sludge disintegration.
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Fig 1.3: Formation and collapse process of a cavity
When applied to solid suspension and especially for sludge treatment the power/energy may be
expressed in many ways as given in Table 1.1: specific energy input ES, US dose, US density,

and US intensity.



Table 1.1: Expressions of US energy for sludge disintegration

No. Parameter Expression Unit Reference

1 Specific energy input ES = (Pys *t) / (V * TS) J/kgrs Feng et al., 2009
2 Ultrasonic dose DOys =Pys*t/V J/L Tiehm et al., 2001
3 Ultrasonic density Duys=Pys/V W/L Tiehm et al., 2001
4 Ultrasonic intensity lus = Pus/ A W/cm? Neis et al., 2000

Pus: power input (W), t: sonication duration (s), V: volume of sludge (L), TS: total solid

concentration (kg/L), A: surface area of the probe (cm?)

The piezoelectric generator is one of the most common techniques for generating ultrasound.
This apparatus is comprised of three major parts: converter, booster, and horn (or probe). In the
converter (transducer), the piezoelectric ceramics is put in the electric fields with varying
polarity which causes changes in its dimension. These repeated changes create ultrasound of a
specific frequency. The booster is designed to control (increase or decrease) the amplitude of the
ultrasonic energy before it is delivered to the liquid through the horn (sonotrode). These three
parts are stacked by clamping at the nodal points of either the converter or the booster. The horn,
like the booster, also contributes to the amplification of the US; therefore the half or full
wavelength design of the horn depends on the application of this apparatus. Furthermore, the
design of the horn, enhanced by the power input levels, impacts on the intensity of the
sonication, which indicates the magnitude of the ultrasonic motion, in other words, the amplitude

of the vibration. An example of US set-up is presented in Fig. 1.4.
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T
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Fig 1.4: Ultrasonic set-up (Kidak et al., 2009)
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Wang et al. (2005) indicated that the mechanisms implied in US sludge disintegration are hydro-
mechanical shear forces, oxidizing effect of OHe, He, Ne, and Oe produced under US, and
thermal decomposition of volatile hydrophobic substances in the sludge due to the increase in
temperature during sonication. The effect of hydro-mechanical shear forces is nevertheless much

higher than that of radicals.

1.3. EVALUATION APPROACHES OF SLUDGE ULTRASONIC PRETREATMENT
EFFICIENCY

Ultrasonic irradiation (US) is a feasible and promising mechanical disruption technique for
sludge disintegration, biodegradation acceleration, and AD enhancement. Ultrasonic cell lysis
was first studied at lab-scale in the 1960s, but it was initially found uneconomical due to
limitations of the US equipment at that time (Roxburgh et al., 2006). In the last fifteen years,
researches on US application for sludge disintegration have developed, as illustrated by the
works of Chiu et al. (1997), Tiechm et al. (1997, 2001, 2002), Wang et al. (1999), Neis et al.
(2000), Chu et al. (2002), Onyeche et al. (2002), Gonze et al. (2003), Bougrier et al. (2006), Cao
et al. (2006), Bragulia et al. (2006), etc. Advances in US technology in the last decade have
enabled commercial applications, especially for wastewater treatment. Fig. 1.5 depicts options
for installation of US systems in WWTP (Ultrawaves GmbH - Water & Environmental
Technologies).
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Fig 1.5: Integration of the US technology in WWTP (Ultrawaves GmbH - Water &
Environmental Technologies)



Ultrawaves and Sonix™, whose configurations were described in Fig. 1.6, have the largest
number of full-scale trials and full-scale installations in wastewater treatment, i.e. over 30
installations in Europe, the United States, Asia, and Australia. Ultrawaves is a commercial
business born from the research activities at the Technical University of Hamburg-Harburg, has
different trademarks such as Eimco Sonolyser, Dumo, Euro-open KFT, Sonoflux (sold by
Stereau in France), etc. Sonix™ technology is supplied under licence from Sonico - a joint
venture company between Purac Ltd and Atkins Water. Sonotronic Nagel is a worldwide
provider and manufacturer of ultrasonic equipment serving a variety of industries for the last 30
years. Sonolyzer technology is the product of years of development between Ultrawaves and
Sonotronic Nagel. For WAS pretreatment, US installations have been applied in many WWTP,
especially in Germany, since 2000 with different capacities (Table 1.2). In general, US system
has been operated at 20 kHz and Pys up to 48 kHz. According to Roxburgh et al., (2006), the
largest installation is at Mangere WWTP in New Zealand, from Sonico.

Table 1.2: Full scale US applications

WWTP Country | Capacity US system Application | Substrate / Ref.
(PE) year Stage
1 | Heiligenstadt Germany 52 000 2003 Return
sludge (For | Ultrawaves —
Aerobic Royce Water
2 | Leinetal Germany 50 000 2003 StAaé’lhza“O“ Technologies
3 | Tanba City Japan 2004 -AS)
4 | Bamberg Germany 230 000 2004 gﬂmlitry aéld Rossier et al.
Ultrawaves 1CKene 2007:
(20 KHz, 5 WAS for AD Ultrawaves —
5 Meldorf Germany 70 000 generators 5 2004 R
- ’ oyce Water
6 | Zeist Netherlands 75 000 | kW/generator 2005 .
) Technologies
7 | Hennef Germany 65 000 V=29L) 2006 (For AD)
8 | Kleinsteinbach Germany 40 000 2006
9 | Marselisborg- Denmark 220 000 2006
Ultrawaves —
Arhus Royce Water
10 | Pecs Hungary 200 000 2006 | Return Tooh loaics
11 | Datansha China 550 000 2006 sludge (For &
AS)
12 | Bath England 550 000 2006 Rossier et al.
13 | Slupsk Germany 250 000 2007 2007
14 | Detmold Germany 95000 | DMS, 14 kW 2000 Mixed Rossier et al.
sludge 2007
15 | Mannheim Germany 725 000 2001 Primary :
DMS, 24 kW WAS=1:1,
for AD Bartholomew
16 | Russelsheim Germany 80 000 | DMS, 10 kW 2001 Mixed 2002; Rossier
sludge et al. 2007
17 | Wiesbaden Germany 360 000 DMS, 48 kW 2002 Mixed
sludge
18 | Kavlinge Sweden 100 000 | Sonix™, 3-6 2002 WAS
kW Rossier et al.
19 | Mangere New 800 000 Sonix™ 2005 WAS 2007
Zealand
20 | Rzeszow Poland 220 000 VTA GSD 2003 Rossier et al.
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21 | Villach Austria 200 000 2003 2007
22 | Eberstadt Germany 200 000 2003 Primary :
WAS=1/3:
2/3
23 | Zemtralklarwerk | Germany 240 000 2004
Darmstadt
24 | Halle Nord Germany 300 000 2004
25 | GroBostheim Germany 35000 2004
26 | Kitzbuhel Austria 46 500 2005
27 | Winsen/Luhe Germany 50 000 2005
28 | Penthaz Switzerland 10 000 2006
29 | Obersee Germany 25000 2006
30 | Sud Germany 40 000 6 kW 2000 WAS for AD
31 | Darmstadt Germany 180 000 16 kW 2000 Primary : Bartlzlgi)ozmew
WAS=1/3:
2/3, for AD

e —

Booster }
-Il .
Converter Sonotrode E‘&fs“ 2;
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Air-cooling
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Fig 1.6: Configurations of (a) Ultrawaves and (b) SonixTM reactor



Some achievements from Sonix™ (a high-power US system for conditioning sludge) have been
reported. For instance, TS and VS reduction in digesters were 40% and 50%, respectively for
untreated sludge and 60% and 70%, respectively for sonicated sludge (Hogan et al., 2004). Xie
et al. (2007) showed an increase in biogas production of 15-58% (average of 45%) in the full-
scale US installation for mixed sludge treatment. For the full-scale part-stream US plants in
Germany, Austria, Switzerland, Italy, and Japan, biogas, VS reduction, and sludge dewaterability

were increased by 20-50% (volume/kg fed), 20-50%, and 3—7%, respectively (Barber, 2005).

It is clear that many processing factors significantly affect cavitation and consequently the
efficiency of sludge pretreatment. Therefore, assessment, comparison, and selection of optimal
ultrasonic conditions for actual application of sludge pretreatment are sorely necessary. An
extensive review of approaches to evaluate sludge ultrasonic pretreatment efficiency is presented

with regard to changes in:

- Physical properties: particle size, sludge mass and volume reduction, dewaterability,

settleability, turbidity, and microscopic examination.

- Chemical properties: increase in soluble chemical oxygen demand (SCOD), nucleic acids,

proteins, polysaccharides, release of NHj, total organic carbon (TOC), etc.

- Biological properties: heterotrophic count and specific oxygen uptake rate.

1.3.1. Physical change-based evaluation of sludge US pretreatment efficiency

1.3.1.1. Particle size reduction

US pretreatment is very effective in reducing the particle size of sludge particles, which is
analyzed by different techniques: sieves, sedimentation, electric-ozone sensing, microscopy, and
laser diffraction which is usually used. The efficiency of size reduction depends on US

parameters (Pys, Dus, US duration, ES) and sludge characteristics.

The floc size reduction improves (sludge disintegration efficiency also improves) with the
increase in both Pys and Dys (Show et al. 2007; Pilli et al., 2011), e.g. 60% and 73% at 2 W/mL
and 4 W/mL, respectively (Mao et al., 2004). Chu et al. (2001) showed that after 40 min US at
0.11 W/mL, the architecture of flocs was basically the same as that of the raw sludge (although
the floc structure became looser and some filamentous bacteria were exposed). Meanwhile, the
structural integrity of flocs was almost completely broken down after 40 min US at 0.33 W/mL.
Thereby, there is a critical Pys value beyond which the sludge flocs could be sufficiently
disintegrated.
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Besides, the particle size also reduces owing to the increase in US duration (Tichm et al., 1997;
Show et al., 2007), but beyond 10 min of sonication, the particle size can exhibit a reverse trend
(Gonze et al., 2003) due to re-flocculation of the particles. However, this phenomenon was not

recorded by Show et al. (2007) even after 20 min of sonication.

In terms of ES, 1000 kJ/kgrs may be the disruption threshold of usual flocs (Feng et al., 2009a).
Following the increase in ES, US causes a decrease in particle size (Tiehm et al., 2001; Gonze et
al., 2003; Feng et al., 2009a). For example, the volume occupied by particles of less than 1 pm
increased from 0.1% in the raw sludge to 1.5% in the pretreated one at ES of 14550 kJ/kgrs
(Bougrier et al., 2005). Mean particle size of sludge decreased from 33.8 um to 10.1-13.3 pm
when ES increase in the range of 0-15000 kJ/kgrs (El-Hadj et al., 2007).

Show et al. (2007), Na et al. (2007), and Pilli et al. (2011) agreed that flocs above 4.4 microns
showed more disruption probability as they exhibit a larger surface area and less strong binding

forces.

With regard to the sludge type, the particles of flocculated sludge in AD were reduced by more
than 50% in size after US compared to those of raw sludge (Chu et al., 2002). Similarly, within
20 min of sonication, the disintegration was more significant in secondary sludge (85%) than in
primary sludge (71%) because the former contains mostly biomass (microbial cells) whereas the
latter mainly consists of settle-able solids (fibers and less degradable cellulosic material) (Mao et

al., 2004).

For sludge TS concentration, the size reduced more in lower TS sample. dsy of sludge with 2% TS
decreased by 6.5 fold at 0.67 W/mL. Higher TS concentrations (4% and 6%) required more Dys
(0.83 W/mL and 1.03 W/mL, respectively) to gain the same level of particle size reduction (Akin
etal., 20006).

In short, US pretreatment significantly decreases the particle size of sludge, especially in the very
first period of sonication. Sludge particle size reduction is sometimes used to assess the degree of

sludge disintegration.

1.3.1.2. Sludge mass reduction or solubilisation

The sludge mass reduction results mainly from solubilisation of the organic matters and is
usually measured by the decrease in the suspended solid (SS) concentration. During US (0-30
min, 0.5 W/mL, 9.945 gss/L of raw sludge), SS reduction increase was almost linear with US

duration, indicating the continuous and stable sludge floc disintegration, mass reduction, and cell
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lysis (Zhang et al., 2007). This parameter was also presented as matter solubilisation in Bougrier
et al. (20006).

Apart from SS concentration, total dissolved solids also reflect the mass transfer from the solid
into the aqueous phase. Feng et al. (2009a) proved the amount of soluble matters in the
supernatant to be strongly affected by US, e.g. in ES range of 500-26000 kJ/kgrs, the increase in

total dissolved solids was 3-46% as compared to untreated sludge.

Other parameters used to assess the sludge reduction, subsequently the efficiency of sludge US
disintegration, were the solubilisation of total solids (Sts) and of volatile solids (Sys). Salsabil et
al. (2009) observed that Sts increased linearly with in ES (3600 - 108000 kJ/kgrs) and reached
14.7% at ESpax. Meanwhile, Sys initially increased fast in the ES range of 0-31500 kJ/kgrs
(reaching 15.8 %) and then slowed down at higher ES values (reaching 23% at ESyax). The main
purpose of sludge disintegration is to transfer organic matters from the solid to the aqueous
phase. The increase in soluble organic compounds can be correlated with VS reduction (as both
COD and VS represent the organic matters of sludge). A higher Sys is important for
eliminating/shortening the hydrolysis step of AD. In addition, increasing VS reduction directly
improves methane production during AD. Therefore, Sys is comparatively more meaningful than

Sts in terms of sludge disintegration (Salsabil et al., 2009; Erden and Filibeli, 2009).

1.3.1.3. Dewaterability of sludge

The capillary suction time (CST) and the specific resistance to filtration (SRF) tests (related to
permeability) are both commonly used to estimate sludge dewaterability. Both tests are known to
be empirically related but the SRF (based on an analysis of pressure drop for flow through a
porous medium) is much more expensive and time consuming compared with the CST test. For
CST test, sludge is poured into a small open tube resting on a piece of filter paper. The capillary
suction pressure generated by the standard filter paper is used to extract water from the sludge.
The rate at which water permeates through the filter paper varies, depending on the condition of
the sludge and the filterability of the cake formed on the filter paper. The time taken for the
water front to pass between these two electrodes (placed at a standard interval from the funnel)

constitutes the CST.

Most authors agree with Gonze et al.(2003) that are two opposite effects of US on sludge
dewaterability: positive for short time US (or low ES) then negative for longer US duration

(higher ES).
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Feng et al. (2009) found an increase of sludge dewaterability for an ES range of 0 - 2200 kJ/kgrs,
but a decrease when ES exceeded 2200 kJ/kgrs, especially beyond 4400 kJ/kgrs. Li et al. (2009)
indicated that when DDcop was too low (<2%), floc structure exhibited a limited change and
sludge dewaterability was almost unchanged. When DDcop was proper (2-5%), the incompact
sludge flocs can be disrupted to smaller fragments and then be re-flocculated to tighter particles
with the help of conditioning agents, subsequently resulting in an improvement of sludge
dewaterability. When DDcop was high (>7%), sludge particle size was significantly decreased, a
number of fine particles were then produced, leading to the deterioration of sludge

dewaterability.

According to Chu et al. (2001), sludge dewaterability decreases gradually with an increase in US
duration because of the subsequent increase in small particles. After 5 min of sonication at 0.528
W/mL, Wang et al. (2006b) observed that SRF and CST increased from 1.67 x 10" m/kg and 82
s, respectively for raw sludge to 1.33 x 10'* m/kg and 344 s, respectively for pretreated sludge.
They linked this phenomenon to floc structure disruption, cell lysis, and release of biopolymers

from extracellular polymeric substances (EPS) and bacteria into aqueous phase.

The authors stated that sludge particles are disintegrated to smaller size with higher surface area
causing adsorption of more water, thus slowing the release of water from sludge. Moreover, the
release of EPS in the solution creates a thin layer on the surface of the filtrating membrane acting
as a barrier against the water, consequently reducing sludge dewaterability (Chen et al., 2001;
Houghton et al., 2002; Wang et al., 2006b; Feng et al., 2009b). It was proved that both EPS and
particle size have effects on sludge dewaterability but the former is considered prevalent (Feng et

al., 2009b).

On the other hand, SRF and CST increase with the decrease in free water of the sludge, which
means dewaterability shows a positive correlation with free water content. Nevertheless, despite
US transforms interstitial water retained by EPS and inside cells into free water, the negative

adsorption effect is predominant; thereby sludge dewaterability is deteriorated at high ES.

1.3.1.4. Settleability and Turbidity of sludge
Settling velocity is one of the most important settling parameters of sludge in routine process

control and plays an important role in controlling the excess sludge emission and sludge bulking

(Feng et al., 2009a).
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The settleability of sludge is not enhanced by US treatment (Chu et al., 2001). It is deteriorated
when increasing ES due to the breakdown of flocs, decrease in particle size, and increase in EPS

concentration in the liquid phase (Feng et al. 2009a).

On the contrary, the turbidity of sludge usually increases with ES due to particle size reduction
(Tiechm et al., 2001) and subsequent release of micro-particles into supernatant, which settle very

slowly (Feng et al. 2009a).

Sludge settleability and turbidity are rarely used individually, but combined with other

parameters to evaluate the efficiency of sludge US pretreatment.

1.3.1.5. Microscopic examination of sludge

Microscope imaging displays sludge floc and cellular level before and after sonication, thus it
can be used to evaluate the disintegration degree of sludge (Chu et al., 2001; Khanal et al.,
2006).

US pretreatment reduces average size of flocs and creates a lot of separate cells and short
filaments pieces - Actinomyces (Dewil et al. 2006). Feng et al. (2009a) found that neither the
floc structure nor the microbial cells were totally disintegrated, even at ES of 26000 kJ/kgrs (TS
of 14.4 g/L), because there was still a network of filamentous bacteria in the photomicrographs
of the treated sludge. Meanwhile, Chu et al. (2001) observed flocs and cell walls to be almost
completely broken down after 40 min of US at 0.33 W/ml (Pys of 82.5 W, ES of 96100 kJ/kgrs,
TS of 8.3 g/L). This controversy may be due to different experimental conditions. It is therefore
clear that US has considerable effects on microbial disruption but the efficiency of the disruption

should be presented enclosed with process parameters (Pys, ES, TS, etc.).

1.3.2. Chemical change-based evaluation of sludge US pretreatment efficiency

Chemical evaluation mainly focuses on sludge disintegration efficiency (Khanal et al., 2007),
reflected by the degree of sludge disintegration (DDcop) based on a chemical digestion
reference. Besides, the ratio of soluble COD to total COD (SCOD/TCOD) is also used as it
represents the release of organic matters from solid to liquid phase after US (TCOD being not
significantly affected by US as oxidation remains very limited). Apart from SCOD, nucleic acids,
EPS, ammonium nitrogen, and total organic carbon (TOC) concentrations are also considered as

the important parameters in chemical evaluation.
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1.3.2.1. Degree of disintegration (DDcop)

Both cellular/extracellular matter and organic debris/EPS of sludge are disintegrated by US,
leading to the solubilisation of solid matters and the increase in organic matters/EPS
concentrations in aqueous phase; thereby SCOD of sludge increases (Zhang et al., 2007). That is
why the release of those components, especially SCOD can be used to assess sludge
disintegration efficiency (Tichm et al., 2001; Rai et al., 2004; Wang et al., 2006a; Nickel and
Neis, 2007).

There are different approaches to determine DDcop after US.
DDcop = (SCODys — SCODy) / (SCODnaoH — SCODg) * 100 (%)
(Lietal., 2009)
where - SCODys is supernatant COD of the sonicated sample (mg/L);
- SCODy is supernatant COD of original sample (mg/L);

- SCODngaon 1s the COD release in the supernatant after NaOH digestion (the sludge
sample being mixed with 0.5 M NaOH at room temperature for 24 h)

DDcop = (SCODys — SCODy) / (TCOD - SCODy) * 100 (%)
(Bougrier et al., 2006; Zhang et al., 2007)
DDcop = [(SCODys— SCODg) / CODpmax] * 100 (%) (Braguglia et al. 2008)

where; CODyax is COD of the reference sample after complete chemical solubilisation with

H2S0,.

It was proved that US sludge disintegration depends on various factors, such as Fs, lys, US
duration, Dys, ES, temperature, TS, sludge type/properties, etc., among which US duration, ES,

TS, and temperature are the most important (Gronroos et al., 2005).

1.3.2.2. Nucleic acid assessment

Nucleic acids are biological molecules essential for life, and include deoxyribonucleic acid
(DNA) and ribonucleic acid (RNA). Together with proteins, nucleic acids make up the most
important macromolecules. The increase in nucleic acid concentration represents cell lysis, thus

it is also used to evaluate the efficiency of sludge US pretreatment.
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Zhang et al. (2007) measured the concentration of nucleic acids after US treatment and found a
linear relationship between cell lysis and Dys (0.1-1.5 W/mL for 30 min US) as well as
sonication time (0-30 min US at 0.5 W/mL).

1.3.2.3. Protein assessment

Proteins are important building blocks of bacteria with many different functions in the living cell
(they catalyze chemical and biochemical reactions in living cell and outside). It was found about
70-80% of the extracellular organic carbon contained in WAS to be in form of proteins and

saccharides (Neyens et al., 2004).

Under US, the activated sludge is disintegrated, cells are ruptured, and consequently EPS and
cellular substances are released into the aqueous phase, resulting in an increase in protein and
polysaccharide levels. It can be inferred that the rise of soluble protein increases the AD
efficiency (Saad et al., 2008), thus it was used to evaluate the efficacy of sludge US pretreatment
(Akin et al., 2006; Wang et al., 2006a; 2006b). Besides, Ca*" and Mg*" play a key role in
binding the EPS. Sonication first causes a fast increase in Ca?* and Mg®" concentrations in the
aqueous phase, but then these concentrations decrease as the cations are adsorbed by smaller

sludge particles formed during US (Wang et al., 2006a).

The amounts of proteins, polysaccharides, and DNA in the supernatant first increase fast when
US is applied (Feng et al., 2009a; 2009b). Then the release of proteins and polysaccharide slows
down when sludge is almost disintegrated, but DNA concentration drops due to temperature
increase during US which would denature the DNA (Wang et al., 2006a). Among those
components, protein is the most released due to large quantities of exoenzymes in the flocs: a

ratio of protein to polysaccharide of about 5.4 was found by Feng et al. (2009a).

However, the protein measurement is not common and not yet well accepted for evaluating
sludge ultrasonic disintegration efficiency. Therefore, COD measurement is preferred for this

purpose due to its simplicity and easiness in daily operation (Pilli et al., 2011).

1.3.2.4. The release of ammonia and soluble organic nitrogen assessment
The ammonia nitrogen concentration increases following the increase in ES due to the
disintegration of bacterial cells and release of intracellular organic nitrogen into the aqueous

phase, which is subsequently hydrolyzed to ammonia (Khanal et al., 2006; Akin, 2008). The
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disintegration of organic nitrogen from non-biological debris is also an important contribution to

ammonia nitrogen (Khanal et al., 2007).

Bougrier et al. (2005) and Salsabil et al. 2009 claimed that total Kjeldahl nitrogen (sum of
organic nitrogen and ammonia nitrogen) in the whole sludge is constant regardless of ES, which
means US does not lead to nitrogen mineralization or volatilization. Following an increase in ES,
organic nitrogen in particles decreases meanwhile organic nitrogen in soluble phase and
ammonia concentrations increase. Different estimations of solubilisation of organic nitrogen
were obtained: about 40% at 15000kJ/kgrs-220W (Bougrier et al. 2005) and about 19.6% at
108000kJ/kgrs-60W (Salsabil et al. 2009). Very little organic nitrogen is transformed into

ammonium (NH;"-N).

In short, the release of ammonia and soluble organic nitrogen in the aqueous phase could be
another useful indicator to assess sludge US pretreatment efficacy. However, a correlation
between nitrogen release data and subsequent AD efficiency under different conditions is

required to obtain a standardized method based on NH3 data (Pilli et al., 2011).

1.3.2.5. TOC assessment

In agreement with TCOD, TOC of sludge (solid + liquid) stays almost constant as the organics
only pass from solid to liquid phase during US treatment without significant oxidation. After 90
min of sonication at 200 W, Kidak et al. (2009) observed that the solubilisation of organics
(based on TOC measurement in the supernatant) reached 7.9% and 22.8% for industrial and
municipal sludge, respectively. This increase of TOC in the liquid phase was consistent with the

results obtained from the COD analysis.

To measure TCOD of sludge, a pre-digestion (hydrolysis) step is needed which somehow may
not allow the solubilisation of all solid particles. Besides, there are also some refractory organics
which are not oxidized by the oxidizing agents used in COD tests. Therefore, TOC measurement

-based on combustion- is more accurate due to those difficulties in COD analysis.

1.3.3. Biological change-based evaluation of sludge ultrasonic pretreatment efficiency

Evaluation of biological properties is usually based on heterotrophic count and specific oxygen

uptake rate.
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The breakdown of bacterial cell walls due to US can be evaluated by biological utilization tests.
The sludge microbiological activity is characterized using Oxygen Utilization/Uptake Rate
(OUR). OUR measurement therefore could be used to evaluate the sludge US disintegration

efficiency.

In general, sludge microbial activity decreases when DDcop increases during US sludge
treatment. Nevertheless, Li et al. (2009) found that microbial activity was first enhanced and
OUR increased about 20—40% when DDcop was in the range 0-20%. This indicates that the flocs
were slightly disrupted, but the cell lysis did not occur at this stage. In other words, the microbial
activity would go up when the micro-floc aggregates are separated from the sludge flocs. When
DDcop was 20-40%, OUR still increased but by less than 20%, which means that some
microorganisms were damaged. When DDcop was over 40%, inactivation of microbes occurred,
i.e. most bacteria were disrupted at different degrees, and sludge microbial activity decreased
significantly. In other words, cells started to lyse only when DDcop was over 40% as presented

in Fig. 1.7.

Increase ratio of SOUR (%)

DDcon(%)

Fig 1.7: Relationship between sludge microbial activity and disintegration degree during
ultrasonic treatment (Li et al., 2009)

DDour is considered as the degree of inactivation and calculated as follows:
DDour (%) = (1 — OUR/OURy) * 100 (Rai et al., 2004)
where OUR and OURy is the oxygen uptake rate of sonicated and original sample, respectively.

DDour first increases quickly with the increase in ES, but the increase then slows down, above
ES of 40 kJ/grs according to Rai et al. (2004). It could be inferred that DDgyr is directly
proportional to DDcop. However, Zhang et al. (2007) observed a big difference between DDoyr
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(95.5%) and DDcop (30.1%), indicating some chemical reactions might have happened and
inhibited cell metabolisms without disrupting the sludge structure. Akin (2008) also noticed that
microbes were inactivated well prior to their disintegration, €.g. the percentage of microbial
inactivation ranged from 53% to 69% (corresponding to different TS) after 60 s of US and the
OUR values changed insignificantly for longer duration. According to Pilli et al. (2011), OUR

data therefore should not be used to assess the degree of sludge disintegration.

Chu et al. (2001) proposed the following scenario to describe the sonication of a biological
sludge. In the first stage (0-20 min), mechanical forces break down the porous flocs into small
particles and release extracellular polymers. In the second stage (20-60 min), the biomass is
inactivated and organic matters are dissolved. In the final stage (> 60 min), sonication has
essentially no effect on sludge if the bulk temperature has been controlled; if it is not controlled,
the total coliform could be disinfected effectively if time exceeds 60 min. Of course these results

based on sonication times only give the general trend.

Zhang et al. (2007) showed that the sludge inactivation efficiency increased significantly after 10
min of sonication and the biomass inactivation stage was 10—30 min, which was different from
Chu et al. (2001) maybe due to the different Dys applied: 0.5 W/ml as compared to 0.3 W/ml by
Chu et al. (2001). After 30 min of sonication, the sludge OUR decrease ratio was 95.5%, which
indicated that biological cells were almost completely inactivated. The above hypothesis was
therefore modified as follows: sludge disintegration and cell lysis occur continuously during
sonication, but sludge inactivation occurs mainly in the second stage (10—30 min). It could be

concluded that Dys and US duration are important parameters affecting inactivation of sludge.

Besides, Li et al. (2009) mentioned two main stages in US sludge pretreatment process: sludge
flocs are changed and disintegrated at first, and then the exposed cells are disrupted. In the first
stage, some organic matters contained in the flocs are dissolved, SCOD increases slightly, and
OUR also increases due to the enhancement of oxygen and nutrients consumption. In the second
stage, some cells are exposed and damaged by US cavitation, leading to the release in
intracellular organic matters, the further increase in SCOD, and the significant decrease in OUR.
Due to the heterogeneity of sludge and the differences in the external resistances of many types
of zoogloea and bacteria, activation and inactivation might both occur in the same time and the

comprehensive effectiveness is under the influence of various US parameters.
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1.4. OPTIMIZATION OF ULTRASONIC PRETREATMENT OF SLUDGE

The ambient conditions of the sonicated system can significantly affect the intensity of cavitation
and consequently affect the efficiency (rate and/or yield) of the desired operation. The cavitation
effect is influenced by many factors: gas and particulate matter, solvent, field type (standing or
progressive wave), types of US cavitation (related to Fs, Dys, lys), attenuation, temperature,
external pressure, and sample preparation, etc. (Lorimer and Mason, 1987; Thompson and
Doraiswamy, 1999; Pilli et al., 2011). This section aims at presenting main parameters

significantly affecting the cavitation in order to optimize sludge US pretreatment efficacy.

1.4.1. Ultrasonic frequency

Acoustic cavitation is a phenomenon that is mainly related to the sound pressure amplitude, its
frequency, through the bubble size variations (Leighton, 2007). For a given frequency and sound
pressure amplitude, there is a critical size range in which the initial size of the bubbles must fall
to nucleate cavitation (Leighton, 1994). The critical size range increases with the increase in

acoustic pressure amplitude and the decrease in frequency.

Sound frequency has a significant effect on the cavitation process because it alters the critical
size of the cavitation bubble (Thompson and Doraiswamy, 1999). In general, the increase in
acoustic frequency leads to the decrease in cavitation physical effects (Crum, 1995;
Rochebrochard et al., 2012) due to the decrease in radius range that will provide cavitation
(Leighton, 2007). It was added that at very high frequencies, the finite time of the rarefaction
cycle is too short to allow a bubble to grow and collapse (Lorimer and Mason, 1987). Moreover,
even if a bubble is produced during rarefaction, the compression cycle occurs too fast to collapse
the bubble (Thompson and Doraiswamy, 1999). On the other hand, at higher sound frequencies,
although cavitation is less violent, there are more cavitation events and thus more radicals to be
produced and consequently a promotion of chemical reactions (Crum, 1995). Meanwhile, lower
sound frequencies have stronger shock waves and favour mechanical effects (Zhang et al. 2008).
This more violent collapse at low frequencies is due to the resonance bubble size being inversely

proportional to the acoustic frequency (Laborde et al. 1998).

The optimum frequency is system-specific and depends on whether intense temperatures and
pressures (enhanced by lower frequencies) or single electron transfer reactions (enhanced by
higher frequencies) are looked for. The choice of frequency therefore depends on the expected
type of ultrasound effects: mechanical, due to shock waves and high local shear stresses, or

chemical, connected to free radical formation. For example, 20-60 kHz are used for ultrasonic
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cleaning baths (Lorimer and Mason, 1987; Entezari et al. 1997) or metal corrosion (Whillock
and Harvey, 1997; Doche et al., 2003), 20-600 kHz for sonochemical degradation of carbon
tetrachloride (Francony and Petrier, 1996), trichloroethylene (Drijvers et al. 1996), methylene
blue (Kobayashi et al. 2012), or octylbenzene sulfonate (Decojay et al. 2011), 20-900 kHz for
sonochemical oxidation of iodide (Entezari and Kruus, 1996) or large-scale sonochemical
reactors (Asakura et al. 2008). However, in several reactions, the alteration of frequency (20-900
kHz) has no apparent effect, such as in the dissociation of carbon disulfide (Entezari et al.,

1997).

With regard to sludge pretreatment, ultrasound mechanically disrupts the floc matrix and cell
structure. Tiehm et al. (2001) and Zhang et al. (2008) found that DDcop decreased owing to the
increase in frequency (41-1068 kHz and 25-150 kHz, respectively), indicating that mechanical
effects, instead of free radicals, are responsible for the biodegradability enhancement. It is
therefore important to note that in most works sludge disintegration is the most significant at low
frequencies (Pham et al. 2009; Carrére et al. 2010; Pilli et al., 2011). However, the lowest
investigated values of frequency in this field have been restricted to around 20-25 kHz. Lower

frequency could then be interesting in sludge disintegration and needs detailed investigation.

1.4.2. Temperature

Theory-based, increasing temperature (T) will decrease surface tension and raise the equilibrium
vapour pressure of the medium, leading to easier bubble formation (due to the decrease of the
cavitation threshold). However, these kinds of cavitation bubbles contain more vapors that
reduce the US energy produced by cavitation because they cushion the implosion (and so lower
both Tnax and Ppax), thus reducing the amount of free radicals produced within the bubble and
also mechanical effects as shock waves. Besides, great numbers of cavitation bubbles generated
simultaneously will provoke attenuation or dampening effect on the propagation of US energy

from the emitter through the system (Lorimer and Mason, 1987).

Nevertheless, in terms of sludge disintegration, it is important to note that sludge ultrasonic
pretreatment efficacy increases following an increase in the bulk temperature as temperature

alone favors COD release.

It was proved that the US treatment has two simultaneous effects: (i) vigorous agitation caused
by the formation and explosion of tiny bubbles, and (ii) the increase in the bulk temperature.

Chu et al. (2001), Gronroos et al. (2005), Li et al. (2009) and Kidak et al. (2009) concluded that
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the higher the temperature of sludge samples, the more efficient the US disintegration was. This

is opposite to most power US applications as cavitation intensity is higher at low temperature.

Li et al. (2009) indicated that the T effect is limited when US duration is short. For example,
after 1 min of US at 4 W/mL, DDcop was 9% for both samples without and with T control
(maintained at ZOOC). On the other hand, after 5 min at 0.8 W/mL, DD¢cop was 27% and 23% for
the uncontrolled and controlled T samples, respectively. It was also noted that cavitation
explosion and bulk temperature increase have equal influence on sludge floc disintegration and

cell lysis (Chu et al., 2001).

It could be suggested that for any scale up operation, on one hand, the process should be carried
out without cooling to make use of thermal solubilisation; on the other hand, the extreme T must
be controlled neither to damage the mechanical equipment nor to fully inhibit transient
cavitation. In other words, the US system should be controlled at the possible highest T in order
to both take advantage of US (cavitation and temperature effects) and to maintain the system

(Kidak et al., 2009). This suggests a probable optimum temperature.

1.4.3. Hydrostatic Pressure

Despite ultrasonic sludge treatment has reached commercial developments and given rise to
many works, none of them has been carried out to investigate the effect of pressure. Changing
the hydrostatic pressure will change the resonance condition of cavitation bubbles via their
equilibrium radius and then may drive the system toward resonance conditions (Thompson and
Doraiswamy, 1999). At resonance conditions, the rate and yield of reactions will increase (Cum
et al. 1988, 1990, 1992). More probably, both the cavitation threshold and the intensity of cavity
collapse should increase following an increase in external pressure (Lorimer and Mason, 1987),
suggesting a possible optimum pressure. Brett and Jellinek (1956) stated that bubbles could be
visible for gas-applied pressure as high as 16 atm. Nevertheless, nearly all the US experiments
have been carried out at atmospheric pressure. Only a few studies have been focusing on how

increasing static pressure affects cavitation.

Most works on pressure effects concern sonoluminescence and no consensus emerges about an
optimum value as reported by Chendke and Fogler (1983a, 1983b). The early works of Finch
(1965) indicated that the greatest sonoluminescence intensity was observed in water at a static
pressure of about 1.5 atm (over an investigated range of 1-8 atm), but Chendke and Fogler
(1983b) recommended a value of 6 atm to promote sonoluminescence in nitrogen-saturated

water. In aqueous carbon tetrachloride solutions, the intensity of the sonoluminescence did not
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show any monotonous behavior: it first went up to 6 atm, then reached a minimum at 8 atm, got
a new maximum at 12 atm, and was finally almost inhibited above 18 atm (Chendke and Fogler,
1983a). Pilling and Ridley (1986) examined cavitation in superplastic flow (Supral 220, Al-
7475E and Al-Cu-Li alloy) with varying superimposed hydrostatic pressures (up to 47.5 bar) and
found that increasing superimposed pressure decreases volume fraction of cavities. Chokshi et
al. (1990, 1993) also indicated a significant reduction of the cavitation damage level in a
superplastic 7475 Al alloy and Al-Li alloy under hydrostatic pressure (30 bar). On the contrary,
Dezhkunov et al. (1997) found a strong effect of hydrostatic pressure (1-12 atm) on cavitation
when measuring the aluminum foils erosion and the sonoluminescence intensity. The erosion
rate as a function of the hydrostatic pressure reached a maximum value at 4.5 atm and decreased
afterwards until it disappeared at 6 atm. Whillock and Harvey (1997) investigated the effects of
hydrostatic pressure on the corrosion of 304L stainless steel in an ultrasonic field. An increase in
pressure up to 4 bar at a constant temperature caused a strong increase in corrosion rate.
Hydrostatic pressure retards both cavity nucleation (reduction of the total number of cavities)
and cavity growth (decrease in the sizes of cavities). As a result, larger US intensity is required to

induce bubble oscillations and implosions.

More recent pressure effects again focused attention. Gaitan et al. (2010) found that the collapse
strength is intensified at elevated static pressures in part due to an increased differential pressure
between the external liquid and the interior of the bubble. Bader et al (2012b) extended the work
of Gaitan et al. (2010) and found the increase in the collapse strength of transient cavitation
events at elevated static pressure (up to 300 bar) to be more strongly dependent on the increased
acoustic energy stored in the resonant system (i.e. increased peak negative pressure) rather than
the increased differential pressure. The overpressure acts to suppress cavitation and increase the
amount of stored energy which leads to an increase in the collapse strength and therefore shock
wave amplitudes. Besides, the cavitation threshold increases linearly with the static pressure,
thus the acoustic pressure amplitude required to reach the cavitation threshold also increases
(Bader et al., 2012a). Yasui et al. (2011) showed an enhancement of acoustic energy radiated by
a bubble per acoustic cycle either by the excess static pressure for relatively high acoustic
amplitudes and low viscosities of liquids or by a reduced static pressure for relatively low
acoustic amplitudes and high viscosities. The optimal static pressure which maximizes the
acoustic energy increases as the acoustic amplitude increases or viscosity of liquid decreases,

which qualitatively agrees with Sauter et al. (2008).

Closer to the present subject, Neppiras and Hughes (1964) investigated the influence of pressure

(up to 5.8 atm) on the disintegration of yeast cells and found an optimum value of 4 atm. As

25



mentioned the effect of pressure on sludge pretreatment has hardly been investigated but should

deserve attention.

1.4.4. Energy aspects

Concerning the economy of the process of US sludge disintegration, the operation cost is directly
linked to ES - the US energy per unit weight of dry sludge provided to the suspension. The fact
that US sludge disruption is an energy-driven process was effectively proved by the usual
verification that ES is by far the main parameter (Tichm et al., 2001; Rai et al., 2004; Gronroos
et al., 2005; Bougrier et al., 2004, 2005; Khanal et al., 2006; Feng et al., 2009; etc.), even if
many authors remained concerned with only US power, time of irradiation, and to a less extend
US intensity and US dose (Mao et al., 2005; Wang et al., 2005; Zhang et al., 2007; Na et al.,
2007; El-Hadj et al., 2007; etc.).

Knowing this fundamental result, the questions to be solved are: is there an optimum power or
power density, an optimum sludge concentration, and later how to extrapolate? What is the effect

of the equipment size?

1.4.4.1. Ultrasonic power

As a general trend it is usually accepted that ultrasound power has positive effect in most US
applications taking advantage of either chemical or physical effects. Nevertheless, very high
power or intensity may be detrimental. Ratoarinoro et al. (1995) and Contamine et al. (1994)
explained that at high Pys, the formation of a dense cloud of cavitation bubbles around the probe
blocks the energy transmitted from emitter to the solution. The optimum Pys also depends on Fs:
different optimal values were found for Pys depending on Fs when investigating the corrosion
rate of 304L stainless steel; no optimum value was observed at 20 kHz (Whillock and Harvey,

1997).

In the case of sludge pretreatment, it is proved that the solubilisation of organics increases when
applying elevated Pys or Dys. For example, at ES of 100000 kJ/kgrs, DDcop were 52.3% and
71.3% for Pys of 100W and 200W, respectively (Kidak et al.2009). At the same ES of 40
kWh/kgrs, SCOD increased by 1.2-1.9 fold corresponding to the Dys range of 0.18-0.52 W/mL
(Show et al. 2007), and by 1.2-4.8 fold for 2-4 W/mL (Mao et al., 2004). Chu et al. (2001)
indicated the total solubilized COD fraction (SCOD/TCOD) during 40min at 0.33 W/mL to be
much higher than that during 2 h at 0.11 W/mL.
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According to Kidak et al. (2009), at a given ES, —kigh Pys - short US duration” should be
preferred for heterogeneous sludge like municipal sludge, in agreement with Gronroos et al.
(2005), Zhang et al. (2007), and Show et al. (2007). Conversely, <tow Pys and long US
duration” better works for homogenous sludge like industrial sludge. It could be reasoned that
particles in municipal sludge (like fibrous particles coming from toilet papers) are resistant to US
disruption; thus Pys should be increased to break these particles. On the other hand, the settled
bacteria (the major components in industrial sludge) are broken to soluble materials even at low

Pus; more solubilisation consequently could be obtained when increasing the US duration.

It is clear that Pys and Dys are important parameters in WAS disintegration that must be

considered in terms of cost-benefit purpose in full-scale application.

1.4.4.2. Ultrasonic intensity

Above the cavitation threshold, increasing lys leads to a rise in the maximum pressure and
temperature within a transient collapse (Lorimer and Mason, 1987), improving all mechanical
effects, and then the degree of sludge disintegration (DDcop) (Quarmby et al. 1999; Neis et al.,
2000; Pilli et al., 2011). For instance, Neis et al. (2000) found that DDcop was more than double

by increasing lys from 6 to 18 W/cm®.

However, Lorimer and Mason (1987) noted that lys cannot be increased indefinitely since a
subsequent pressure amplitude increase may result in so large bubbles during rarefaction that the
time available for their collapse is insufficient. This is rather similar to the explanation of
optimum power due to the damping of US wave by an excess of cavitation bubbles near the

emitter (Contamine et al. 1994; Ratoarinoro et al. 1995).

Apart from bubble formation, bubble behavior is also associated with lys. As discussed, the
disruptive effect of transient bubbles in a short US duration is more noticeable than that of stable
bubbles with long US duration. Thus, lys may be considered as a more predominant parameter
than US duration in terms of bubble behavior, thereby the US process can be optimized by

increasing lys to minimize energy use (Show et al., 2007).

In addition, lys is the quotient of Pys and the surface area of the probe (A). Most researches
(Wang et al., 2005; Show et al., 2007; Zhang et al., 2008b; Liu et al., 2009; Li et al., 2010) have
varied only Pys, meanwhile the magnitude of the effect of each factor needs further investigation

in connection with scale-up purpose.
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1.4.4.3. Ultrasonic duration and specific energy input

In earlier studies, sonication time was most often used although as already mentioned ES has
more significance and should be preferred. It was proved that the solubilisation of WAS increases
gradually with an increase in US duration at same US conditions (Lorimer and Mason, 1987;
Wang et al., 1999; Mao et al., 2004; Show et al., 2007). For example, to get 50% and 75-80%
increase in solubilisation, it required at least 30—40 min and 90 min of sonication, respectively

(Shimizu et al., 1993).

In addition, VS reduction and biogas production in AD increase gradually with an increase in US
duration. Tiehm et al. (2001) reported a VS reduction by 27% and 56.7% after 30 and 150 min of
sonication at 41 kHz, respectively. Simultaneously the methane percentage in biogas increased,

by 9.7% after 150 min of US.

In terms of ES, different ranges were investigated. Generally, SCOD increases with an increase
in ES. Considering together the disintegration efficiency and the energy input, different ES
values were suggested: 4000 kJ/L (Na et al. 2007), 10000 kJ/kgrs (Bougrier et al. 2005), 12000
klJ/kgrs (Neis et al., 2000), 35000 kJ/kgrs (Khanal et al. 2006), 50000 kJ/kgrs (Wang et al.,
2006a).

In addition, according to Kidak et al. (2009), higher reactor volume resulted in a decrease in
DDcop due to the difficulties in creating homogeneous sonication, as intense damping occurs in

the sludge suspension. This is a complex problem faced when trying to scale up this process.

In conclusion, it is clear that experimental results are required to account for Pys, lys, and Dys

(through optimal solid concentration) and not only for ES.

1.4.5. Sludge type, and total solid concentration of sludge
Mao et al. (2004) proved the SCOD in secondary sludge to be higher than that in primary sludge.

Regarding TS concentration, high solid loading in the liquid generally makes more cavitation
sites and then more intense hydro-mechanical shear forces (Neis et al. 2000; Mao et al., 2004;
Akin et al., 2006; Show et al., 2007; Zhang et al., 2008b; Kidak et al., 2009; Pilli et al., 2011).
However, the effect of TS depends on many factors, e.g. reactor configuration (reactor size,
transducer type), T, Pus, and sludge characteristics (Gronroos et al., 2005). An optimum TS
concentration can be found, which is explained by opposite effects. The increase in TS provides
more cells and aggregates to be in contact with cavitation bubbles; thereby, the Pys required to

generate cavitation is more efficiently consumed. However, at high sludge loading, the acoustic
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pressure field decreases faster from the emitter due to the degraded propagation of US waves in a
denser suspension. Consequently, acoustic cavitation intensity is reduced. For example, SCOD
increased from 1000 to 5800 mg/L. when TS varied between 0.98% and 2.6%, but it decreased to
3200 mg/L when TS was 3.6% (Akin et al., 2006). According to Kidak et al. (2009), DDcop
hiked up with an increase in TS within the range 4-12 g/L, but it severely decreased at a TS of 24
g/L. Show et al. (2007) found the optimum range of TS to be between 2.3% and 3.2% at constant

energy input.

1.4.6. pH of sludge

According to Wang et al. (2005), the effects of sonication parameters and sludge properties on
solubilisation of the chemical oxygen demand (COD) can be rated as follows: sludge pH >
sludge concentration > ultrasonic intensity > ultrasonic density. This suggests that pH adjustment

to a suitable value prior to US pretreatment is an important step.

Sludge cells were proved to be disintegrated and dissolved by acidic treatment, solubilisation
being only significantly affected by the acid dose (Woodard and Wukash, 1994). The optimal pH
values for reducing volatile suspended solids and excess sludge subsequently was found to vary
between 1.5 (Woodard and Wukash, 1994) and 3 (Neyens et al., 2003). However, acidic
pretreatment alone exhibits a very low performance as compared to US pretreatment for
releasing organic matters into the liquid phase and Apul (2009) reported the sludge acidification

to be detrimental to US pretreatment performance, especially at low pH values.

On the other hand, alkaline pretreatment enhances sludge solubilisation, anaerobic
biodegradability, and methane production (Kim et al., 2003; Valo et al., 2004). Besides, the
combination of alkaline and US gives better performances of TS solubilisation as compared to
both thermo-acidic and US-acidic pretreatments (Liu et al., 2008). Moreover, Chu et al. (2001)
showed that extracellular polymeric substances (EPS) and gels surrounding cells limit the
efficiency of ultrasonic treatment on sludge disintegration. Adjusting the pH of sludge to alkali
value promotes EPS hydrolysis and gel solubilisation. After that, cell walls cannot maintain an
appropriate turgor pressure (Jin et al., 2009) and easily disrupt. Therefore, the combined
alkaline-US pretreatment, based on different mechanisms of sludge disintegration (modification
of structural properties and intense mechanical shear force), is expected to take advantage of
both and achieve a better efficiency of sludge pretreatment. Some synergetic effects were even
noticed (Kim et al., 2010). At near-neutral pH conditions (pH 7-8), waste activated sludge (WAS)
solubilisation obtained from combined, chemical, and US (1.9 W/mL, 60 s) pretreatments was
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18, 13.5, and 13%, respectively (Bunrith, 2008). At higher pH values (pH 11-13), the
solubilisation reached 60-70% with the combined method (ES 7500-30000 kJ/kgrs) while it
never exceeded 50% in individual pretreatments (Jin et al., 2009; Kim et al., 2010). Methane
production yield derived from full stream combined-pretreated sludge (pH 9, ES 7500 klJ/kgrs)
was also 55% higher than that from the control (Kim et al.,, 2010) which seems rather

questionable.

The chemicals used for increasing the pH of sludge also affect WAS solubilisation efficacy,
where NaOH > KOH > Mg(OH), and Ca(OH), (Kim et al., 2003; Jin et al., 2009). Ca*" and
Mg®" are key substances binding cells with EPS. As a result, their presence may enhance the
reflocculation of dissolved organic polymers (Jin et al., 2009), leading to a decrease in soluble
COD. On the other hand, overconcentration of Na’ (or K) was reported to cause subsequent

inhibition of AD (Carrére et al., 2010).

1.5. CONCLUSIONS

According to the literature review, studies about US sludge disintegration have expressed US
effect using different reference properties. There is still no fully comprehensive method to
evaluate the efficiency of sludge US pretreatment. However, some main parameters commonly
used for this purpose are DDcop, proteins, particle size reduction, etc. due to their simplicity,

easiness, and predominant accuracy in daily operation.

Regarding US parameters, apart from ES recognized as the main one, Pys, lus, and frequency
seem to have significant effects. However, static pressure effect has been only marginally studied
due to the complex equipment required. The magnitude of the effect of Pys and probe size in
terms of lys has not been clearly detailed and should to be investigated at constant ES. Besides,
investigation on the effect of pH alkalization prior to US process has been restricted to limited
concerned parameters (initial pH or alkaline dose and ES). In addition, investigating very low
frequency (acoustic frequency) seems interesting but has not yet been taken into consideration.
Their effects therefore should be varied separately and simultaneously with other related
parameters, i.e. process conditions, ultrasonic properties, and sludge characteristics, to optimize

sludge US pretreatment process.
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CHAPTER 2

RESEARCH METHODOLOGY

2.1. INTRODUCTION

Regarding sludge US pretreatment, lys has positive effects, but the respective magnitude of the
effect of Pys and probe size has not been looked into. Besides, sludge disintegration is known to
take advantage of low frequency but audible frequency has not yet been considered. In addition,
hydrostatic pressure is an important parameter, but has hardly been investigated in terms of
sludge US pretreatment. Thereby several issues need to be elucidated or confirmed in order to

optimize sludge disintegration:

- How important are the effects of Puys, lus, and Fs on sludge pretreatment efficiency?
Which parameter between Pys and probe size is more meaningful in terms of lys effect on sludge
pretreatment efficiency? Does a very low frequency down to audible range (12 kHz) really

improve the efficiency of sludge disintegration?

- Is there an optimal hydrostatic pressure for sludge US pretreatment? If any, how do the
other parameters (sludge type, sludge concentration, temperature, ES, Pys, lus, Fs) affect this
optimum and what is the expected gain in terms of energy saving? It should be recalled that the
effect of external pressure (above atmosphere) will be investigated for the first time in this

context.

- How does the US procedure (continuous or sequential treatment at optimum conditions)

affect the efficiency of sludge disintegration and AD afterwards?

In order to answer these questions, different experiments have been conducted to determine
optimum values of important parameters related to sludge pretreatment efficacies. The

corresponding tasks, shown in Fig. 2.1, are:

- To investigate usual operation parameters: sludge type, TS, sludge pH (alkaline dose,

holding time), stirrer speed, and T profile (—adiabatic” or isotherm operation mode).
- To quantify the effect of US parameters on sludge disintegration: Pys, lys, and Fs.
- To study the effect of pressure on sludge US pretreatment at various Pys, lys and Fes.

- To finally optimize US process selecting continuous or sequential treatment.
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Fig 2.1: Outline of research plan

A multifactorial analysis was not selected at the early stage of the research due to the very

different importance of the abovementioned parameters. Moreover, the available equipment at

that time only allowed single frequency, single probe size, and limited power input. Therefore,

parameters were mainly investigated separately, their combined effect being evaluated at the end

of the research.
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2.2. SLUDGE SAMPLES

Due to the changes in US equipment (probes, generator, frequency, etc.) along this work, four
times of sludge sampling were needed and conducted at Ginestous wastewater treatment plant
(WWTP) in Toulouse (France) and INSA with a sufficient amount for all experiments in each
part of this work: mixed sludge (solid form, after centrifugation), secondary sludge (liquid form),
and digested sludge (liquid form, after AD of the secondary sludge, from INSA). The properties

of initial sludge samples are given in Table 2.1-2.4.

Secondary and mixed sludges were collected at the sampling point B6 from G1 and B30 from
G4, respectively (Figure 2.2). The G1 site (activated sludge process, average load) is the oldest
of Ginestous WWTP. Its average and maximum (for short periods) processing capacity (only
carbon pollution) is 75000 m’ /day and 90000 m’ /day, respectively (375000 to 450000 population
equivalent). The G4 site (a new unit, established in 2004) treats all the water from G1, G2, and
G3 to eliminate nitrogen pollution by nitrification and clarify water by filtration. Its maximum

processing capacity is 160000 m>/day (800000 population equivalent).

Mixed and most of secondary sludge samples were conditioned in 100 g and 1 L plastic bottles,
respectively and preserved in a freezer. Kidak et al. (2009) reported that this preliminary
maintaining step might change some physical characteristics of the sludge (for instance particle
size), but it should not significantly affect COD solubilisation results. It was confirmed in a first
step of this work, the difference in sludge disintegration between fresh sludge (without freezing)
and frozen sludge was less than 5% and 8% on the whole ES range (7000-75000 kJ/kgrs) for
mixed and secondary sludges, respectively. Digested sludge was sampled in 1 L plastic bottles
and preserved at a constant temperature of 3-4°C. Some preliminary experiments were also

conducted with fresh secondary sludge samples kept at 3-4°C (without any freezing).

When performing experiments, the required amount of sludge was defrosted (for frozen sludge)
and diluted with distilled water (up to 500 mL per experiment) to prepare synthetic sludge

samples with a given TS content.

Photos of sludge samples are shown in Fig. 2.3.
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Table 2.1: Characteristics of sludge samples from first sampling (Oct. 2011)

Value
Parameter

Mixed sludge Secondary sludge = Digested sludge

Raw sludge samples

pH 6.3 6.6 7.4

Total solids (TS) 285 mg/g 37.5 g/LL 14.0 g/l
Volatile solids (VS) 238 mg/g 322 g/LL 11.9 g/l
VSITS 83.5% 85.8 % 84.7 %

Table 2.2: Characteristics of mixed sludge from second sampling (Jan. 2012)

Parameter Value

Raw sludge sample

pH 6.3
Total solids (TS) 270 mg/g
Volatile solids (VS) 233 mg/g
VSITS 86.2 %

Table 2.3: Characteristics of secondary sludge from third sampling (Oct. 2012)

Parameter Value

Raw sludge sample

pH 6.3

Total solids (TS) 31.9¢g/L
Volatile solids (VS) 26.4 g/LL
VSITS 82.8 %

Table 2.4: Characteristics of secondary sludge from fourth sampling (Apr. 2013)

Parameter Value

Raw sludge sample

pH 6.3

Total solids (TS) 342 ¢/
Volatile solids (VS) 30.2 g/l
VSITS 88.3 %
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Fig 2.3: Photos of sludge samples:
(a) Frozen, (b) Defrosted, (c) Defrosted and homogenized, (d) Fresh sludge
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Microscopic image of fresh secondary sludge shows the presence of many separate rounded
microflocs, of less than 5 pm, along with a rather few filamentous species and large floc structures

from 20 pm to 100 um. Macroflocs of mixed sludge seem more compact (less flufty) than those of

secondary sludge.

2.3. SONICATION APPARATUS
The whole experimental set-up used for the study is depicted in Fig. 2.4. It consists in a high

pressure US autoclave reactor, a gas feeding system and an electric control panel which includes all

control electronic viewers and PID controllers. A few elements are detailed in the following section:

Cooling water
Inlet l 1 Outlet
Manometer
Stirring (Control)
motor N
Manometer 2
Safety valve (Re#:.cltor)
:‘) 2
Regulation
Thermometer Galve
(Reactor)
Thermometer
(Jacket)
Heating jacket l
L ]
Stirrer
CONTROL
US probe
PANEL
Cup-horn US device
Cooling air
Wattmeter Ultrasonic

Generator

Fig 2.4: High pressure US reactor set-up

- High pressure reactor:

The reactor, shown in Fig. 2.5, and its internals are made of 316L stainless steel. The reactor internal
diameter is 9 cm and its depth 18 cm, for a usable capacity of 1 L. A safety valve (HOKE 6500)
limits overpressure to 19 bar. The solution is stirred by a Rushton type turbine of 32 mm diameter,

with an adjustable speed up to 3000 rpm. It is equipped with a temperature probe and an internal coil
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in which a cooling water stream (5 bar, 15°C) is continuously circulated so that to remove the heat

generated by sonication during the isothermal tests.

(@) (b)

Fig 2.5: (a) Closed and (b) opened cup-horn autoclave reactor

- Sonication devices:

The ultrasound emitting surface is situated at the bottom of the reactor (cup-horn configuration). All

US devices have been supplied by Sinaptec.

The old US equipment works at 20 kHz only, with maximum Pys of 158 W and is provided with a
35 mm diameter probe. The new equipment consists in two generators working at 12 and 20 kHz,
respectively, and for each two associated probes of 13 and 35 mm in diameter. Maximum Pys
(transferred from the generator to the transducer) is 100 W and 400 W for 13 and 35 mm diameter
probes, respectively. The 20 kHz device is composed of four elements: a piezoelectric transducer, a
titanium booster, an aluminum flange ensuring a good mechanical connection, and an ultrasonic
cup-horn placed at the bottom of the reactor. There is no booster for the 12 kHz device (Fig. 2.6).

During operation, the transducer is cooled by compressed air.
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3 C))
Fig 2.6: Photos of the sonication devices: (1) 20 kHz, (2) 12 kHz, (3) 35 mm diameter probe, (4) 13
mm diameter probe.
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The limitations of the equipment from preliminary tests at Sinaptec or LGC are presented in Table

2.5.

Table 2.5: Limitations of the equipment

Max Applied Max Recommended
Pressure (bar) Temperature (°C)
Old US generator 20 kHz 80
BP
150 W 16.0
New US generator 20 kHz 80
BP
50 W 6.0
150 W 6.0
360 W 6.0
SP
50 W 2.0
100 W 3.5
New US generator 12 kHz 65
BP
50 W 1.0
150 W 3.0
360 W 4.5
SP
50 W 55
100 W 55
- Thermoregulation:

The reactor may be heated by two 500 W annular heaters whose power can be adjusted thanks to an
ASCON X5 PID controller to achieve experiments at selected temperature. As ultrasound energy is
finally transformed in heat in the reactor, the temperature of the solution inside the reactor can be
controlled (+ 2°C) by using a West 8200 PID controller which regulates the flow rate of the cooling

water circulating in the internal coil. The temperatures inside the reactor (T1) and of the jacket (T2)
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are measured by a J-type and a K-type thermocouple (@ 1 mm), respectively. T1 signal is recorded
and displayed on a computer via an acquisition card (Analog Device RTI 800) and DASYLab

software.

Two types of experiments will be carried out: thermo-regulated, by using the cooling coil, and at

increasing temperature, without cooling.

It is noted that T of solution was not perfectly controlled by the cooling coil at the beginning of the
process: a peak occurred when turning US on and disappeared after a few minutes. The higher Pys,
the higher the peak, especially under pressure, but always less than 5°C, which may be considered

convenient in usual US applications.

- Gas feeding and pressure regulation:

The reactor is fed with N; using a gas reservoir of 0.5 L (Burton Corblin 60101, max pressure of 270
bar) equipped with a safety valve set at 120 bar (Dorel R5200). The reactor pressure is set thanks to
a pressure regulating valve (TESCOM D44644-M-2-1-S, max 60 bar at entry, max 19 bar at exit).
There are two pressure transducers: P1 (KELLER PR33XEi, 0-20 bar) measures the downstream
pressure (pressure inside the reactor) and P2 (Huba Control 2436, 0-250 bar) measures the upstream

one. Pressure P1 is measured with + 0.05 bar precision.

2.4. ANALYTICAL METHODS
2.4.1 Total solids (TS) and Volatile solids (VS)

TS was determined by drying a well-mixed sample to constant weight at 105°C and VS was obtained
from the loss on ignition of the residue at 550°C (APHA, 2005). A NABERTHERM 30- 3000 P330

furnace, presented in Fig. 2.7, was used for these measurements.
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Fig 2.7: NABERTHERM 30-3000 P330 furnace

2.4.2 Chemical oxygen demand (COD) and the degree of sludge disintegration (DDcop)

Chemical oxygen demand (COD) is a standard method for indirect measurement of the amount of
pollution (even the fraction that cannot be biologically oxidized) in a solution. The COD test is
based on the chemical decomposition of (dissolved or suspended) organic and inorganic
contaminants. The result of a COD test indicates the amount of water-dissolved oxygen consumed
by the contaminants. It is expressed as mg of O, consumed per liter of sample under a given

procedure.

A closed reflux colorimetric method (Hanna procedure adapted from EPA 410.4 approved method)
was used for the measurement. In this procedure, the sample is heated for two hours at 150°C with a
strong oxidizing agent, potassium dichromate, in a digestion reactor (Fig. 2.8a). Oxidizable organic
compounds react, reducing the dichromate ion (Cr,07%") to green chromic ion (Cr’"). After cooling

of the test tubes, the colorimetric analysis is performed.

Hanna Instruments COD test tubes in the range of 0-1500 mgo,/L (reference HI 93754B-25 MR)
were used, which contain ad-hoc amount of reagent in acidic medium corresponding to 2 mL of
sample, as well as mercury sulfate to avoid chloride interferences. For this COD range, the amount
of Cr’" produced was analyzed by a spectrophotometer set at 620 nm (Fig. 2.8b), which was directly
converted into COD. For each series, a reagent blank was also measured using organic free

deionized water and its value was subtracted from the result of each sample.
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The degree of sludge disintegration (DDcop) was calculated by determining the soluble chemical
oxygen demand after strong alkaline disintegration of sludge (SCODyaon) and the chemical oxygen
demand in the supernatant before and after treatment (SCODg and SCOD, respectively):

DDcop = (SCOD — SCODy) / (SCODpaon - SCODg) * 100 (%)  (Nickel and Neis, 2007)

To measure SCODnaon, used as a reference to evaluate the efficiency of organic matter
solubilisation under US/chemical treatment, the sludge sample was mixed with 0.5 M NaOH at
room temperature for 24 h (Li et al., 2009). Besides, total chemical oxygen demand (TCOD) was
also measured by potassium dichromate oxidation method (standard AFNOR NFT 90-101), so that
the calculation of DD¢gop based on TCOD instead of SCODyaon (see § 1.3.2.1) could be provided for
comparison. Prior to TCOD measurement, the sludge sample was well homogenized by ultraturax

before being diluted by a factor 50.

For SCOD determination, the supernatant liquid was filtered under vacuum using a cellulose nitrate
membrane with 0.2 pm pore size. Besides, colloidal COD fraction -between 0.2 and 1 um- was also
measured in some cases. The filtered liquid was subjected to COD analysis as described above. The
change in the SCOD indirectly represents the quantity of organic carbon which has been transferred
from the cell content (disruption) and solid materials (solubilisation) into the external liquid phase of

sludge. The errors in COD measurement were less than 5%.

COD REACTOR

-y

Fig 2.8: Equipment for COD measurement: (a) COD reactor, (b) Hach spectrophotometer
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2.4.3. Laser diffraction sizing analysis

The particle size distribution (PSD) of sludge before and after treatment was determined by using a
Malvern particle size analyzer (Mastersizer 2000, Malvern Inc.), a laser diffraction-based system

(measuring range from 0.02 to 2000 um), presented in Fig. 2.9.

The principle of the particle size measurement by laser diffraction is based on the angles of
diffraction generated when a laser beam passes through a dispersed particulate sample. Large
particles scatter light at small angles relative to the laser beam and small particles scatter light at
large angles. The angular scattering intensity data is then analyzed to calculate the size of the

particles responsible for creating the scattering pattern, using the Mie theory of light scattering.

All samples were preserved at room temperature more than 1 h before the measurement in order to
get the same status regarding possible re-agglomeration. Each sample was diluted approximately
300-fold in osmosed water, before being pumped into the measurement cell (suction mode). The
PSD was based on the average of five measurements (the first one being deleted because the
operation is difficult at the beginning of the analysis) showing deviations of less than 5%. Optical
properties of the material were set as default (refractive index 1.52, absorption 0.1) appropriate for
the majority of naturally occurring substances (Minervini, 2008; Bieganowski et al., 2012). Only in
the small particle range (i.e. for particle diameter smaller than 10 pm), the refractive index
dependence becomes significant (Govoreanu et al., 2009). Moreover it was checked that these mean
optical properties led to a weighted residual parameter of less than 2% as recommended by the
manufacturer. Since the primary result from laser diffraction is a volume distribution, the volume
moment mean diameter D[4,3] (or de Brouckere mean diameter) was used to reflect the mean

particle size of sludge.

As abovementioned, the first measurement was deleted. The flow rate of the solution should be
adjusted properly and maintained during the measurement. Besides, the samples should be added
very regularly and slowly to maintain the level in the funnel, as well as to avoid the creation of

bubbles that could be considered as particles.
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Fig 2.9: Malvern particle size analyzer (Mastersizer 2000, Malvern Inc.)

2.4.4. Microscope examination

The Morphologi G3 particle characterization system from Malvern Instruments Ltd. (Malvern, UK)
was used mainly to examine sludge floc structures. It also provides high quality, statistically
significant particle size and shape information thanks to a high-resolution camera attached to the
microscope (Fig. 2.10) and an image processing software. From successively photographed surfaces,
images of the particles are separated by digital thresholding techniques and then recorded and
analyzed individually. For a few experiments, the particle size distribution it provides was also

examined in complement to PSD results obtained from laser diffraction

A few drops of sludge sample were placed on a carrying glass and covered with a lid before being
examined with Morphologi G3 using 2.5x to 50x magnification (2.5x corresponds to a size range
from 13 to 1000 pm, while 50 to 0.5-40 pm). Prior to analysis, sludge samples with about 30 g/L
of TS content were diluted by a factor 10 to 50.
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Fig 2.10: Morphologi G3 equipment

2.4.5. Biochemical methane potential (BMP)

BMP tests are used to establish anaerobic biodegradability for the determination of ultimate methane
potential and biodegradation rate. Methods based on measuring the gaseous end-products (biogas)
have been developed and reported as standard protocols with variety of experimental set-ups. The
normal procedure is to inoculate vials containing a small amount of substrate with an anaerobic
inoculum, to place them in an incubator with controlled temperature, and to periodically and

manually check for methane produced.

The measurements were performed by CRIIT Génie des Procédés et Technologies
Environnementales at INSA Toulouse. The exact protocol was as follows: 100 mL of sludge sample,
20 mL of phosphate buffer (54 g/L of Na,HPO,, 18 g/L of KH,PO,), 50 mL of inoculum and 0.36
mL of a 1 g/L resazurin solution (color indicator to detect oxygen) were added in a Pyrex bottle.
Then it was completed up to 400 mL with water and checked for pH (7-8). The headspace was
swept with nitrogen before closing. There was also one vial containing no sludge sample, but only

the inoculum.

Each flask was equipped with a rubber septum maintained by a screw cap. A Pharmed® type tubing

(0.8 mm internal diameter) was inserted through the septum to insure a complete seal. The other

46



extremity of the tube was equipped with a clamp and a Luer type fitting for sampling (Fig. 2.11a).

These vials were placed in a Heraeus oven at 35°C (Fig. 2.11b).

Product volume was estimated from the measurement of the pressure in the vial. The concentrations
of methane (CHj,4), hydrogen (H), and carbon dioxide (CO,) were measured by gas chromatography
(Fig. 2.11c). After each measurement of concentration, a degassing to atmospheric pressure was

performed. BMP tests were stopped when production plateau was obtained (after 80 days).

(@) (®) (©

Fig 2.11: Equipment for BMP tests: (a) sealed Pyrex bottle with sampling tube, (b) Heraeus oven,
(c) 5890 series II gas chromatograph

2.4.6. Rheology

Rheology is the study of flow and deformation of materials under applied forces and involves the
measurement of shear stress 7in a fluid at various shear rates 5. Several mathematical models have
been developed to describe the relationship between the two for substances which have a complex
microstructure, such as sludge, suspensions, polymers, and other glass formers (e.g., silicates), etc.
and therefore exhibit a non-Newtonian behavior. Among them, the power law model is one of the

most widely used, where:
=K.y

and the apparent dynamic viscosity Happ thus follows: 1., = ok v
Y
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K is the consistency coefficient of the fluid (the greater the value of K the more viscous the fluid),
and n is the flow behavior index, which is a measure of the degree of deviation from the Newtonian
behavior: n=1 for Newtonian fluid, n<1 for pseudoplastic or shear-thinning material (effective
viscosity decreases with shear rate), n>1 for dilatant or shear-thickening material (Fig. 2.12a).
However some fluids, such as Bingham plastics (Fig. 2.12b), don‘t flow when a very small shear

stress is applied, i.e. the shear stress must exceed a critical value known as yield stress () for the

fluid to flow.
T
i A
) ) Ideal Bingham
Newtonian fluid plastic fluid
Dilatant fluid
T
Pseudoplastic fluid
' 4 >
4 Y
(a) (b)

Fig 2.12: Flow curves of different fluids: (a) power law fluids, (b) Bingham plastic fluid
The Herschel-Bulkley model (1926) allows representing all the abovementioned behaviors and
gives a better fit for many biological fluids than power law and Bingham fluid models, which it

merges:
r=7,+K-y"

The measurements were performed using an AR 2000 Rheometer (TA Instruments®) equipped with
a cone (6 cm, 2°) and plate geometry (Fig. 2.13). The cone-plate geometry was recommended for
sludge, due to the large size of sludge particles relative to the gap and the risk of centrifugation for
coaxial cylinders and a less well defined velocity gradient for rotating blades (Spinosa and
Wichmann, 2008). 2 mL of sludge sample were placed on the horizontal plate controlled at 25°C,
and then the cone was rotated at a shear rate range of 0-1000 s”'. Shear stress was measured and
recorded corresponding to the investigated shear rates. Experiments were performed at increasing
shear rates, then decreasing ones, to search for thixotropy. Fig. 2.14 shows a slight difference in
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between the two flow curves (closed and open red symbols) which might be due to a different
organization of the sludge structure being exposed to high shear rates. This difference could be
ignored as it was not more than that observed when changing measurement method (steady step Vs.
continuous ramp). Therefore model fitting was only performed on the increasing shear rate curve
corresponding to equilibrium measurements. In most cases, Herschel-Bulkley model was found the
most convenient and used thereafter to describe the rheological behavior of sludge. Fig. 2.14 shows

an example of fitting by this model which has resulted in standard errors of less than 10%.

Fig 2.13: Rheometer AR 2000 (TA Instruments)
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Fig 2.14: Rheological behavior of raw secondary sludge by Herschel-Bulkley model
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Next chapters present the findings of sludge US pretreatment obtained from lab-scale experiments
under a series of different conditions. The preliminary study of operation parameters is described
first, then the effect of sonication parameters, followed by the discussion of the effect of external
pressure on the efficiency of sludge US pretreatment. The last chapter is about the optimization of

sludge US pretreatment.
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CHAPTER 3

PRELIMINARY STUDY OF OPERATION PARAMETERS

HIGHLIGHTS

- Main operation parameters have been selected (TS of sludge, stirrer speed).

- Specific energy input ES plays a key role in sludge US disintegration.

- Sonication without cooling (—adiabatic”) is more efficient than isothermal sonication.
- The highest disintegration degree is found for secondary sludge.

- Mild alkalization of sludge before adiabatic sonication could be useful.

- Sludge particle size reduction is much faster than COD extraction.

INTRODUCTION

The objective of this preliminary section was to investigate the effects of some key operation
parameters serving US process: total solid content of sludge TS (12-36 g/L), stirrer speed (250-1500
rpm), temperature conditions (adiabatic vs. isothermal), sludge type (mixed, secondary, and digested
sludge), and prior sludge alkalization (using 22-77 mgna.on/grs). These parameters were varied
separately or simultaneously. Most experiments were performed on mixed sludge with the initial 20

kHz equipment limited to Pys of 150 W and with a 35 mm diameter probe.

3.1. MATERIALS AND EXPERIMENTAL PROCEDURES
3.1.1. Sludge samples

In a first sampling (see Table 2.1, section 2.2), three types of sludge were collected from Ginestous
WWTP or INSA (Toulouse, France) with a sufficient amount to test the operation parameters: mixed
sludge (solid form, after centrifugation), secondary sludge (liquid form), and digested sludge (liquid

form, after AD process of the secondary sludge).

From these samples, different suspensions were prepared whose properties are given in Table 3.1.
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Table 3.1: Characteristics of prepared samples from 1st sludge collection

Parameter

Value

Sludge samples

Total solids (TS)
Mean SCODy

SCODnaoH 05 M

(gL)
(g/L)

(g/L)

Total COD (TCOD) (g/L)

SCODnaoH/TCOD (%)

Defrosted mixed

sludge
28.0 14.0
2.7 1.5
18.5 11.3
36.5 18.3
50.7 61.7*

Fresh secondary

sludge
28.0 14.0
4.5 1.9
22.9 14.0
38.2 19.1
59.9 73.3*

Fresh digested
sludge
14.0
0.4
11.0
15.0

73.3

*Higher ratios SCODyaon/TCOD at low TS might result from higher NaOH/TS ratios as same amount of

NaOH was used.

A second mixed sludge sampling was conducted to investigate the effect of alkali addition prior to

sonication (see Table 2.2, section 2.2). The properties of the corresponding suspension, prepared at

28 g/L TS, are displayed in Table 3.2 and show low difference with those of the previous mixed

sludge sample (slightly higher organic content).

Table 3.2: Characteristics of prepared sample from 2nd sludge collection (mixed sludge)

Parameter

Value

Sludge sample
Total solids (TS)
Mean SCODg

SCODnNaoH 05 M

(gD
(g/L)

(g/L)

Total COD (TCOD) (g/L)

SCODnaon/TCOD (%)

Defrosted mixed sludge

28.0

34

19.6

38.9

50.4
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Additional experiments regarding the effect of US and temperature rise on DDcop and evolution of
sludge structures were performed with secondary sludge from the third sampling (see Table 2.3,

section 2.2). Properties of the 28 g/L. TS suspension are given in Table 3.3.

Table 3.3: Characteristics of prepared sample from 3rd sludge collection (secondary sludge)

Parameter Value

Sludge sample Defrosted secondary sludge
Total solids (TS) (g/L) 28.0
Mean SCOD, (g/L) 2.8
SCODnaoH 0.5Mm (g/L) 22.7
TCOD (g/L) 36.3
SCODnaon/TCOD (%) 62.5

Finally, secondary sludge from the fourth sampling (see Table 2.3, section 2.2) was used to
investigate the evolutions of the rheological behavior and of the soluble and colloidal COD fractions

during US pretreatment. Properties of the sample prepared at 28 g/L TS is shown in Table 3.4.

Table 3.4: Characteristics of prepared sample from 4th sludge collection (secondary sludge)

Parameter Value

Sludge sample Defrosted secondary sludge
Total solids (TS) (g/L) 28.0
Mean SCODy (g/L) 4.1
SCODnaoH 0.5Mm (g/L) 22.1
TCOD (g/L) 39.1
SCODpaon/TCOD (%) 56.5

It can be noted that SCODpaon/TCOD ratio is higher for secondary and digested sludge samples than

that of mixed sludge samples, which suggests that those sludge types are more readily disintegrated.
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3.1.2. Experimental procedures

20 kHz US was emitted in a cup-horn autoclave reactor provided with a 35 mm diameter probe
(labeled BP) and connected to a pressurized N reservoir. Both the experimental set-up and operation

mode are described in section 2.3.

For each experiment, a constant volume of synthetic sludge sample (0.5 L) was poured into the
stainless steel reactor. Five different sonication times corresponding to five values of ES (7000,
12000, 35000, 50000, and 75000 kJ/kgrs) were tested at Pys = 150 W.

ES=(Pus*t)/ (V*TS)

with ES: specific energy input, energy per total solid weight (kJ/kgrs), Pus: US power input (W), t:

sonication duration (s), V: volume of sludge (L), and TS: total solid concentration (g/L).

First, mixed sludge was used to investigate the influence of TS content (12-36 g/L) and stirrer speed
(250-1500 rpm), as well as separate and combined effects of ultrasound and temperature (which
increases due to US, if uncontrolled) on sludge disintegration. Thereafter, the effect of sludge type

was tested in both isothermal and adiabatic conditions.

For the effect of alkali addition, according to previous studies (Kim et al., 2003; Jin et al., 2009),
NaOH was used for modifying the initial pH of sludge. Regarding the treatment sequence,
-alkalisation followed by US pretreatment” was more effective than the reverse combination, as it
allows the US treatment to benefit from the weakening of the sludge matrix. Conversely, the
disrupted floc fragments could be re-aggregated into compact structures by the subsequent NaOH
treatment (Jin et al., 2009). Consequently, the former procedure was chosen for alkaline-US

experiments.

3.2. RESULTS AND DISCUSSION
3.2.1. DDcop evolution

It should be recalled here that DDcop results were calculated based on chemical reference
(SCODnaon). When comparing the different types of sludge, efficiency in terms of TCOD is also

discussed.
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3.2.1.1. Effect of TS concentration

Five synthetic mixed sludge samples (S12, S24, S28, S32, and S36 corresponding to 12, 24, 28, 32,
and 36 g/L of TS, respectively) were treated at atmospheric pressure, under adiabatic condition. The
stirrer speed was set at 500 rpm. The results are presented in Fig. 3.1. The experiments at 28 g/L
were triplicated and the coefficient of variation of DDcop was about 5% (see error bars in Fig. 3.1).

In the following studies, some experiments were repeated showing the same differences.

- N
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Fig 3.1: Effect of TS content on mixed sludge disintegration (DDcop) vs. ES: Pys =150 W, BP, Fs =
20 kHz, TS =28 g/L (other properties in Table 3.1), adiabatic condition, and atmospheric pressure

SCOD gradually increased with sonication time (0-150 min), but less and less. The relation between
SCOD and TS content is not simple because the best DDcop was not found at the maximum TS. For
example, at ES of 7000 kJ/kgrs, SCOD was improved by 2.4-fold when increasing TS from 12 to 24
g/L, but it did not significantly change for higher values. Fig. 3.1 actually exhibits a TS optimal
value of 28 g/L in terms of DDcop over the whole ES range. This behavior is in agreement with
other studies (Mao et al., 2004; Akin et al., 2006; Show et al., 2007; Zhang et al., 2008b; Kidak et
al., 2009; Pilli et al., 2011) and can be explained by opposite effects. The more TS of sludge, the
more cells and aggregates are in contact with cavitation bubbles, thus the more efficiently Pys is
consumed. On the other hand, the acoustic pressure field decreases faster from the emitter due to the
poor propagation of the US wave in a higher TS suspension. Consequently, acoustic cavitation
intensity is reduced. These two opposite effects lead to an optimum TS concentration that could

slightly depend on sludge characteristics, operating conditions, and reactor design, €tC. Some
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additional isothermal experiments on secondary sludge at lower frequency and higher pressure,
presented in Appendix 2, seem to confirm this TS optimum not to depend on sludge type, frequency,
nor pressure. For all the following experiments of this work (excepting those with digested sludge),
synthetic samples were then prepared to match this 28 g/L TS concentration. It is interesting to note

that this —eptimum” sludge concentration is close to the actual concentration of secondary sludge

which could be treated directly.

3.2.1.2. Effect of stirrer speed
To know the effect of stirrer speed on DDcop when US is applied, preliminary experiments at 250,
500, and 1500 rpm were carried out under ambient conditions (controlled T of 28+2°C, atmospheric

pressure) with mixed sludge. Fig. 3.2 shows the resulting time-evolution of DD¢op.

16 7S
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= ‘ —H— 250 rpm
: 6 B *." ’,"-ﬂ.‘—‘

1] e “::j-" —— 500 rpm
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Fig 3.2: Effect of stirrer speed on time-evolution of mixed sludge disintegration Pys = 150 W, BP,
Fs=20kHz, TS = 28 g/L (other properties in Table 3.1), T = 28+2°C, and atmospheric pressure

As expected, for blank experiments (without US), the faster the stirring was, the higher the sludge
disintegration was: after 2 h of stirring, DDcop was 0.8, 1.8, and 3.3% for a stirrer speed of 250,
500, and 1500 rpm, respectively. However, these DDcop values as well as the differences observed
among the three corresponding series under US were rather low, which indicated that the main role
of the stirrer was to make a homogeneous dispersion, rather than to efficiently enhance the transfer

of organic matters from solid to aqueous phase.
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Under US, DD¢op increased when raising the stirrer speed from 250 rpm to 500 rpm, but decreased
at 1500 rpm. The reactor was not equipped with baffles. Consequently high rotation speed of the
whole liquid could result in the centrifugation of particles, leading to less particles present in the
central zone where US is concentrated, then to a decrease of the sludge US pretreatment efficiency.
In addition, aeration could occur and its main effect would be to severely damp the acoustic waves.

Therefore, a stirrer speed of 500 rpm was applied in subsequent experiments of this work.

3.2.1.3. Effect of temperature rise under “adiabatic” conditions (without cooling)

The ultrasonic pretreatment has two simultaneous effects: (i) extreme macro and micro mixing
caused by cavitation, and (ii) increase in the bulk temperature. To evaluate their individual
contribution, different operating procedures were carried out for mixed (Fig. 3.3a) and secondary
sludge (Fig. 3.3b): (1) US under isothermal conditions (cooling at 28+2°C), (2) US under —adiabatic”
conditions, (3) thermal hydrolysis: without US and with progressive increase of T as recorded in (2),
and (4) 5 min of US and progressive increase of T afterwards (this series was conducted only on

secondary sludge).

Temperatwre during adiabatic process (°C)
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Temperatuwre during adiabatic process (°C)
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Fig 3.3: Effect of temperature profile* on time-evolution of sludge disintegration (DDcop): Pus =
150 W, BP, Fs =20 kHz, TS = 28 g/L, and atmospheric pressure. (a) Synthetic mixed sludge (Table
3.1), (b) synthetic secondary sludge (Table 3.3).

*The upper x-axis indicates the evolution of temperature during adiabatic US and thermal hydrolysis (note that higher
temperature at same ES was achieved with the new equipment)

At all observations, DDcop values under adiabatic sonication were the highest, followed by those
under short time US + thermal hydrolysis, then under low temperature sonication and finally under
thermal hydrolysis only. DDcop values of sonicated samples under cooling (28°C) were about half

those obtained under adiabatic conditions.

The main information brought by these experiments are as follows: (i) cavitation and thermal
hydrolysis seem to show almost additional effects during adiabatic US, (ii) thermal hydrolysis of
early disrupted sludge is faster than that of raw sludge (Fig. 3.3b); therefore the combined effect is
actually more complex: cavitation acts mainly during the early stage of the adiabatic sonication, then
US being progressively damped by the increasing temperature, thermal hydrolysis takes over, being

—boosted” by the initial work of US.

The resulting positive effect of combining US and temperature for sludge disintegration is in
agreement with the conclusion of earlier works (Chu et al., 2001; Kidak et al., 2009; Li et al., 2009)

but opposite to most power US applications in which temperature only damps cavitation.
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3.2.1.4. Effect of sludge type

Comparison of Fig. 3.3a and Fig. 3.3b shows secondary sludge (from 3™ sampling) to be better

disintegrated than mixed sludge by US treatment, regardless of temperature control.

For further comprehension, the disintegration of different sludge types by both isothermal and
adiabatic sonication was investigated with reduced TS of 14 g/L (as digested sludge was not
available at 28 g/L). Fig. 3.4 and Fig. 3.5 depict disintegration degree of different sludge types
calculated based on SCODya0n and TCOD, respectively. They once again indicate the predominance
of adiabatic US as compared to isothermal US in terms of sludge disintegration. In addition, higher
disintegration degrees (either based on TCOD or SCODygon) were found for secondary sludge,
followed by digested sludge and mixed sludge, in all conditions. AD might have therefore consumed

a fraction of COD which was the most readily solubilized. Note that TCOD based graphs slightly

amplify the differences between mixed sludge and the others.
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Fig 3.4: Effect of ES on US pretreatment efficacy of different sludge types (DDcop based on
SCODnaon): Pus =150 W, BP, Fs =20 kHz, TS = 14 g/L (other properties in Table 3.1), and
atmospheric pressure. (a) T = 28+2°C and (b) adiabatic condition

e “
16
14
12
£ 10
g s
S 6
= 4 |
2 L
0
0 10000 20000 30000 40000 50000 60000 70000 80000
ES (kd/kgrs)
<Mixed sludge [OSecondary sludge /A Digested sludge
M A
(a)

60



DDcop (%0)

0 10000 20000 30000 40000 50000 60000 70000 80000

ES (kl/kgrs)
#Mixed sludge M Secondary sludge A Digested sludge

(b)

Fig 3.5: Effect of ES on US pretreatment efficacy of different sludge types with DD¢cop based on
TCOD*: Pys =150 W, BP, FS =20 kHz, TS = 14 g/L (other properties in Table 3.1), and
atmospheric pressure. (a) T = 28+2°C and (b) adiabatic condition.

* = (SCODys — SCOD)/(TCOD-SCOD)*100

3.2.1.5. Effect of alkaline addition prior to sonication

A given amount of NaOH was added into the fixed volume of mixed sludge to ensure the same
condition of chemical application. The kinetics of sludge disintegration by NaOH was first
investigated to select one convenient holding time corresponding to the most significant COD
release. Sonication was then applied to alkalized sludge samples and the effects of NaOH dose, ES
in the range of 0-75000 kJ/kgrs, and temperature profile (isothermal/adiabatic conditions) were

examined in order to improve sludge disintegration.

NaOH doses of 22, 40, 47, and 77 mgn,on/grs were added to the mixed sludge solution, whose
properties were given in Table 3.2, and let under stirring at room temperature for different time
periods up to 2 h. Note for comparison that 714 mgna.on/grs were used for the measurement of the
reference SCODyaon with TS =28 g/L. These samples were labelled sol. 22, sol. 40, sol. 47, and sol.
77, respectively. The evolutions of pH and DDcop of the samples as a function of time are shown in

Table 3.5.

According to Kim et al. (2010), alkaline pretreatment usually acts faster than other methods. Indeed,

in all cases, alkaline treatment resulted in a fast solubilisation of COD, more than 50% of the
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maximal observed yield being achieved within 10 min, followed by a quasi-plateau after 30 min.
Therefore, a holding time of 30 min was selected for subsequent experiments combined with US.
During this period, the pH of the sludge samples dropped about one unit as shown in Table 3.5. A
comparison of sole alkaline and sole US pretreatment of sludge was also carried out and is presented

in Appendix 3.

Table 3.5: Alkaline pretreatment of mixed sludge (Table 3.2) at room temperature

Holding time (min)
0.5 10 20 30 40 117
DDcop (%)
Sol.22  (pH 9.6) 6.4 7.3 9.5 (pH 8.6) 10.7 12.3
Sol. 40 (pH 10.2) 11.5 133 17.0 (pH 9.4) 18.3 21.0
Sol. 47 (pH 11.1) 13.0 15.8 19.3 (pH 10.1) 21.0 22.5
Sol. 77 (pH 12.2) 244 26.3 29.0 (pH 11.0) 30.4 33.1

Subsequently, effect of NaOH addition prior to sonication was looked into. Different mixed sludge
samples were prepared by adding increasing doses of NaOH (as per sol. 22 to sol. 77) and letting
react for 30 min under stirring before applying US for 2 h.

Fig. 3.6 compares the final DDcop values of the combined pretreatment to those of the US
pretreatment, with and without cooling. As expected, alkali-US pretreatment was the most effective
technique for sludge disintegration, and the resulting efficacy was nearly the sum of individual alkali
and US pretreatments when sol. 22 or sol. 40 were kept under isothermal conditions (28°C). Jin et
al. (2009) also observed such a result. Alkalisation also significantly reduced the differences
observed between isothermal and adiabatic modes of US treatment. It is also worth noting that under

US, the differences resulting from the addition of high NaOH amounts tended to vanish.

As shown in Table. 3.5, the higher the pH, the more easily the processes of natural shape losing of
proteins, saponification of lipid, and hydrolysis of RNA occur (Li et al., 2008; Carrére et al., 2010).
However, for overall process economy (related to chemicals used in pretreatment stage as well as in
neutralisation step required for AD), NaOH addition should be limited. Moreover, high
concentration of Na" was reported to cause the inhibition of AD (Carrére et al., 2010). Thereby,

selection of NaOH dose must be based on the pH of pretreated sludge which should comply with
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subsequent treatment - AD requiring a narrow pH range between 6.5 and 8 (Kim et al., 2003).
According to Fig. 3.6, pH of alkalized-sonicated mixed sludge solutions varied between 7.8 and 10.2
under cooling and between 7.1 and 9.2 under adiabatic condition. The upper pH values might be too
high for a subsequent valorisation by AD. Therefore, addition of a small NaOH dose (as per sol. 22
or sol. 40) could be indeed a suitable option for the whole process. Nevertheless, no real synergy
effect was observed as the best performance of the combined treatment was the sum of the

individual ones, so this parameter was not systematically examined in the further studies.
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Fig 3.6: Comparison of different methods for mixed sludge disintegration (TS = 28 g/L, other
properties in Table 3.2): Fs =20 kHz, Pys = 150 W, BP, sonication duration = 117 min, NaOH dose
= 0-77 mgnaon/grs (holding time = 30 min), and atmospheric pressure. Final pH value after
treatment is also indicated on top of each corresponding bar

Only the combined effect of mild alkalization, temperature variations without cooling, and external
pressure on mixed sludge US pretreatment was investigated and is presented in Appendix 3. The
same conclusions were pointed out regarding the effect of T and alkalisation, but at 2 bar of external
pressure, the overall process was still improved: up to about 46% of DDcop after 2 h of adiabatic US

for sol. 40. The final pH of 7.6 was also suitable for AD.
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3.2.2. Particle size reduction and evolution of sludge structures

3.2.2.1 Analysis of laser diffraction measurements

Ultrasonic pretreatment is also very effective in reducing the particle size, which is sometimes used
to assess the degree of sludge disintegration and commonly analyzed by laser diffraction as in this
section. The reduction in particle size should accelerate the hydrolysis stage of sludge AD and

enhance degradation of organic matters (Muller et al., 2004).

Fig. 3.7 describes the variation of the volume moment mean diameter (D[4,3]) of different sludge
types (Table 3.1) as a function of ES. In accordance with Show et al. (2007), the mean particle sizes
of secondary and digested sludge are lower than those of mixed sludge due to the aforementioned

differences of properties.
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Fig 3.7: Mean particle (D[4,3]) size evolution of different types of sludge during US pretreatment:
Pus =150 W, BP, Fs =20 kHz, TS =28 g/L (other properties in Table 3.1), and T =28+2°C,
atmospheric pressure

The highest particle size reduction was observed for mixed sludge, whose mean diameter was
reduced by 68% to 77% when ES was increased from 7000 to 75000 kJ/kgrs. Note that in this case,
fresh sludge samples were used for secondary and digested sludge (no freezing). Suspensions
prepared from defrosted secondary sludge exhibit a much higher initial size, probably due to a too
gentle stirring during the preparation to break all agglomerates formed during freezing process. In
addition, samples from different collections of same sludge type exhibit large discrepancies in mean

particle size.
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A fast particle size reduction was observed within a very short sonication duration, which is in
agreement with Tiehm et al., 1997 and Chu et al., 2001. Additional PSD measurements for
secondary sludge pretreated by adiabatic US at Pys of 150 W were also carried out. The same trend
of fast particle size reduction was found and improvements of size reduction compared to isothermal
US were insignificant. Under thermal hydrolysis only (with progressive temperature rise up to 78°C
during 2 h), mean particle size slightly decreased within the first ten minutes about 14 % and kept

almost unchanged afterwards.

In more details, Fig. 3.8 exhibits the evolution of mixed sludge PSD for different ES values:
corresponding dgo, Oso, and dyp parameters decreased by 74%, 70% and 58%, respectively in the ES
range of 7000 — 75000 kJ/kgrs. This indicated that different particle sizes had slightly different
reduction extents, in which large particles were disrupted more effectively by US than smaller ones
(with a very fast reduction of particles of about 1000 um). This point is similar to conclusions in
previous works (Show et al., 2007; Pilli et al., 2011). It could be partly due to different consistency

as large particles have been formed from the aggregation of smaller ones.

Remark: as shown in Fig. 3.8, the distribution of initial sludge was cut at 1950 pm which in fact

corresponds to 99.86% of cumulative volume. Then the residual larger particles may be ignored.
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Fig 3.8: Evolution of particle size distribution of mixed sludge during US pretreatment: Pys = 150
W, BP, Fs =20 kHz, TS =28 g/L (other properties in Table 3.1), T = 28+2°C, and atmospheric
pressure

Gonze et al. (2003) found that particle size was decreased gradually with the increase in sonication
time but that a reverse trend occurred after 10 min of sonication due to the re-flocculation of the

particles. However, this phenomenon was not found in this work, probably due to higher ultrasound
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power. In order to better understand the effect of sonication on particle charges, zeta potential
measurements were performed. First, zeta potential could not be measured with the actual
suspension -due to too high particle size- but only with filtered suspension (<1 pm). Sonication was
shown to have only marginal effect on zeta potential: -11.3 and -13.2 mV corresponding to
pretreated sludge at 7000 kJ/kgrs and 50000 kJ/kgrs, respectively, as compared to that of -6.94 mV
for raw one. These small variations indicate a very low modification of surface charges by US
treatment and the trend suggests even more stability. This result is then in agreement with the

absence of re-flocculation.

Experiments were also carried out with sludge sampling at much shorter times of sonication, with
and without prior alkalinisation. Mixed sludge sample corresponding to Table 3.2 was used for these
tests. Fig. 3.9 shows that the particle size reduction occurs within the first 4 minutes of sonication.
Moreover it indicates that if mild alkalinisation contributes to particle size reduction, its

combination with US pretreatment leads to almost the same final D[4,3] value, of about 100 um.
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Fig 3.9: Mean particle size (D[4,3]) evolution of mixed sludge during the early stage of (alkali-) US
pretreatment: Pys = 150 W, BP, Fs =20 kHz, TS = 28 g/L (other properties in Table 3.2), T =
28+2°C, and atmospheric pressure

Following the work of Gonze et al. (2003), the particle size distributions were deconvoluated into
five populations, each corresponding to a log-normal distribution. The treatment was performed

using OriginPro 8.6 (OriginLab). An example is given in Fig. 3.10 for the raw mixed sludge: a very
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small extra peak might be distinguished around 1 pm, but its contribution was always so low that it

could not be adequately detected. Therefore, its contribution was neglected.
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Fig 3.10: Deconvolution of PSD of raw mixed sludge (Table 3.2)
Fig. 3.11a shows the evolution of each population contribution during the US treatment: two macro-
floc populations - population 4 and 5 of 685 um and 1200 um, respectively - could be distinguished
in the mixed sludge, both their mean diameter and contribution significantly decreased during the
first 4 min of sonication. Their diameter dropped to about 400 um and 650 um, respectively, while
their contribution was divided by a factor 2.5 to 3 (Fig. 3.11b). Conversely, the size of populations 1
to 3 (about 10 pm, 20 pm, and 90 um, respectively) remained almost constant during short US
treatment. It seems thus that the decrease of the largest macro-flocs proceeded mainly according to

erosion mechanism while population 3 was disrupted into micro-flocs (population 1).

After the 30 min of NaOH pretreatment (using 40 mgnaon/grs), the diameters of population 1 and 4
were reduced about 20% as compared to raw mixed sludge and the contributions of populations 4
and 5 were reduced by a factor 1.3 and 1.8, respectively (in favour of populations 2 and 3).
However, their evolution under subsequent sonication, described in Fig. 3.12, remained similar as
without NaOH addition. In this condition, mean diameter of population 4 and 5 dropped to 400 and
600 um, respectively while that of populations 1 to 3 kept almost unchanged.

67



60
S s04
< - A
a A
o 40 1 A s A L 2 t
S 30 - o * + A i t
= ® * [ |
[
=20 - ° m
E ¢ = R : [
'g 10 | L § ° * . ° °
s ? * X X X X * X X X X
U 0 T T T T T T T T 1
0 1 2 3 4 5 6 7 g 9 10
Sonication time (min)
¢ population 1 Mpopulation 2 4 population 3 @ population 4 X population 5
M A
(a)
7 ™
10000
1000
>*.< X X ” » « * X *
*® ® ® ® ® ® ® ®
—
E A
100 A A A i A i A A
T
bt |
g = = = = = " = -
£ TS S S e e
=
1 T T T T T T T T T T 1
0 1 2 3 4 5 6 7 2 9 10

Sonication time (min)

# population 1 M population 2 A population 3 @ population 4 X population 5 J

(b)

Fig 3.11: Evolution of PSD of mixed sludge during short sonication: (a) contribution of each
population to PSD, (b) mean diameter of the populations (Pys = 150 W, BP, Fs =20 kHz, TS =28
g/L (other properties in Table 3.2), T = 284+2°C, and atmospheric pressure)
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Fig 3.12: Evolution of PSD of mixed sludge during short sonication after NaOH addition (40
mgnaon/grs): (a) contribution of each population to PSD, (b) mean diameter of the populations (Pys
=150 W, BP, Fs =20 kHz, TS =28 g/L (other properties in Table 3.2), T = 28+£2°C, and
atmospheric pressure)

For comprehension of the relationship between mean particle size reduction and COD solubilisation,
additional isothermal experiments with and without pH modification (40 mgna.on/grs) were carried

out in the following conditions: US were applied during the first minute or the first 4 min, and then
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only the stirrer was continuously operated under constant temperature (T = 28+2°C). Despite these
two sonication durations resulted in distinct D[4,3], especially under natural pH (Fig. 3.9), no
differences were observed in terms of DDcop afterwards (Fig. 3.13). These short US pretreatments
provided first a small initial jump, then a slight enhancement of COD release. It is however much
lower than observed in Fig. 3.3b when early disrupted sludge was subjected to a subsequent

temperature rise.

Under room temperature conditions, the strong reduction of mean particle size achieved at low ES is

not sufficient to affect COD solubilisation.
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Fig 3.13: Effect of short sonication time on mixed sludge disintegration: Pys =150 W, BP, Fs =20
kHz, TS =28 g/L (other properties in Table 3.2), T = 284+2°C, and atmospheric pressure.

(a) Without NaOH and (b) with addition of 40 mgnaon/grs (30 min of holding time)

3.2.2.2 Analysis of sludge particle images

Apart from analysis of Mastersizer 2000 PSD, effects of US and temperature rise on particle size
and morphological parameters were examined by image processing of secondary sludge (Table 3.3)
photographs from Morphologi G3 (some examples with lower magnifications than those used for

image processing are shown in Fig. 3.14).

Morphologi G3 software captures 2D projection images of the particles (50000 to 100000 recorded
particles), separates each 2D object and analyses its size and morphological characteristics,
providing data on a number basis (a very small particle having the same weighting as a very large

one). These number based distributions can be then transformed into volume distributions, as given

by Mastersizer 2000.

Note that due to the difficulty in dealing with particles whose sizes are of different order of
magnitude, the overlap parameter was modified to extend the range of the chosen objective
(normally 3.5-400 pum for 10x and 0.5-40 um for 50x%), ensuring that larger particles were correctly

measured.
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(d) (®
Fig 3.14: Photographs of raw and pretreated secondary sludge (Table 3.3, 20 kHz, 1 bar): (a) Raw
sludge after defrosting (2.5x), (b) after 78 min of thermal hydrolysis up to 80°C (2.5x), (c) after 5

min of US (150 W) + 73 min of thermal hydrolysis up to 80°C (2.5x), (d) after 78 min of adiabatic
US (150 W) + 162 min of stirring (10x), (e) after 117 min of isothermal US 150 W (10x)
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Sludge particles, especially large ones, exhibit irregular shape, therefore the volume moment mean
CE diameter (diameter of the circle of equivalent area to the 2D object), but also volume moment

mean length and width (L[4,3] and W[4,3], respectively) are given in Table 3.6.

Table 3.6: Size parameters of raw and pretreated sludge samples (see legend of Fig. 3.14)

Sample D[4,3] based on CE
s . L[4,3] (pnm)  W[4,3] (um)

(magnification) diameter (um)

(a) (10x) 185.6 297.3 201.8

(b) (10x) 145.1 342.3 182.5

(c) (10x) 51.1 100.8 69.3

(d) (50x%) 8.8 254 11.2

(e) (50x%) 33 6.3 33

As previously found from laser granulometry, the size of the flocs is marginally affected by thermal
hydrolysis (Fig. 3.14b and entry (b) of Table 3.6). Conversely, US pretreatment provokes a
significant floc disruption. Their structural integrity is almost broken down after a short time of US
(Fig. 3.14c) and a longer treatment seems to lead to a further reduction in size (entry d-e of Table
3.6). If the trends are consistent with those mentioned in the previous section (§ 3.2.2.1), this last
observation is a little bit different from what was concluded from laser diffraction measurements
where it seemed D[4,3] almost reached a plateau after 10 to 30 min (cf. Fig. 3.9). The mean
diameters of sludge particles after US treatment calculated with Morphologi G3 are also smaller
than those measured with Mastersizer 2000: 379 um for a similar initial sample, 107.5 um and 46.7
um after 5 min and 78 min of similar US application, but under isothermal conditions. This might
again result from the irregular shape of the remaining secondary particles (cf. L[4,3] vs. D[4,3]),
and/or an overestimation of the microfloc size by laser diffraction due to the use of unoptimized

optical properties.

The effect of US on sludge flocs can be also observed by the analysis of other morphological
parameter variations. Floc form is characterized by their elongation (= 1-width / length), while their
outline (rough/smooth) is described by convexity (= convex hull perimeter / actual perimeter) and
solidity (= actual area / area enclosed by the convex hull) parameters. Normally, shapes with regular
dimensions have an elongation of 0, while needles and rods have elongation approaching 1. For
convexity, the value is 1 for a perfect smooth shape and below that for a very spiky or irregular

object. Solidity can be seen as a measurement of compactness, thus a value approaching 1 indicates
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a more compact shape. In addition, combined defaults in particle form and outline with respect to a
perfect smooth circle are given by circularity (= CE perimeter / actual perimeter). Table 3.7 exhibits
the volume median values of these parameters after the different treatments. Very low solidity (<
0.4) is found for filamentous structures, while large flocs (> 100 um) formed by agglomerates
exhibit values between 0.4 and 0.75 and particles under 10 pm have a median solidity of 0.9. These
small particles are also very smooth with a median convexity of 0.9. Table 3.7 confirms that the
irregular and fluffy macroflocs are disrupted into smaller, smoother, and more compact structures by
US which corresponds to an increase of median convexity and solidity (to values very close to 1), as
well as of circularity (as elongation is conversely not much changed) with an increase of sonication

time (or ES).

Table 3.7: Morphological parameters of raw and pretreated sludge samples (see legend of Fig. 3.14)

Sample Vol. median Vol. median Vol. median  Vol. median
(magnification) circularity convexity elongation solidity
(a) (10x) 0.40 0.53 0.32 0.71
(b) (10x) 0.31 0.45 0.35 0.65
(c) (10x) 0.39 0.54 0.33 0.69
(d) (50%) 0.67 0.88 0.37 0.84
(e) (50x) 0.83 0.95 0.30 0.94

3.2.3. Apparent viscosity and rheological behavior

Fig. 3.15 depicts the evolution of apparent viscosity Vs. shear rate before and after isothermal US
pretreatment in standard conditions: the sonicated sludge curves are lower than that of raw sludge,
indicating a decrease in apparent sludge viscosity Happ (for a given shear rate) as a function of ES
(7000-50000 kJ/kgrs). For instance, Mapp at v = 1 s~ is divided by 1.4 and 2.6 as compared to raw
sludge for 7000 and 50000 kJ/kgrs, respectively.Happ values come somewhat closer at high shear
rates, e.g. factor 1.2 and 2.0 at y = 100 s™'. Sludge viscosity is probably controlled by sludge floc
structure and interaction (Trussell et al., 2007); consequently, the disintegration of sludge flocs due
to acoustic cavitation led to the decrease in viscosity of sonicated sludge (Trussell et al., 2007; Pham

etal., 2009; Wang et al., 2011).
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Fig 3.15: Apparent viscosity versus shear rate curves for raw and sonicated secondary sludge: Pys =
360 W, BP, Fs =20 kHz, TS = 28 g/L (other properties in Table 3.4), T = 28+2°C, and atmospheric

Herschel-Bulkley equation, =1y +K-y", often used to model the rheological behavior of sludge

has been selected in this work as fittings of sludge flow curves (7 Vs. y) resulted in standard errors

of less than 10% (see section 2.4.6 of Chapter 2). Optimized values of model parameters are given

in Table 3.8.

The consistency coefficient K which serves as a viscosity index of the system thus decreased.
However, yield stress 7 and flow index n of sonicated sludge only showed relatively small changes

with respect to raw sample, indicating that sonication under cooling decreased the apparent

pressurc

viscosity, but did not significantly affect the rheological behavior of the sludge.

Table 3.8: Apparent viscosity and parameters of Herschel-Bulkley model

Yield stress

Apparent viscosity

Consistency Flow index

n Happ (Pa.s)
7 (Pa) K (Pa.s") n() = o
y=1(6") y=100(s")
Isothermal US (28°C) at 20 kHz and 1 bar
0 kJ/kgrs 0.124 0.072 0.680 0.266 0.018
7000 kJ/kgrs 0.093 0.066 0.667 0.196 0.015
50000 kJ/kgrs 0.089 0.023 0.757 0.102 0.009
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The rheological behavior of sludge treated at T = 28°C in different conditions of Fs (12 kHz vs. 20
kHz) and Py (1 bar vs. 3.25 bar), as well as in the best conditions found in Chapter 6, was also
looked into and is presented in Appendix 4, showing mainly an additional viscosity reduction by the

moderate temperature rise in sequential US.

3.2.4 Solubilisation of organic fractions

To investigate the solubilisation of organic fractions under different pretreatment conditions, four
secondary sludge samples (TS of 28 g/L, Table 3.1) were analyzed for proteins (organic N dosage)
and sugars (anthrone test), i.e. total amounts and in solution after filtration on 1 pum pore size
membrane (thus merging soluble and colloidal fractions). The total protein and sugar concentrations

in these sludge samples were almost constant, suggesting negligible sonochemistry (Bougrier et al.

2008; Appels et al 2010).

(S1) Raw sludge

(S2) US; pretreated sludge: 150 W, 75000 kJ/kgrs, 20 kHz, P, = 2 bar and T = 28+2°C

(S3) US; pretreated sludge: 150 W, 75000 kJ/kgrs, 20 kHz, P, = 2 bar and adiabatic condition

(S4) Thermally pretreated sludge: constant temperature of 70°C for 2 hours (treatment resulting in
almost same SCOD value as that of S2).

The release of organics is due to the disruption of chemical bonds in cell walls and membranes
(Appels et al. 2010), the degradation of EPS (including saccharides, proteins, nucleic acids, and
humic acids), and the release of intracellular matter from the cells where proteins are mainly located

in (Bougrier et al. 2008). Results corresponding to the four samples are given in Table 3.9.

Table 3.9: Solubilisation of organic fractions

Solubilisation yield (%)

Sample
Protein Sugar
S1 0 0
S2 61.3 28.0
S3 70.0 343
S4 42.0 29.1

* = (difference between the (soluble + colloidal) amounts in treated and raw samples) / (difference between the total

amount and the initial (soluble + colloidal) amount) *100
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In accordance with previous COD results, solubilisation of proteins and sugars was higher under
adiabatic US (S3) than under isothermal US (S2) or thermal hydrolysis (S4). Table 3.9 shows that
proteins were released the most in all cases, but the different pretreatments resulted in different
yields. For example, protein solubilisation of S2 was about 46% higher than that of S4 although
almost same SCOD and solubilisation of sugars. The low solubilised amount of proteins in S4 could
be due to the fact that thermal treatment at temperatures lower than 95°C mainly affects EPS which
are embedded in the sludge floc matrix, leading to solubilisation of carbohydrates and few proteins
(Bougrier et al. 2008). Therefore, lower protein solubilisation of S4 compared to those of S2 and S3
indicate US pretreatment to be more effective than low temperature thermal hydrolysis (70°C) in

terms of floc disruption and cell lysis.

Additional experiments were conducted to follow the effect of ES on the evolution of soluble
(SCOD) and colloidal (CCOD) fractions of COD. Another secondary sludge sample (Table 3.4) was
used for these tests. Fig 3.16 depicts evolutions of SCOD/TCOD and CCOD/TCOD during US.
While SCOD/TCOD gradually increased, CCOD/TCOD increased quickly with ES up to 12000
kJ/kgrs, then slowed down, and almost reached a plateau afterwards. Colloidal fraction was also

much higher than soluble one over the investigated ES range (2 to 3-fold).
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Fig 3.16: Effect of ES on SCOD/TCOD and CCOD/TCOD during US: Pys =360 W, BP, Fs =20
kHz, secondary sludge with TS = 28 g/L (other properties in Table 3.4), T = 28+2°C, and
atmospheric pressure
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3.3. CONCLUSIONS

First, it is confirmed specific energy input ES plays a key role in sludge US disintegration. For given
external and US parameters, sludge disintegration degree increases nonlinearly with ES. Besides,

main operation parameters were selected as follows.

Mixed sludge samples with different TS contents were pretreated using various sonication durations,
exhibiting an optimal concentration of 28 g/L to get the highest COD release in the aqueous phase.
Stirrer speed of 500 rpm was also found to be convenient for US pretreatment of sludge. These two

values have then been applied in the following experiments of this work.

The contribution of temperature increase during US non isothermal treatment was evaluated. At any
sonication time (or ES), DDcop values were much higher under —adiabatic” sonication, while
isothermal sonication was more efficient than thermal hydrolysis. The effect of US was clearly
proved to be more important than that of sole thermal hydrolysis obtained with the same

temperature-time profile.

Besides, the highest disintegration was found with secondary sludge, followed by digested and

mixed sludge regardless of temperature control during sonication.

Additionally, pH adjustment -addition of low NaOH dose, between 22 and 40 mgn,on/grs- could be
useful, that significantly improved COD release under subsequent US treatment while resulting in a

final pH value suitable for subsequent AD.

Compared with the untreated sludge samples, particles were almost entirely disrupted down to their
final size in the initial period of the ultrasonic process. The great difference in the kinetics of the two
phenomena- fast size reduction and slower COD removal in liquid phase- should be emphasized and

demonstrates that particle size is not the key parameter to follow COD solubilisation.

As aresult of sludge floc disruption, apparent viscosity decreased as a function of ES during US

pretreatment.
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CHAPTER 4

EFFECT OF ULTRASOUND PARAMETERS ON SLUDGE
PRETREATMENT BY ISOTHERMAL SONICATION

(POWER, INTENSITY, FREQUENCY)

HIGHLIGHTS
- Effect of acoustic frequency on sludge pretreatment was studied for the first time.
- High Pys-short time is preferred for sonication at atmospheric pressure and low temperature.

- At atmospheric pressure, effect of Pys appears more important than that of Iys when varied

through emitter surface.

- Sludge disintegration is significantly improved by low frequency sonication.

INTRODUCTION

This part aims at investigating the key sonication parameters mostly at atmospheric pressure.
Knowing that the reference economy parameter is the specific energy ES, it is important to check
which way is the best to provide such energy for the best sludge disintegration (maximum DDcop).
What improvement can be expected when using higher power (Pys) during less time at same ES or
higher intensity (lys) at same power - by reducing the emitter surface in the same sono-reactor?
Besides, it is commonly accepted that lower frequency improves US mechanical effects but
frequencies below 20 kHz were hardly investigated. This part of our work provides a first approach
of such issues. As it was rather difficult to separate mechanical (US) and thermal effects in non-
isothermal conditions, it was decided in this section - devoted to US efficiency - to consider only
isothermal treatment. Nevertheless, as adiabatic mode should probably provide better sludge
disintegration due to combined effects, it will be investigated in the last chapter related to process
optimization, assessed by DDcop. Sequential sonication was also tested to know if this process

improves sludge disintegration compared to continuous sonication.
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4.1. MATERIALS AND EXPERIMENTAL PROCEDURES
4.1.1. Sludge samples

Secondary sludge from the third and fourth samplings (see Table 2.3 and 2.4, section 2.2) was used
for this part. As mentioned, sludge sampling was performed at different periods in relation with the
changes in US equipment along this work. The synthetic sludge samples were prepared with 28 g/L

of TS, the optimum concentration for sludge disintegration found in Chapter 3.

Synthetic sludge sample, whose properties are recalled in Table 4.1, was used for investigating Pys
and lys effects. The effect of frequency was then looked into using the synthetic secondary sludge

whose properties are recalled in Table 4.2.

Table 4.1: Characteristics of prepared sample from 3rd sludge collection (secondary sludge, recalled
from Table 3.3)

Parameter Value

Sludge sample Defrosted secondary sludge
Total solids (TS) (g/L) 28.0
Mean SCODg (g/L) 2.8
SCODnaoH 0.5m (g/L) 22.7
TCOD (g/L) 36.3
SCODpaor/TCOD (%) 62.5

Table 4.2: Characteristics of prepared sample from 4th sludge collection (secondary sludge, recalled
from Table 3.4)

Parameter Value

Sludge sample Defrosted secondary sludge
Total solids (TS) (g/L) 28.0
Mean SCODy (g/L) 4.1
SCODnaoH 0.5M (g/L) 22.1
TCOD (g/L) 39.1
SCODnaon/TCOD (%) 56.5

Reference experiments on these sludge samples at the same conditions and equipment, presented in
Appendix 5, show significant difference in sludge US disintegration. Hence, comparisons to assess

given parameter effect have always been carried out on the same substrate.
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4.1.2. Experimental procedures

According to Chapter 3, a stirrer speed of 500 rpm was selected. A constant volume of synthetic

sludge sample (0.5 L) was used for each experiment as in any other runs of this work.

For each frequency generator (12 and 20 kHz, supplied by Sinaptec), a 35 mm diameter probe (BP)
and a 13 mm one (SP) were alternately set up at the bottom of the reactor with maximum Pys of 400

W and 100 W, respectively.

Due to effects of other operational conditions (T, pressure) and technical limitations of US systems,
an lys range of 5-75 W/cm® was investigated in the present work (Table 4.3). It is probably above
the cavitation threshold for WAS at atmospheric pressure (according to the range for water with
many impurities) even though it was suggested to be at 20-30 W/cm?” by Zhang et al. (2008b). Note
that a power ratio of 360/50 was applied between BP and SP as it corresponds to the surface ratio of
the probes, allowing comparison at same lys,

Table 4.3: Test parameters and levels

Combination lus (W/em?) Dus (W/L)
SP 50W 37.7 100
SP 75W 56.5 150
SP 100W 75.3 200
BP 50W 5.2 100
BP 150W 15.6 300
BP 360W 374 720

The experiments listed in Table 4.3 allowed to investigate the effect of Pys first, then the effect of
lus resulting either from Pys or emitter surface variation. After that, Fs effect (12 and 20 kHz) was

looked into using BP, varying Pys from 50 to 360 W.

Finally, the effect of sequential sonication was studied at 12 kHz, with a Pys range of 50-100 W for
SP and 50-360 W for BP.

As abovementioned, almost all of the experiments of this chapter were performed at atmospheric

pressure and in isothermal mode. The very few exceptions are mentioned otherwise.
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4.2. RESULTS AND DISCUSSION
4.2.1. Effect of Pys on sludge disintegration

The effect of Pys on WAS disintegration was studied at 20 kHz for the two probes (13 and 35 mm
diameter probes, labeled SP and BP, respectively) using their respective available range: 50-100 W
for SP and 50-360 W for BP. Results are given in Fig. 4.1a and 4.1b. Besides, its effect on mixed
sludge (whose properties are given in Table 3.1) was also clarified, presented in Fig. 4.2¢, using the
initial 20 kHz generator limited to 150 W. Actual operation shows the surface of the probe to be
eroded by the time; therefore the performances of the old and new probes were compared in the
same operating conditions and with the same sludge sample, showing a slight difference of sludge

US pretreatment efficacy (less than 10%), that could be ignored (see Appendix 6).

The same conclusion was deduced from the experiments conducted on different sludge types, Pus
ranges, and probe sizes. The higher Pys, the higher DDcop was achieved at same energy
consumption due to the increase in cavitation intensity. Despite higher uncertainty at low DDcop
(then low ES) the main effect was clearly observed at a low ES value of 7000 kJ/kgrs, where DDcop
of secondary sludge sample was improved about 40% and 67% when increasing Pys from 50 to 100
W for SP (Fig. 4.1a) and from 50 to 360 W for BP (Fig. 4.1b), respectively. On the contrary at
50000 kJ/kgrs, the corresponding gain was only 13% and 20%, respectively.
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Fig 4.1: Effect of ES and Pys on DDcop: 20 kHz, TS =28 g/L, T = 28+2°C, and atmospheric

pressure: (a) SP, secondary sludge (Table 4.1). (b) BP, secondary sludge (Table 4.1). (c) BP, mixed
sludge (Table 3.1), -Hmited Pys” generator (max.150 W)

This limited but general positive effect of Pys on WAS disintegration proves that in the investigated
range of lys (< 75 W/em?) there is no significant —saturation effect” due to a bubble cloud formation
near the probe and then no severe damping of the US wave (Contamine et al., 1994; Ratoarinoro et

al., 1995; Whillock and Harvey, 1997).

Apart from DDcop increase, high Pys also showed a slight positive effect on sludge particle size
reduction (see Fig. 4.2). In general, as found in section 3.2.2, the reduction rates of D[4,3] were very

fast in the initial period of US corresponding to low ES then rather limited at higher ES (Fig. 4.2a).
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To better analyze this first step of fast reduction, additional experiments were conducted and
presented on Fig. 4.2b-c. With respect to US duration, the higher Pys, the more and the faster
particle sizes were decreased (Fig. 4.2c). However, surprisingly the opposite trend was observed in
terms of ES (Fig. 4.2b). As particle size reduction was not relevant for COD solubilisation, this
unexplained result was not more deeply investigated here but would deserve verification and further

analysis if appropriate.
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Fig 4.2: Evolution of secondary sludge mean particle size as a function of (a) high ES, (b) low ES
and (c) sonication time using different Pys and probe sizes: 20 kHz, T = 28+2°C, and atmospheric
pressure

In agreement with other researchers (Chu et al., 2001; Mao et al., 2004; Gronroos et al., 2005;
Zhang et al., 2008b; Kidak et al., 2009), under isothermal mode (low T) and atmospheric pressure,
the highest Pys — shortest sonication time mode was the most effective condition for sludge
pretreatment in terms of DDcop in the investigated range, which corresponds to the probable

conditions of a scaled up process (as higher intensities would not be relevant).

4.2.2 Effect of lys on sludge disintegration

Effects of lys on sludge disintegration were investigated at same Pys (50 W) by changing the probe:
SP (lys of 37.7 W/em?) vs. BP (lys of 5.2 W/ecm?). These experiments were conducted at both
frequencies (12 and 20 kHz). Results are shown in Fig. 4.3 where additional experiments at an lys
value of 37.4 W/cm? but using a different Pys-probe combination (360 W-BP) are also reported for

comparison of both effects.

85



"-\.\'

26
24 - .
22 -
20 A . g
18
16 1 b
s;, 14 + ®
512
2 101 * 3§
g - ©50W SP
57 & 450 W BP
4 -
5 ©360W BP
[] T T T T 1
0 10000 20000 30000 40000 50000
L ES (kJ/kgrs) )
(a)
- N
L
R —————Y-a-a._aMas i i i .
L <
3 o
T T ' G
25 e
220 e R ©50W SP
i — g oo
50 W
o b - S A 50 WBP
e ®360W BP
0
0 10000 20000 30000 40000 50000
ES (kJ/kgrs)
. /
(b)

Fig 4.3: Comparison of lys (same Pys of 50W) and Pys (same probe) effects on DDcop at different
ES: TS=28 g/L, T =28+2°C, and atmospheric pressure. (a) 20 kHz, secondary sludge (Table 4.1).

(b) 12 kHz, secondary sludge (Table 4.2)

First, experiments at the same Pys of 50 W showed only very little improvements of DDcop (less
than 10%) when increasing lys from 5.2 to 37.7 W/em?®. A similar but less significant observation
could be deduced from Fig 4.1a and 4.1b for a higher Pys level: only about 10% of DDcop
improvement was achieved when increasing lys by approximately 5 times, from 150W-BP (15.6
W/em?®) to 100W-SP (75.3 W/cm?) combination. This result may appear surprising as lys is often
claimed to be a significant parameter (Quarmby et al., 1999; Neis et al., 2000; Pilli et al., 2011). It
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should be recalled that in our experiments lys was varied by varying probe size in the same reactor
which involves an important modification of the ultrasonic field with a reduced irradiated volume. It
could be therefore suggested that the expected gain due to higher cavitation at higher lys would
approximately be balanced by the reduced volume of the cavitation zone. Of course this result

should no longer be expected when lys is reduced down to the cavitation threshold where US have

no more effects.

Another way of checking this parameter would consist of changing both the reactor volume and US
power proportionally with the same probe. Obviously, changing reactor size would be much more
complex to achieve, especially under pressure. Thus additional experiments on secondary sludge
(Table 4.2) were carried out via changing Pys and sludge V proportionally with the same BP to keep
the same Dys (300 W/L): 150W-500mL, 210W-700mL, and 270W-900mL. Note that sludge V of
500-900 mL is a convenient range corresponding to the reactor configuration used in this work.
Results, presented in Fig. 4.4, show that DDcop first increased following an increase in lys from 16
to 22 W/ecm® (corresponding to sludge V from 500 to 700 mL) due to an increase in cavitation
intensity, then decreased at lys of 28 W/cm?” (sludge V of 900 mL) due to a poor propagation of US
wave from the bottom to the top of the medium. The stirrer in this case was not able to well
homogenize the whole suspension. Therefore, with this approach, an optimum of lys could be found,

e.g. 22 W/em® from these tests.
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Fig 4.4: Effect of IUS (by changing PUS and sludge V proportionally with the same probe) on
DDCOD at different ES: 20 kHz, BP, DUS =300 W/L, TS =28 g/L (Table 4.2), T = 28+2°C, and
atmospheric pressure.

On the other hand, series at same lys with different Pys indicated a larger effect of Pys than of lys on
DDcop at both frequencies, For instance, at 20 kHz and in the ES range of 7000-50000 kJ/kgrs,
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DDcop from 360W-BP were 58% to 16% higher than that from S50W-SP (at same lys) (Fig. 4.3a)
and even up to 13% higher than that from 100W-SP (at double lys) (Fig 4.1a and 4.1b). At 12 kHz,
Pus effect is slightly lower.

In both cases of frequency, high US power and low sonication time therefore should be preferred for
sludge disintegration while increasing the lys by reducing the emitter surface in the same reactor

volume gives much less benefits.

4.2.3. Effect of frequency on the efficacy of sludge sonication

As mentioned in the introduction and literature review, even though most applications using
mechanical effects of US power are improved when reducing US frequency, nearly no information is
available under 20 kHz - the usual limit of commercial equipment corresponding also to the limit of
human hearing. Effects of frequency -under this 20 kHz threshold- on the efficacy of sludge
pretreatment were investigated using BP, and assessed by DDcop. Most experiments were carried
out at 360 W using secondary sludge sample given in Table 4.2. Besides, for Pys of 50 W and 150
W, additional experiments using sludge sample given in Table 4.1 were conducted. Results are

shown in Fig. 4.5.
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Fig 4.5: Effect of ES and sound frequency on sludge disintegration (DDCOD): BP, TS =28 g/L, T =
28+2°C, and atmospheric pressure. (a) Secondary sludge given in Table 4.1. (b) Secondary sludge
given in Table 4.2.

Fig. 4.5 shows that with the two different sludge samples, the lower the frequency, the more the
sludge was disintegrated due to more violent cavitation. DDcop were significantly improved at 12
kHz sonication as compared to 20 kHz US, by 21%, 45% and 64% for Pys of 50, 150 and 360 W,
respectively, at an ES value of 7000 kJ/kgrs. As previously found at 20 kHz, more sludge
disintegration was achieved at higher Pys and the largest differences were noticed at low ES.
According to Laborde et al. (1998), Thompson and Doraiswamy (1999), Zhang et al. (2008a), Pham
et al. (2009), Carrére et al. (2010) and Pilli et al. (2011), the lower frequencies, the stronger shock
waves and mechanical effects are favoured due to the resonance bubble size being inversely
proportional to the acoustic frequency (Laborde et al. 1998). However, noting that at low frequency
the maximum collapse time and the maximum size of the expanded cavity are increased, the

optimum cavitation effect should occur at higher Pys (Whillock and Harvey, 1997).

Evolution of colloidal COD fraction of secondary sludge (Table 4.2) during sonication at different
Fs was also measured and is presented in Appendix 7 (along with corresponding soluble COD

fraction).

Besides, the lower the frequency, the faster the sludge particle size was reduced during the first two

minutes. However, the differences in size thereafter were insignificant as depicted in Fig. 4.6.
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g/L (Table 4.2), T = 28+2°C, and atmospheric pressure

4.2.4. Effect of sequential isothermal sonication on sludge disintegration

This part aims at investigating the performance of sequential sonication which could improve the
efficiency of sludge disintegration as in other reported US applications (Casadonte et al., 2005;
Pham et al., 2009). For this study, a few experiments were carried out under pressure, whose effect
will be detailed in next chapter. Secondary sludge, presented in Table 4.2, 12 kHz generator, and

both probes were used. Corresponding results, as final DD¢op, are presented in Fig. 4.7 and 4.8.

Fig. 4.7 depicts the effect of sequential sonication on sludge disintegration at room conditions
(atmospheric pressure, mean temperature of 28°C) using SP and an ES value of 35000 kJ/kgrs. The

following conditions were compared:
(i) 50 W continuous sonication (164 min)
(i1) 100 W continuous sonication (82 min)

(iii) 82 min of 100 W continuous sonication, as in (ii), but followed by stirring (no sonication)

up to 164 min, to get the same treatment time as in (i) (marked as 100W + stirring)

(iv) sequence made of 1 min sonication at 100 W followed by 1 min stirring (no sonication)

and pursued for a total duration of 164 min (marked as 100W-1/1)

(V) sequence made of 5 min sonication at 100 W followed by 5 min stirring (no sonication)

and pursued up to 164 min of treatment (marked as 100W-5/5).
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Note that the US pulses of 1 min and 5 min were selected as particle size reduction was mainly

achieved within these periods.
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Fig 4.7: Effect of isothermal sequential sonication on sludge disintegration: SP, ES = 35000
kJ/kgTS, 12 kHz, T = 28+2°C, and atmospheric pressure

For continous sonication, as previously found, a highest efficiency of the high Pys — short time US
mode was observed. When compared at same Pys (100 W), ES (35000 kJ/kgrs) and treatment time
(164 min), sludge disintegration degrees resulting from the continuous sonication and the two
sequential procedures were almost the same. Thus there is no improvement by using sequential (or
pulsed) sonication in these conditions but on the other hand, it is important to note that after
sonication the process of disintegration goes on, slowly but significantly. So in other conditions,

alternative sonication and silent periods might be beneficial.

Similar isothermal experiments using BP at atmospheric and under pressure (3.25 bar) were
performed and presented in Fig. 4.8. There were two procedures for sequential sonication at 360 W
under the pressure of 3.25 bar: 1 min sonication - 6 min stirring and 5 min sonication - 30 min
stirring up to 164 min, marked as 360W-1/6-3.25bar and 360W-5/30-3.25bar, respectively. Again in
continuous mode, DDcop was appreciably improved by an increase in Pys (360 W vs. 50 W) and
also external pressure (3.25 bar vs. 1 bar). In this condition of higher Pys, a significant improvement
of DDcop was observed when stirring after sonication and even better when using the sequential
procedures. With the best sequential procedure 1/6, DDcop was increased by 27% as compared to

the reference continuous operation (Pys = 360W, 3.25 bar, and no stirring after 23 min of US).
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To sum up, in isothermal mode and the same conditions of Pys, ES, pressure, and treatment time,
some improvement in DDcop was obtained in sequential mode in this special case of high Pys and

high pressure.

4.3. CONCLUSIONS

This chapter aimed at investigating separately the main US parameters at same energy consumption
(power, intensity, frequency, €tc.) in a systematic approach, in order to get general information and

trends to be used or checked in other potential applications of physical effects of acoustic cavitation.

The higher Pys for each size of probe, the higher sludge disintegration was achieved due to the
increase in cavitation intensity involving maximum pressures and temperatures. In other words, high
Pus-short time sonication procedure was the best option for sludge US pretreatment at atmospheric

pressure.

At atmospheric pressure, increasing lys by a reduction of emitter surface provided only very small
improvement of sludge disintegration (less than 10%); meanwhile increasing Pys appeared much

more efficient (up to 58% of DD¢op improvement).

Besides, sludge disintegration was significantly improved by low frequency sonication due to more
violent cavitation: up to 64% of DDc¢op from 12 kHz isothermal sonication as compared to 20 kHz

at low ES. Sonication effects on sludge floc disruption and reduction of mean particle size were also
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somewhat improved at low frequency. Future works should investigate lower frequencies as there is

no indication for any optimum frequency or for practical limitations at very low frequency.

Finally, sequential isothermal sonication was investigated, and due to consecutive disintegration
after sonication, significant improvement of sludge disintegration was achieved in some cases. Such
sequential mode should then be checked again when searching for the optimal non isothermal

conditions (Chapter 6).
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CHAPTER 5
EFFECT OF HYDROSTATIC PRESSURE

ON SLUDGE PRETREATMENT BY ISOTHERMAL SONICATION

HIGHLIGHTS
- Effect of hydrostatic pressure was investigated for the first time.

- An optimum of pressure is observed above 1 bar in most configurations, whose exact

location depends on Pys and lys, but not on sludge type, ES, nor Fs.

- Sonication at optimal pressure significantly improves sludge disintegration.

INTRODUCTION

As presented in Chapter 2, at increasing hydrostatic pressure cavitation is more difficult to be
achieved due to higher threshold, but it could produce more violent collapse due to the addition of
both acoustic and hydrostatic pressure. Such higher temperature and pressure in the collapsed
bubble lead to increase consequently the rate and yield of US-assisted reactions (Cum et al., 1988,
1990, 1992). However, most US experiments have been carried out at atmospheric pressure, and
only a few studies have been focusing on how increasing hydrostatic pressure affects cavitation
(Neppiras and Hughes, 1964; Chendke and Fogler, 1983a, 1983b; Whillock and Harvey, 1997; etc.),

but nothing concerning sewage sludge.

This part aims at investigating the effect of external pressure on sludge sonication pretreatment for
the first time. External pressure (up to 16 bar) was applied at different ES (7000-75000 kJ/kgrs), Pus
(50-360 W), probe sizes (13 and 35 mm diameter probes), sound frequencies (12 and 20 kHz), and
sludge types (mixed and secondary sludge). The dependence of the pressure effect on these
parameters will be indicated. As for the study of US parameters in the previous chapter, the
suspension temperature was controlled during sonication (at 28+2°C) not to mix different
effects. Combined effects of external pressure and temperature increase during sonication without

cooling will be investigated in the last chapter for process optimization. The best conditions to
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obtain are expected to enhance sludge disintegration and then to save energy input as sludge

pressurization needs only little energy.

5.1. MATERIALS AND EXPERIMENTAL PROCEDURES
5.1.1. Sludge samples

To investigate the dependence of the pressure effect on sludge type, mixed and secondary sludge
samples from the first sampling (see Table 2.1, section 2.2) were used. The properties of
corresponding synthetic samples prepared at the optimal concentration of 28 g/L TS are recalled in

Table 5.1.

Table 5.1: Characteristics of prepared samples from 1st sludge collection (recalled from Table 3.1)

Parameter Value

Sludge samples Defrosted mixed sludge Fresh secondary sludge
Total solids (TS)  (g/L) 28.0 28.0

Mean SCOD, (g/L) 2.7 4.5
SCODnNaoH 05 M (g/L) 18.5 22.9

TCOD (g/L) 36.5 38.2
SCODnaon/TCOD (%) 50.7 59.9

Secondary sludge from the third sampling (see Table 2.3, section 2.2) was used to study how the
effect of external pressure on DDcop is affected when varying lys, through Pys and probe size.
Thereby, a suspension with 28 g/l TS was prepared and its properties are given in Table 5.2
(recalled from Table 3.3).

Table 5.2: Characteristics of prepared sample from 3rd sludge collection (secondary sludge, recalled
from Table 3.3)

Parameter Value

Sludge sample Defrosted secondary sludge
Total solids (TS) (g/L) 28.0
Mean SCODy (g/L) 2.8
SCODnaoH 0.5M (g/L) 22.7
TCOD (g/L) 36.3
SCODnaon/TCOD (%) 62.5
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Finally, the dependence of pressure effect on frequency was tested on secondary sludge from the
fourth sampling (see Table 2.4, section 2.2). Table 5.3 (recalled from Table 3.4) shows the

characteristics of the corresponding synthetic sample.

Table 5.3: Characteristics of prepared sample from 4th sludge collection (secondary sludge, recalled
from Table 3.4)

Parameter Value

Sludge sample Defrosted secondary sludge
Total solids (TS) (g/L) 28.0
Mean SCOD, (g/L) 4.1
SCODnaoH 0.5M (g/L) 22.1
TCOD (g/L) 39.1
SCODnaon/TCOD (%) 56.5

As presented and discussed in Appendix 5, a big difference in sludge US disintegration was
observed from all these secondary sludge samples. Therefore, they were separately subjected to

assess sludge US pretreatment efficiency.

5.1.2. Experimental procedures

Firstly, pressurized nitrogen (in the range of 1-16 bar) was applied during sonication of mixed and
secondary sludge to investigate if hydrostatic pressure effects depend on ES value (7000-75000
kJ/kgrs) and sludge type. Experimental conditions were: isothermal sonication (28+2°C), Fs of 20
kHz, Pys of 150 W, 35 mm diameter probe (BP), and TS of 28 g/L.

Secondly, effect of lys (varied through Pys and probe size) on sludge sonication under pressure was
looked into. Thereby, isothermal US was applied under various external pressures (1-6 bar) at given
ES and Pys for each probe size. Operating conditions were: Fs of 20 kHz, Pys in the range of 50-360
W and 50-100 W for 35 mm (BP) and 13 mm (SP) diameter probe, respectively, ES of 50000
kJ/kgrs, T of 28+2°C, and TS of 28 g/L.

Finally, experiments at 12 kHz were performed under 1 to 4 bar to study combined effects of low
frequency and pressure on sludge disintegration. Other conditions were: BP, Pys of 150 and 360 W,

ES of 35000 kJ/kgrs, T of 28+2°C, and TS of 28 g/L.
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The amplitude of acoustic pressure corresponding to each Pys and probe size, calculated form the

following equation, is given in Table 5.4:
Pa=(2* lus*c *p)*?

where P is the amplitude of acoustic pressure (Pa), lys is ultrasonic intensity (W/m?), ¢ is the sound

speed (m/s), and p is the density of the medium (kg/m”).

The density of sludge suspension with TS = 28 g/L. was measured at 25°C and found almost equal to
that of water: 996.7 kg/m’. However, the speed of sound in sludge was neither measured in this
work nor found in others. Values in different suspensions, €.g. kaolin clay slurries (Bamberger and
Greenwood, 2004), clay sediments (Maa et al., 1997; Ha, 2008), cornstarch (Johnson et al., 2012),
glass (Weser et al., 2013), etc., were therefore examined to find a convenient one. In the mass range
of 1-5%, the differences in sound speed are insignificant and the values are almost equal to that in

water (1496 m/s at 25°C) which was therefore used for the calculation.

Table 5.4: Amplitude of acoustic pressure corresponding to each Pys and probe size

Pus (W) Amplitude of acoustic pressure (bar)

BP

360 10.6

150 6.8

50 3.9
SP

100 15.0

50 10.6

5.2. RESULTS AND DISCUSSION
5.2.1. Effect of hydrostatic pressure on DDcop for different ES values and sludge types

Mixed sludge (Table 5.1) was investigated first to evaluate the effect of static pressure on
disintegration VS. sonication time. For these tests, 52 experiments were respectively conducted at
various ES for different pressure values: 2 bar intervals were used first and then 1 bar intervals at ES
of 35000 kJ/kgrs. The results are presented in Fig. 5.1, where DDcop is plotted as a function of

pressure for different ES values.
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All corresponding curves show the same trends of DDcop: an initial increase up to 2 bar and a
decrease thereafter, noticeably up to 6 bar, before a plateau from 6 to 10 bar approximately and a
further decrease. The main result is that for this US equipment and application almost the same
value of optimum pressure was found regardless of ES. It is also noteworthy that the absolute
difference in DDcop from 1 to 2 bar is approximately the same (2-3%) whatever ES. As a
consequence, this effect appears relatively high at low ES, with a maximum improvement of 67% at
7000 kJ/kgrs and much lower at 75000 kJ/kgrs (23% gain). In addition, the positive effect of
pressure up to 2 bar might lead to energy savings in sludge US pretreatment. For instance, at the
optimum pressure, DDcop obtained with ES of 7000, 35000, and 50000 kJ/kgrs were higher than
those at atmospheric pressure with ES of 12000, 50000, and 75000 kJ/kgrs, respectively. It is also
interesting to note that the decrease of DDcop beyond the optimal pressure was faster at higher ES.
With the exception of the lowest ES values (7000 and 12000 kJ/kgrs), all DDcop values were lower
at 6 bar than those at atmospheric pressure. The subsequent plateau is not easy to understand as a
continuous decay would be expected. The amplitude of acoustic pressure of all these experiments
performed at 150 W with BP is equal to 6.8 bar (Table 5.4) which should correspond to the upper
limit of hydrostatic pressure to obtain cavitation. Sludge disintegration beyond this hydrostatic

pressure might be expected much lower suggesting some US secondary effect out of cavitation.
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Fig 5.1: Effect of hydrostatic pressure on mixed sludge disintegration (DDcop) for different final ES
values: Pys = 150 W, BP, Fs =20 kHz, TS =28 g/L (Table 5.1), and T = 28+2°C.

Additional US experiments on secondary sludge (Table 5.1) were performed to check for the
possible dependence of the pressure effect on sludge type. The results, shown in Fig. 5.2, indicated

that the optimal pressure was again about 2 bar regardless of sludge type also.
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Fig 5.2: Effect of hydrostatic pressure on secondary sludge disintegration (DDcop): Pus = 150 W,
BP, ES = 75000 kJ/kgrs, Fs =20 kHz, TS =28 g/L (Table 5.1), and T = 28+2°C

Alkali addition prior to sludge sonication was also investigated under optimum pressure and is

presented in Appendix 3 showing same positive effect of pressurization.

Apart from enhancing DDcop, sonication under convenient pressure makes the initial kinetics of
particle disruption slightly faster, but the difference in final diameter compared to that at
atmospheric pressure is negligible (Fig. 5.3). For instance, the reduction of the mean particle size of
mixed sludge was 9.3% higher under 2 bar at 7000 kJ/kgrs, but almost the same as at 1 bar beyond
35000 kJ/kgrs.
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Fig 5.3: Mean particle size evolution of different sludge type during US pretreatment (based on
D[4,3]): BP, Pys =150 W, Fs =20 kHz, TS =28 g/L (Table 5.1), and T = 28+2°C
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5.2.2. Effect of US power and intensity on the optimal pressure and subsequent DDcop

This section presents the dependence of the optimal pressure on Pys and lys when also varied by

changing probe size at same Pys. As previously, this optimum is related to US solubilisation of

organic matter quantified through DDcop.

Sonication (20 kHz) was applied on secondary sludge (Table 5.2) at the same ES value of 50000

kJ/kgrs varying external pressure between 1 and 6 bar (with 0.5 bar intervals). Results are presented

in Fig. 5.4. Note that the US system could not work at pressures higher than 2 bar for SP at 50 W.
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Fig 5.4: Effect of hydrostatic pressure on DDcop of secondary sludge for different Pys and
probe sizes (Fs =20 kHz, ES = 50000 kJ/kgrs, T =28°C, and TS =28 g/L- Table 5.2): (a) 35
mm diameter probe (BP), (b) 13 mm diameter probe (SP) and BP at same Pys
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Fig. 5.4 indicates that the optimum pressure value is a function of both Pys and probe size. First with
the same probe (BP), the optimum shifts toward higher pressure when increasing Pys (and thus lys
proportionally): 1 bar (or even lower) at 50 W, 2 bar at 150 W, and 3.5 bar at 360 W (Fig. 5.4a). At
the much higher intensity delivered by SP, the optimum pressure was found at 1.5 bar at 50 W and
2.5 bar at 100 W (Fig. 5.4b). The decrease in DDcop observed when raising pressure above
atmosphere with BP at 50 W clearly shows that the expected positive effect of hydrostatic pressure
only occurs at sufficient lys (or acoustic pressure), unless cavitation intensity decreases. In other
words, at same Pys (50 W), different effects of pressure resulting from different emitter surfaces
indicate the dependence of optimum pressure on lys. With the exception of BP at 50 W, sonication
under convenient excess pressure significantly improves sludge disintegration efficiency compared
to atmospheric sonication, especially at high lys and at low ES as previously found in Fig 5.1:
DDcop improvements reach up to 95% for SP and 56% for BP (Fig. 5.5). Interestingly, at
—-eptimum” pressures, better sludge disintegration was found at 50 W (SP) than at 150 W (BP)

which is very different from results obtained at atmospheric pressure in Chapter 4 (cf. Fig. 4.1).
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Fig 5.5: Disintegration degree of secondary sludge as a function of ES at the optimal pressures of
each configuration (Pys, probe size): Fs=20kHz, TS =28 g/L - Table 5.2, and T = 28+2°C

Fig. 5.6 depicts the effect of lys under different pressures at same Pys (50 W) on secondary sludge
disintegration. First, as found in Chapter 4, the role of lys (at same Pys of 50 W with different probe
sizes, corresponding to lys of 5.2 and 37.7 W/cm?) is insignificant at atmospheric pressure.
However, its effect around the —eptimal” pressure becomes extremely high, e.g. at 50000 kJ/kgrs,

DDcop obtained with SP is 2.1 and 2.3-fold higher than with BP at 1.5 and 2 bar, respectively. Such
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effect, much higher than that of Pys depicted in Chapter 4 at atmospheric pressure, highlights the

complex interplay of the various parameters on cavitation efficiency.
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Fig 5.6: Effect of ES, US intensity (at same Pys) and pressure on secondary sludge disintegration: Fg
=20 kHz, TS=28 g/L - Table 5.2, and T = 28+£2°C

According to Lorimer and Mason (1987), increasing hydrostatic pressure leads to an increase in both
the cavitation threshold and the intensity of cavity collapse, which can be explained as follows:
when an acoustic field is applied to a liquid, the sonic vibrations create an acoustic pressure (Pj)
which must be considered to be additional to the ambient hydrostatic pressure (Py) already present in
the medium. As mentioned in Chapter 1, theoretical calculations from Noltingk and Neppiras
(1950), Flynn (1964), and Neppiras (1980), assuming an adiabatic collapse of the bubbles, allow
estimating the temperature (Tmax) and pressures (Pmax) Within the bubble at the moment of total

collapse according to:

. :I{ P, (Y—l)}
P

_ (¥ )
P (7 -1 |\.Y—1f-'
Prmx = P{ m( )
_ P
where T, is temperature of the bulk solution, y is the ratio of specific heats of the gas (or gas
vapour) mixture, P is the pressure in the bubble at its maximum size and usually assumed to be the
vapour pressure of the liquid, Pp, is the total solution pressure at the moment of transient collapse

(P~ Pn+ Pa).
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Thereby, increasing the hydrostatic pressure (Pp) leads to an increase in P, thus Pmax and Tpax, I.€.
cavitation intensity. On the other hand, as abovementioned, increasing Py also results in an increase
in cavitation threshold, thus the amplitude of acoustic pressure (P directly depending on lys) should
be in excess as compared to hydrostatic pressure for cavitation bubbles to be generated: indeed it
can be qualitatively assumed that if P, - Po> 0, there is no resultant negative pressure and cavitation

cannot occur.

All these combined effects explain why different lys values resulting either from a change of Pys or
probe size lead to different optimal pressures (Fig. 5.4) and why lys effect at given Pys becomes
important when moderately raising the pressure, resulting in an inhibition of cavitation for the big

probe and increased cavitation efficiency for the small one (Fig. 5.6).

In short, an optimum of pressure is achieved due to opposite effects of hydrostatic pressure: a
reduction of the number of cavitation bubbles due to a higher cavitation threshold, but a more

violent bubble collapse. This optimum pressure is both US power and intensity dependent.

5.2.3. Effect of very low frequency on the optimum pressure and subsequent DDcop

Synthetic WAS samples with TS of 28 g/L. were prepared for these tests (Table 5.3). The same ES of
35000 kJ/kgrs was applied using the 12 kHz sonicator with Pys of 150 and 360 W through the big
probe under pressure. Based on results at 20 kHz, the pressure range 1-4 bar was more carefully

investigated with closer intervals of pressure: 0.25 bar. Results are presented in Fig. 5.7.
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Fig 5.7: Effect of hydrostatic pressure on DDcop of secondary sludge for different Pys: BP, ES =
35000 kJ/kgrs, Fs =12 kHz, TS =28 g/L (Table 5.3), and T = 28°+2C
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As previously found at 20 kHz (see § 5.2.2), the optimum pressure shifts when increasing lys.
Besides, the location of this optimum seems to be independent from sound frequency in the
restricted investigated range: 2 bar at 150 W and 3.5 bar at 360 W (using 0.5 bar intervals) for 20
kHz as compared to 2.25 bar at 150 W and 3.25 bar at 360 W (0.25 bar intervals) for 12 kHz

sonicator.

Additional isothermal experiments were performed to further understand the effect of frequency on
sludge sonication under optimum pressure. Fig. 5.8 indicates that the lower the frequency, the more
the sludge is disintegrated, which generalizes the results of Tiechm et al. (2001), Zhang et al.
(2008a), Pham et al. (2009), and Carreére et al. (2010) to audible frequency. As compared to 20 kHz,
12 kHz isothermal sonication at the optimum pressure of 3.25 bar increases DDcop by 23% and
10% for ES of 7000 and 50000 kJ/kgrs, respectively. The frequency effect is therefore lower at the
optimum pressure than at atmospheric pressure: DDcop improvements by low frequency sonication

at 1 bar were 64% and 18% for ES of 7000 and 50000 kJ/kgrs, respectively (cf. Fig. 4.4).
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Fig 5.8: Effect of ES and frequency on secondary sludge disintegration under optimum pressure
(3.25 bar): Pys =360 W, BP, TS =28 g/L (Table 5.3), and T = 28°+2C
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5.3. CONCLUSIONS

The effect of hydrostatic pressure on sludge disintegration was studied for the first time using
pressurized nitrogen (1-16 bar) in different operating conditions related to sludge type (mixed and
secondary sludge), ES (7000-75000 klJ/kgrs), Pus (50-360 W), probe size (13 and 35 mm diameter
probes), and frequency (12 and 20 kHz).

The most effective isothermal sonication would be high Pys, low Fs, convenient excess pressure,
and adequate TS concentration, i.e. according to our equipment possibilities 360 W (35 mm diameter

probe), 12 kHz, 3.25 bar, and 28 grs/L, respectively.

As far as sufficient acoustic intensity was provided, an optimum pressure (> 1 bar) was found due to
an increase in both cavitation threshold and cavitation intensity when increasing hydrostatic

pressure.

Whereas Chapter 4 showed that effect of lys on DDcop was minor at atmospheric pressure, it was

found to be much higher under convenient hydrostatic pressure.

The major result was that the location of the optimal pressure depends on Pysand lys (or probe size),
but not on ES, sound frequency, nor sludge type. Such an important result would have to be checked

in other US applications.

In general, sludge disintegration efficacy was significantly improved by sonication at the optimum
pressure as compared to that at atmospheric pressure, especially at low ES, leading to a potential of
energy input savings in sludge sonication pretreatment, but also in most of ultrasound assisted
processes (since the energy to pressurize the solution to the corresponding moderate pressure levels

1s much lower than the observed energy savings).

105



CHAPTER 6

OPTIMAL SONICATION FOR PRETREATMENT OF SLUDGE

HIGHLIGHT

- US pretreatment of sludge under —adiabatic” conditions was optimized, regarding US parameters,

pressure, and operation mode.
- Apart from Pys and probe size, optimal pressure is dependent on temperature.

- Adiabatic sequential sonication using 5 min US-on at 360 W, 12 kHz, and 3.25 bar and 30 min US-

off is recommended.

- Methane production from sludge pretreated in optimal conditions is improved about 8% as

compared to raw sludge.

INTRODUCTION

Preliminary investigations reported in Chapter 3 clearly showed that sonication without cooling
(also called —adiabatic” sonication though heat losses are important) gave much better results than
isothermal treatment thanks to combined effects of cavitation and temperature rise due to the high
US energy dissipated in the sludge. Nevertheless as these two effects are not easy to separate, it was
decided to fully investigate both conditions: isothermal, as used in Chapters 4 and 5, to
conveniently work on ultrasound parameters - with sludge disintegration as a significant mean of
quantification in a fundamental sonochemical engineering approach - and without cooling to take
advantage of the temperature raise in a more application driven approach. This last case - where US
energy is optimized for sludge pretreatment as the specific US application - is detailed in this
Chapter 6. As previously found with isothermal operation, low frequency and high US power-short
time operation are supposed to be also more convenient in adiabatic condition, and here again
optimal hydrostatic pressure is searched for optimal sludge pretreatment. Some of these parameters
were separately investigated due to unavailable and limited equipment in the early stage of the
research. This part thus aims at optimizing sonication process for sludge disintegration by
simultaneous investigation of significant parameters, i.e. Pys, lys, temperature rise, pressure, and
operation mode (continuous vs. sequential sonication).
106



6.1. MATERIALS AND EXPERIMENTAL PROCEDURES
6.1.1. Sludge samples

Secondary sludge from the third sampling (see Table 2.3, section 2.2) was used for investigating the
efficiency of adiabatic sonication (varying Pys and probe size) at atmospheric and under pressure.

The properties of the corresponding synthetic sample are given in Table 6.1.

Synthetic samples of secondary sludge from the fourth sampling (see Table 2.4, section 2.2) were
used for optimizing sonication process (continuous VS. sequential treatment). Their properties are

given in Table 6.2

As already mentioned in previous chapters, investigation of a given parameter or parameter
combination was performed with the same sludge sample to ensure a meaningful comparison, as the

two secondary sludge samples resulted in different disintegration degrees (see Appendix 5).

Table 6.1: Characteristics of prepared sample from 3rd sludge collection (secondary sludge, recalled
from Table 3.3)

Parameter Value

Sludge sample Defrosted secondary sludge
Total solids (TS) (g/L) 28.0
Mean SCOD, (g/L) 2.8
SCODnaoHosm  (g/L) 22.7
TCOD (g/L) 36.3
SCODnaor/TCOD (%) 62.5

Table 6.2: Characteristics of prepared sample from 4th sludge collection (secondary sludge, recalled
from Table 3.4)

Parameter Value

Sludge sample Defrosted secondary sludge
Total solids (TS) (g/L) 28.0
Mean SCODy (g/L) 4.1
SCODnaoH 05M (g/L) 22.1
TCOD (g/L) 39.1
SCODnaon/TCOD (%) 56.5
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6.1.2. Experimental procedures

First, the effects of temperature rise under —adiabatic” US, which were preliminarily studied in
Chapter 3 with mixed sludge under standard conditions - 20 kHz, atmospheric pressure (section

3.2.3) -, were further investigated with secondary sludge, varying Pys and probe size.

Thereafter, the dependence of the pressure optimum upon thermal profile and the subsequent effects

on sludge US disintegration were looked into.

Adiabatic mode, low frequency (12 kHz), high power and convenient pressure excess were
separately proved to be efficient conditions for sludge sonication. Thereby, final optimization of
sludge US disintegration was performed in such conditions, varying Pys, hydrostatic pressure, as
well as sonication mode (sequential vs. continuous US). In addition to the benefit of sequential mode
observed under isothermal US, it was expected here to be also advantageous by limiting the
temperature raise under high Pys which could be detrimental to cavitation and equipment. Biological
methane potential (BMP) tests were finally carried out to assess the efficiency of sludge

pretreatment on methane production.

6.2. RESUTLS AND DISCUSSION
6.2.1. Adiabatic sonication at atmospheric pressure

Effect of Pys on DDcop in adiabatic conditions was investigated using the following ranges: 50-100
W for SP and 50-360 W for BP. Experiments were conducted at 20 kHz and under atmospheric

pressure. Results are given in Fig. 6.1.
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Fig 6.1: Effect of ES and Pys on DD¢op under adiabatic sonication (Fs = 20 kHz, secondary sludge
solutions with TS =28 g/L - Table 6.1, atmospheric pressure): (a) SP and (b) BP. Final temperatures
of adiabatic US are also given

As expected, evolution of sludge temperature was found to depend on Pys: higher Pys resulted in a
more rapid increase of temperature and yielded a higher final value at given ES as the reactor was
not fully insulated. In addition, and more surprisingly, different temperature profiles were also
observed with same Pys but different probe sizes: at 50 W, final T increased from 40°C to 46°C
when switching from SP to BP. This unexpected result means that the efficiency of ultrasound
transmission to the sludge is significantly better with the big probe than with the small one, maybe
due to limited wave propagation under intense cavitation. This effect (about 20%) cannot be

precisely quantified as temperature in the laboratory may have changed.

Fig. 6.1a, corresponding to SP, proved again the high Pys — short time mode to be the most effective
combination for sludge US pretreatment at atmospheric pressure, regardless of T control.
Nevertheless, the positive effect of Pys in adiabatic mode was not better than in isothermal mode:
for instance, at an ES value of 50000 kJ/kgrs, DDcop increased by 12% from 50 to 100 W, as
compared to 13% for isothermal sonication. That means there was no positive effect of the slight
temperature gain at 100 W as compared to 50 W (up to 17°C) despite the temperature level reached

was still moderate.

Conversely, the 50 W-sonication could have benefit from the temperature increase when switching
from SP to BP, as in the latter case higher DDcop were reached despite lower lys (Fig. 6.1b). With
BP, high power was only efficient in adiabatic conditions for ES values lower than 20000 kJ/kgrs

(when the increase in sludge T and US duration were still small). The apparently surprising reverse
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trend at higher ES, then higher T, might be explained by the result of lower US efficiency at higher
temperature: it is well known that cavitation bubbles accumulate higher fraction of water vapor
during the growth phase at low acoustic pressure, which will cushion bubble collapse and make it
much less violent. So in this range, the beneficial effect of T through thermal hydrolysis should be

overpassed by the detrimental effect on cavitation efficiency.

To further understand the effect of T on cavitation efficiency, additional experiments were
conducted on another secondary sludge (data was not shown) at 150W, atmospheric pressure, and
isothermal conditions at constant T of 28, 55, 80°C. Results, given in Fig. 6.2, show an increase in
DDcop when increasing T from 28 to 55°C but a decrease at T of 80°C. Moreover, there was only
small differences in DDcop between isothermal US and sole thermal hydrolysis at the same T of
80°C. It is then clear that cavitation intensity is significantly dampened at too high T sonication and

has much less effect than thermal hydrolysis.
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Fig 6.2: Effect of temperature on DDCOD by isothermal US (20 kHz, PUS = 150 W, BP, secondary
sludge solutions with TS = 28 g/L — Table 6.2, and atmospheric pressure) and thermal hydrolysis.

Coming back to previous results presented in Fig.6.1, it should be mentioned that they were
achieved on samples rapidly cooled at the end of sonication. In this case, the beneficial effect of
high temperature for hydrolysis could not be fully recovered during the shortest treatments as
thermal hydrolysis is a slower process than US solubilisation. Another comparison could then be
made based on the same treatment period, including sonication plus maturation under stirring
only. Thereby, additional experiments were conducted using BP at both same ES and treatment time
(including US and -thermal hydrolysis” after US). At 50 W, adiabatic US was applied in the ES
range of 7000-50000 kJ/kgrs and the solutions were then cooled down immediately to 28°C. At 150
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W and 360 W, US was turned off after same ES values were reached, but the stirrer was still
working (no cooling) until the whole durations equaled those of 50 W experiments. Temperature
evolutions (due to heat losses) corresponding to experiments at 50000 kJ/kgrs are depicted in Fig.
6.3. Results of DD¢op, given in Fig. 6.4, show again the high Pys — short time sonication to be the
best mode for sludge disintegration at atmospheric pressure, thanks to thermal hydrolysis after US
disintegration. Of course one may suggest that thermal insulation of our equipment would provide
even better results by keeping higher temperature. Note that such energy saving by insulating the

reactor could also save US energy for the same result in terms of DD¢op.
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Fig 6.3 : Temperature evolutions for experiments with BP using —adiabatic” US at ES = 50000
kJ/kgTS and stirring afterwards up to 240 min: FS = 20 kHz, secondary sludge solutions with TS =
28 g/L (Table 6.1), atmospheric pressure
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Fig 6.4: Effect of ES and PUS on DDCOD under adiabatic US followed by stirring up to 240 min
(same conditions as in Fig. 6.3)
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To sum up, the effect of T induced by sonication is rather complex and cannot be neglected. At
atmospheric pressure, sludge disintegration still benefits from high Pys if enough time is let for

thermal hydrolysis induced by US heating to operate.

6.2.2. Optimal pressure under adiabatic sonication

Based on isothermal results, optimal values of hydrostatic pressure under adiabatic US were
searched in the 1-5 bar range at a given ES value, but for different Pys (100-360 W) and probe sizes.
Results are shown in Fig. 6.5 where same ES (50000 kg/kgrs) but different treatment durations were
applied. This should however not much change the location of the optimum pressure, only the final
corresponding DD¢op value (for instance increased from 60% to 66% at 360 W when after 33 min

of US, the solution was let on stirring up to 78 min, to match the duration of the 150 W experiment).

Note also that data of Fig. 6.5 do not correspond to the same final temperature.
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Fig 6.5 : Effect of pressure on DDCOD under adiabatic sonication for different combinations of
PUS-probe sizes: ES = 50000 kJ/kgTS, FS =20 kHz, secondary sludge solutions with TS =28 g/L.
(Table 6.1)

Surprisingly, in adiabatic conditions, the same optimum pressure of 2 bar was obtained with the
same probe (BP) at different Pys (150 and 360 W) while an increase would be expected at higher
power according to isothermal data (section 5.2.2). The respective evolution of optimal pressure Vs.
Pus 1s complex in adiabatic condition and somewhat different with respect to isothermal case as the
result of opposite effects of T on cavitation intensity and thermal hydrolysis. As observed, optimum

pressures found under isothermal US were shifted differently depending on temperature profiles:
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slight increase at the moderate T resulting from 100 W adiabatic US with SP (from 2.5 bar -Fig.
5.3b- to 3 bar -Fig. 6.5), but a decrease at extreme T found at 360 W with BP (from 3.5 bar -Fig.
5.3a- to 2 bar -Fig. 6.5). This result was not expected and would deserve more analysis based on

single cavitation bubble dynamics at high pressure and high temperature.

6.2.3. Optimization of sludge sonication pretreatment

As previously found by investigation of separate effects of parameters, than a few convenient
combinations, low frequency, high Pys and adiabatic condition should be preferred to improve US
disintegration of sludge, while TS concentration and pressure give rise to optimal values. Moreover,
the pressure optimum was found to depend upon US parameters, as well as thermal effects induced
by cavitation. Then this last part of the work has been devoted to finalizing optimization of US
sludge disintegration by searching for the optimal hydrostatic pressure while setting the other
parameters at the most favorable conditions expected, i.e. 12 kHz, 360 W (BP), TS of 28 g/L (as

found optimal in all investigated cases, cf. Chapter 3 and Appendix 2), and adiabatic conditions.

It was also noted that sonication at high Pys resulted in too high sludge temperature, more than
80°C, while the safety range recommended by the manufacturer is less than 65°C for the 12 kHz
device. Extreme T might harm the transducer, lead to unstable Pys during sonication, and are not
convenient to provide intense cavitation. In fact, several runs were interrupted due to the high T.
Sequential sonication was therefore investigated to limit the T increase and possibly improve the
process. The comparison of continuous and sequential modes contributed to the optimization of

sludge sonication pretreatment.

Fig. 6.6 describes effects of continuous VS. sequential sonication on adiabatic sludge disintegration
using same ES value of 35000 kJ/kgrs and varying pressure in 1-3.25 bar range. Such ES value was
chosen to have a relatively short treatment time in the most severe conditions (23 min at 360 W), not
to harm the probe (erosion) nor the transducer (by limiting T). Corresponding temperature

evolutions are given in Fig. 6.7. The following conditions were investigated:
(i) 50W continuous sonication (164 min)
(il) 360W continuous sonication at 1, 2, and 3.25 bar (23 min)

(111) 23 min of 360 W continuous sonication, as in (ii), but followed by stirring (no sonication)

up to 164 min, to get the same treatment time as in (i) (marked as 360W- xx’ bar + stirring)
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(iv) sequence made of 1 min sonication at 360 W followed by 6 min stirring (no sonication)

and pursued for a total duration of 164 min (marked as 360W-1/6- xx’ bar)

(V) sequence made of 5 min sonication at 360W followed by 30 min stirring (no sonication)

and pursued up to 164 min of treatment (marked as 360W-5/30- ‘xx~ bar).

7100
90
80

DD(I(] D (%)

Fig 6.6: Comparison of continuous and sequential sludge US disintegration at different pressures
under adiabatic conditions: BP, ES = 35000 kJ/kgTS, FS = 12 kHz, secondary sludge solutions with
TS =28 g/L (Table 6.2)

For the continuous process, adiabatic sonication at 360 W under 2 bar was found as the best
condition, confirming the value of the optimum pressure found in Fig. 6.5 at this high Pys,
regardless of the total treatment time. It is interesting to note that the final temperature under 360 W
US increased from 80°C to 99°C with increasing hydrostatic pressure from 1 to 3.25 bar, proving a
better energy transmission at high pressures. Then this better transmission does not mean better
efficiency for sludge disintegration as abovementioned too high temperature is very detrimental for
cavitation intensity. As discussed previously, such high temperatures could have additional positive
effect due to thermal hydrolysis if the sludge is let under stirring. The comparison of all these runs
was thus preformed at the same total time to let thermal hydrolysis go on after intense sonication.
The corresponding three runs at 360 W showed much better DDcop thanks to thermal hydrolysis
and now 2 and 3.25 bar gave closer DD¢op, clearly higher than that at 1 bar. Again the benefit as

compared to the 50 W-operation was only significant if the whole treatment period was kept
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unchanged. However, temperatures of solutions at the end of the 360 W-continuous-sonication were

extremely high. Then its disadvantages as abovementioned could be avoided by sequential US.

For sequential mode, 360 W adiabatic US at 3.25 bar was the most efficient, followed by that at 2
bar and 1 bar. The pressure of 2 bar was thus no longer an optimum in the sequential process which
provided a very similar temperature profile at 2 and 3.25 bar (Fig. 6.7). In other words, the
surprising low optimum pressure found with 360 W continuous sonication (Fig. 6.5) was due to the
negative effect of very high temperature (99°C at 3.25 bar vs. 92°C at 2 bar). Besides, the advantage
of the 35 min period cycle (5/30) as compared to 7 min period cycle (1/6) at all applied pressures
might be due again to temperature effect, as max sludge T of 5/30 mode were higher than those of

1/6 mode.

70
380 W - 176 - 3.35 bar 360 W - 5430 - 3.35 bar

Temperature (°C)

S0 - 1 bar JO0W - 1/6 - L har 360 W - 5/30 - 1 bar
10 4

D T T T T T 1
0 30 11| a0 120 150 180

Tie (pdn)

Fig 6.7: Temperature evolutions of sequential sonication (same conditions as in Fig. 6.6)
At the same ES of 35000 kJ/kgrs and treatment time of 164 min, DDcop from optimal sequential
sonication was about 39% higher than that from 50 W-continuous-sonication and almost equal to the

best 360 W continuous operation, while yielding more reasonable temperatures.

In short, sequential sonication at 12 kHz and under 3.25 bar, with 5 min of adiabatic sonication at
360W and 30 min of stirring appears as the best combination to achieve a high sludge disintegration
degree with the advantage of maintaining T in the recommended range. The sample pretreated by
this procedure was then investigated for its methane production yield (BMP test) as compared to raw

sludge.
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6.2.4. Biochemical methane potential

To investigate the potential of methane production of pretreated sludge (using 12 kHz sonicator),

four sludge samples (TS of 28 g/L, Table 6.2) were prepared for BMP tests:
(S1) Raw sludge (unpretreated sludge),

(S2) Sludge pretreated in optimal conditions (sequential 5 min 360 W US-on/30 min US-off
pretreatment, ES = 35000 kJ/kgrs, Ph = 3.25 bar, and adiabatic mode),

(S3) Shortly sonicated sludge (ES of 7000 kJ/kgrs at 360 W + stirring up to 164 min, P, = 3.25

bar, and adiabatic mode), and
(S4) Mixture of raw and pretreated sludge (1/3 S1 and 2/3 S2)

S3 was tested to see if even a short US pretreatment (much less expensive) could have a significant
effect on AD, while S4 (mixture of 1/3 raw and 2/3 sonicated sludge) was checked to try to avoid the
initial delay observed in a preliminary test (see Appendix 8) and attributed to the destruction of the

sludge bacteria by sonication.

The cumulative volumes of methane produced by those samples are compared in Fig. 6.8. Their

rheology was also examined and is presented in Appendix 4.

4 ™
B A0
Z 1000 + 51
E P00 oo mSs2
B g00 [-----oeomoeeeeaeeees g £ -
g N
= 700 S S AS3
= o ?
g 600 prommeemeeeeeee ", 0 84
& s00 | | 1
= m * Inoculum
S 400 [ e AN NN ESSS
8 300 [ e |
e ;. Final points
a2 200 f T .
2 with error bars
£ 100 [ gw
% 0 oomy ® * *
= 0 20 40 60 80 100 120 140
Time (day)

Fig 6.8: BMP of pretreated sludge samples
In the first six days, the methane production rate was low for all samples due to the lag phase of

anaerobic digestion. Then the rate increased significantly till the 40" day and slowed down
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afterwards due to substrate limitation. It can be noticed that S2 exhibited a longer initial delay in
methane production as compared to the other samples (as observed in preliminary tests detailed in
Appendix 8). It could be due to the degradation of bacteria and enzymes under US. Within 80 days,
the cumulative methane production almost reached its maximum value. The final results showed
that all US pretreatment led to higher methane volume production than the raw sample, with
improvements of 8% for S3 and S4 and 4% for S2 as compared to S1, just above the measurement
uncertainty. The small differences of methane production measured by BMP tests make it hard to
choose any condition (ES value or fraction of the stream to go through the sonicator) for continuous
AD. Further investigations via continuous operation could be conducted, but probably with much

lower energy consumption as suggested below.

In short, US pretreatment conditions found in this work are good for sludge disintegration, i.e.
rupturing cell walls and facilitating the release of intracellular matters into the aqueous phase as
measured through DDcop. Nevertheless it could be concluded from this work that DDcop is not a
convenient parameter for subsequent AD. In terms of CH,4 production, very few gains were achieved
despite huge energy consumption and then much lower US energy should be tried. Finally, for the
main purpose of pretreatment, i.e. acceleration of hydrolysis stage and then enhancement of
anaerobic digestion, very important questions remain: why do several works claim US pretreatment
to be efficient for better AD? Might it be due to different sludge quality and/or to BMP test
conditions? As mentioned, large differences in DDcop were already observed depending on sludge
samples. Pretreatment effect could be more visible on sludge with longer age. Besides, BMP
protocol used in this work mainly focused on CH,4 production yield (with a small volume of
inoculum as compared to sludge volume) and did not give information on possible benefit regarding

AD kinetics.

6.3. CONCLUSIONS

This part aimed at obtaining with the available equipment the best conditions of sonication for
sludge disintegration by simultaneous investigation of low frequency, high power, hydrostatic

pressure, adiabatic mode, and continuous VS. sequential process.

First, the effect of T increase during sonication without cooling cannot be neglected both during and
after the process, as thermo hydrolysis is a rather slow process As a result, at same final time more

efficiency of sludge disintegration was achieved from high Pys and adiabatic US.
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Besides, positive effect of pressure associated with high power adiabatic US was also found.
Interestingly, apart from its dependence on Pys and probe size, the optimum pressure could be
affected by T. Concerning disintegration, a slight increase was obtained at moderate T, mainly due
to higher numbers of cavitation bubbles, then a decrease at extreme T (>80°C) due to the less violent

collapse of cavitation bubbles containing too much vapor.

For comparison of continuous and sequential modes, sequential adiabatic sonication using 5 min
US-on at 360 W, 12 kHz, and 3.25 bar and 30 min US-off showed the best efficiency of sludge

disintegration and the advantage of maintaining T in the recommended range.

Finally, US pretreatment only led to a slight improvement in methane production, always less than
10% with respect to raw sludge. This result is extremely disappointing as compared to several other
works, meaning that US pretreatment which proved to be efficient in solubilizing sludge organic
compounds has no significant effect on their subsequent AD. Nevertheless, it should be noted that in
better adiabatic process, with improved reactor insulation, higher temperature increase would be
obtained at same energy consumption and then same DDcop would probably require much lower

US energy.
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CONCLUSIONS

This research aimed at optimizing ultrasonic pretreatment of sludge to obtain the most suitable
conditions concerning sludge disintegration effectiveness prior to anaerobic digestion. The specific
objectives of this work were (i) investigation of main operation parameters including thermal effects
(i1) separate quantification of sonication parameter effects on isothermal sludge disintegration, (iii)
study of sludge US pretreatment under pressure and audible frequency for the first time, and (iv)

optimization of the whole set of parameters of US process which was hardly performed before.

Though having achieved very advanced COD solubilisation in optimal conditions, consecutive tests
of biochemical methane production (BMP) gave very disappointing results showing only marginal
effects. This result raises important questions: why did several authors claim that US increases either
kinetics and/or yield of methane production? Are such discrepancies due to different sludge
characteristics and/or to BMP test conditions? Did these works conveniently separate US effects
from other ones which would have performed the efficient pretreatment? Further studies dedicated

to AD kinetics and using different types of sludge would be required to answer these questions.

If the results of this work are still to be analyzed concerning the selected application of sludge
pretreatment towards AD, they are of major interests for a more general sonochemical engineering

approach.

New general knowledge on ultrasound processing may be outlined from this work as similar trends
were observed on different kind of physico-chemical quantities: COD, particle size, morphology,

viscosity.

First it has been confirmed that acoustic energy per unit solid weight is the most significant
parameter and that -kigh power - short time” procedure makes the most efficient use of this acoustic
energy, while sequential operation could bring a slight improvement. When investigating the effects

of acoustic intensity, again pressure and temperature conditions played a major role.

In addition, the two new major contributions pointed out in this work concern the significant
improvements always obtained at the optimum of hydrostatic pressure and at audible frequency (12

kHz) as compared to the standard atmospheric pressure and 20 kHz.
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Concerning low frequency, rather simple explanation may be given according to cavitation bubble
dynamics. The promising results presented here suggest to continue investigations of lower
frequency and to search an eventual optimum, having in mind the possible limitations due to noise

€XCESS.

Much more complex features were observed concerning pressure as the optimum depended not only
on ultrasonic intensity, but also on the selected temperature profile (i.e. constant by cooling or
increasing in pseudo adiabatic mode). In the specific case of sludge solubilisation, temperature has
simultaneous effects on thermal hydrolysis and on cavitation. The latter effect is very complex
according to cavitation bubble dynamics dampened by vapor content and the dependence of the
cavitation threshold on temperature and pressure. It can be concluded that optimal pressure and

temperature should be investigated (or at least verified) for each specific application.
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APPENDIX 1

SONICATION DEVICES
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Fig. Al.1: Schemes of the sonication devices:

(1) 12 kHz — SP; (2) 12 kHz — BP; (3) 20 kHz — SP; (4) 20 kHz - BP
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APPENDIX 2
OPTIMUM TOTAL SOLIDS FOR SLUDGE ULTRASONIC

PRETREATMENT AT LOW FREQUENCY, HIGH POWER INPUT,
AND HIGH PRESSURE

Preliminary tests (section 3.2.1.1), conducted at a given Pys (150 W), 20 kHz, adiabatic mode,
atmospheric pressure, and on mixed sludge, showed an optimum TS of 28 g/L for sludge US
pretreatment. In this part, the optimum TS was checked again at lower frequency (12 kHz), higher
pressure (1-4 bar), different Pys (150 and 360 W - BP), isothermal mode, and ES of 35000 kJ/kgrs.
Thereby, three synthetic secondary sludge samples from 4™ sampling (see Table 2.4, section 2.2)
with TS of 22, 28, and 34 g/L were prepared for these tests.

Results, presented in Fig. A2.1, show the optimum TS for secondary sludge US disintegration to be
also about 28 g/L at any pressure, low frequency and low temperature. Moreover, the same optimum

pressure found from different synthetic samples indicated optimum pressure not to depend on TS

concentration.
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Fig. A2.1: Effect of Py, TS, and Pys on sludge US pretreatment: BP, ES = 35000 kJ/kgrs, 12 kHz,
secondary sludge (Table 2.4), and T = 284+2°C. (a) Pys = 150 W, (b) Pys = 360 W
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APPENDIX 3
EFFECT OF ALKALI ADDITION ON THE EFFICIENCY OF SLUDGE

ULTRASONIC PRETREATMENT UNDER PRESSURE

INTRODUCTION

According to Wang et al. (2005), pH adjustment to a suitable value prior to US pretreatment is an
important step. However, sludge acidification was detrimental to US pretreatment performance,
especially at low pH values (Apul, 2009). Meanwhile, alkaline pretreatment enhanced sludge
solubilisation, anaerobic biodegradability, and methane production (Kim et al., 2003; Valo et al.,
2004). Therefore, the combined alkaline-US pretreatment, based on different mechanisms of sludge
disintegration (modification of structural properties and intense mechanical shear force), is expected

to take advantage of both and achieve a better efficiency of sludge pretreatment.

Sludge disintegration by US under optimum pressure was proved to be very efficient in Chapter 5
(isothermal mode) and confirmed in Chapter 6 (adiabatic mode). For given Pys of 150 W, BP, and

20 kHz, it was found an optimum pressure of 2 bar in both isothermal and adiabatic sonication.

This part aimed at investigating the combined effect of alkaline, external pressure, on sludge US
pretreatment with and without cooling (isothermal and —adiabatic” modes). Mixed sludge was used

and DDcop was the main parameter to assess the pretreatment efficiency.

1. Effect of alkaline pretreatment on DDcop

As presented in Chapter 3, NaOH was used to increase the pH of sludge (Kim et al., 2003; Jin et al.,
2009). The effect of alkaline pretreatment on DDcop was investigated by adding a given amount of
NaOH into the fixed volume of synthetic mixed sludge (Table 3.2) to ensure the same condition of
alkaline application: 22, 40, 47, and 77 mgnaon/grs (for comparison, 714 mgnaon/grs were used for
the measurement of the reference SCODyaon With TS = 28 g/L). These samples were labelled sol.

22, sol. 40, sol. 47, and sol. 77, respectively.

Fig. A3.1 recalls the effect of alkaline pretreatment on DDcop investigated by varying both alkaline

dose and holding time.
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Fig. A3.1: Effect of NaOH addition on mixed sludge disintegration at ambient T

DDcop increased continuously with NaOH dose in the investigated range. Recommended values for
NaOH dose vary between 50 and 200 mgn.on/grs to ensure that NaOH is in excess and achieves a
significant enhancement of DDcop (Kim et al., 2003; Bunrith, 2008; Jin et al., 2009). However,
after 30 min, DDcop value from sol.40 was almost double of that from sol.22, but close to that from
s0l.47. In other words, an increase of the NaOH amount from 40 to 47 mgnaon/grs resulted in a pH
jump of nearly one unit, without significant effect on COD solubilisation. Considering this pH
transition (and its final value, shown in Table 3.5), a dose of 40 mgy,on/grs could be selected as a

critical NaOH dose for chemical disintegration of sludge.

2. Comparison of sole ultrasonic and sole chemical pretreatment of sludge

Fig. A3.2 depicts the main results of US treatment carried out on the mixed sludge using the old
generator, Pys of 150W, BP, 20 kHz, with various thermal conditions (isothermal/adiabatic) and

external pressures (atmospheric/optimal value of 2 bar).

Conversely to chemical treatment which showed a fast COD solubilisation (after 30 min as
abovementioned), DDcop gradually increased during 2 h of sonication. The efficiency of US
resulted nearly equally from mechanical and thermal effects induced by cavitation as DDcop
obtained dropped from 32.8% under adiabatic mode to 19.1% under isothermal mode after 2 h of
sonication. When applying optimum pressure of 2 bar, DDcop was improved, up to 24% in

isothermal and 10% in adiabatic conditions.
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After 30 min under NaOH treatment, the volume mean diameter D[4,3] of mixed sludge was 288,
247, 203, and 133 pum for sol. 22, sol. 40, sol. 47, and sol. 77, respectively, compared to 370 um for
the untreated sample. For the same time under isothermal sonication, D [4,3] dropped to about 100
um. However, with the exception of sol. 22, a much higher DDcop was achieved by chemical
treatment. This could be explained that apart from causing the disintegration of floc structures and
cell walls, hydroxyl anions also resulted in extensive swelling and subsequent solubilisation of gels
in sludge (Kim et al., 2003). The higher the pH, the more easily the processes of natural shape
losing of proteins, saponification of lipid, and hydrolysis of RNA occur (Li et al., 2008; Carrére et
al., 2010).

7 ™
Temperature during the adiabatic sonication (°C)
I 1 1 T T T
25 4z 56 73 81 84
40 -
35 A s,
30 A
é 25 A
; 20 A p—
A _
2 15 4
& US, 1 bar, isothermal mode
10 + [OUS. 1 bar, adiabatic mode
. AUS, 2bar, isothermal mode
®US, 2bar, adiabatic mode
0 T T T T T T T )
0 10000 20000 30000 40000 50000 60000 70000 80000
ES (kd/kgrs)
b A

Fig. A3.2: Mixed sludge disintegration under US pretreatment: evolution of COD solubilisation as a
function of ES (Pys = 150 W, BP, 20 kHz, TS =28 g/L,). The upper y-axis indicates the evolution of

temperature during the adiabatic sonication (final T for each corresponding ES value).

3. Effect of NaOH addition prior to sonication under pressure

The alkalisation followed by US pretreatment procedure was chosen for alkaline-US experiments
(Jin et al., 2009). The effects of NaOH dose, ES (0-75000 kJ/kgrs), temperature profile
(isothermal/adiabatic conditions), and external pressure (atmospheric pressure/optimal pressure of 2
bar for this US system, found in Chapter 5 and 6) were examined in order to improve sludge

disintegration.

140



According to previous results in this work, an alkaline dose of 40 mgn.on/grs and a holding time of
30 min (section 3.2.1.5) were applied prior to US application. Besides, some positive effects of
external pressure were also observed, with an optimal of about 2 bar corresponding to US system of
150 W, BP, and 20 kHz. Therefore, subsequent US experiments at different ES (or sonication
duration) combining all parameters (pH adjustment, isothermal / adiabatic modes, and external

pressure application) were conducted for sol.40. The results are shown in Fig. A3.3.
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Fig. A3.3: Mixed sludge disintegration under alkali-US pretreatment: evolution of COD
solubilisation as a function of ES (Pys = 150 W, BP, 20 kHz, TS =28 g/L, NaOH dose =
40mgnaon/grs, holding time of 30 min).

The same conclusions prevailed regarding the effect of temperature and alkalisation, but at 2 bar of
external pressure, the overall process was still improved: up to about 46% of DDcop after 2 h of
sonication of sol. 40. The final pH of 7.6 was also suitable for AD. The solubilisation performance
depicted in Fig. A3.3 was somewhat lower than that reported by Jin et al. (2009) (about 45% with
99 mgnaon/grs and ES 12000 kJ/kgrs) and Kim et al. (2010) (50-60% for pH 9-10 and ES < 30000
kJ/kgrs). Apart from the higher NaOH doses applied, it could be due to different experimental
conditions as compared to the present work: substrates (WAS (Jin et al., 2009; Kim et al., 2010) vs.
mixed sludge), US apparatus (probe system (Jin et al., 2009; Kim et al., 2010) vs. cup-horn system),
US intensity and US density reflected by Pys, probe diameter, and volume of sludge per experiment
(300W (Kim et al., 2010) vs. 150W; 6mm (Jin et al., 2009) vs. 35mm of probe diameter; 0.1 L (Jin
etal., 2009; Kim et al., 2010) vs. 0.5 L of sludge).
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CONCLUSIONS

This part proved that US pretreatment of sewage sludge benefits from the combined effects of
generated heat, mild alkalisation, and also external pressure application, which was not investigated
in earlier works. It was confirmed that under controlled T condition, US and alkali pretreatments
have distinct mechanisms of action on sludge, resulting in different kinetics of COD release and
additive effects for low NaOH dose. Conversely, the chemical pretreatment hided the positive effect

of the heat generated by US under adiabatic condition.

Addition of low NaOH dose (between 22 and 40 mgn,on/grs) could be useful, that significantly
improved COD release under subsequent US treatment while resulting in a final pH value suitable
for subsequent AD. In the later condition, DDcop yield reached up to 46% at 75000 klJ/kgrs as
compared to 35% for sole US.
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APPENDIX 4
RHEOLOGICAL BEHAVIOR OF SONICATED SLUDGE

The rheological behavior of sludge treated in the best conditions found in Chapter 6 was looked into.

Three sludge samples (TS of 28 g/L, Table 3.4) were prepared for this test:
(S1) Raw sludge (unpretreated sludge),

(S2) Sludge pretreated in optimal conditions (sequential 5 min 360 W US-on/30 min US-off
pretreatment, ES = 35000 kJ/kgrs, 12 kHz, Py, = 3.25 bar, and adiabatic mode), and

(S3) Shortly sonicated sludge (ES of 7000 kJ/kgrs at 360 W and 12 kHz + stirring up to 164

min, Py = 3.25 bar, and adiabatic mode).

Apparent viscosity and Herschel-Bulkley parameters of these three samples and other samples
treated at T = 28°C, in different conditions of pressure (1/3.25 bar) and frequency (12/20 kHz), are

given in Table A4.1 for comparison purpose.

In Chapter 3 it was found that isothermal US (T = 28°C) at 20 kHz and atmospheric pressure did not
significantly affect the rheological behavior of sludge. Table A4.1 shows that this result can be
generalized to other pressures or frequencies accounting for the discrepancies in between raw

samples. A larger reduction of yield stress may be however attributed to the 12 kHz treatment.

In addition, it could be inferred from Table A4.1 that sludge viscosity reduction by mechanical
effect of US is enhanced thanks to the effect of temperature, €.9. Happ at y =1 s~ is divided by 4.0
and 7.5 as compared to raw sludge for isothermal and adiabatic US (360 W, 35000 kJ/kgrs 12 kHz,
3.25 bar), respectively. In this condition, the flow index comes close to 1, but the yield stress is still

significant.
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Table A4.1: Apparent viscosity and parameters of Herschel-Bulkley model for different sonicated
samples of secondary sludge (TS = 28 g/L, Table 6.2) (Pys =360 W)

Apparent viscosity
Yield stress Consistency Flow index

n Happ (Pa.s)
7 (Pa) K (Pa.s") n ()

y=1(6") vy=100(s"

Isothermal US (28°C) at 20 kHz and 1 bar
0 kJ/kgrs 0.124 0.072 0.680 0.266 0.018
7000 kJ/kgrs 0.093 0.066 0.667 0.196 0.015
Isothermal US (28°C) at 20 kHz and 3.25 bar
0 kJ/kgrs 0.124 0.072 0.680 0.266 0.018
7000 kJ/kgrs 0.109 0.041 0.712 0.138 0.012
Isothermal US (28°C) at 12 kHz and 1 bar
0 kJ/kgrs 0.246 0.057 0.731 0.399 0.019
7000 kJ/kgrs 0.123 0.053 0.684 0.196 0.014

Isothermal US (28°C) at 12 kHz and 3.25 bar

0 kJ/kgrs 0.246 0.057 0.731 0.399 0.019
7000 kJ/kgrs 0.087 0.051 0.683 0.163 0.013
35000 kJ/kgrs 0.079 0.029 0.724 0.099 0.009

Conditions of Fig. A4.1 (Sequential adiabatic US at 12 kHz and 3.25 bar)

S1 (0 kJ/kgrs) 0.312 0.113 0.646 0.486 0.025
S3 (7000 kJ/kgrs) 0.117 0.017 0.853 0.115 0.012
S2 (35000 kJ/kgrs) 0.069 0.007 0.947 0.065 0.008
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Fig. A4.1: Apparent viscosity versus shear rate of secondary sludge under US pretreatment: 360 W,
12 kHz, TS = 28 g/L (Table 3.4), adiabatic sonication, and 3.25 bar
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APPENDIX 5
DISINTEGRATION DEGREE OF DIFFERENT SLUDGE SAMPLES

(SAME TYPE OF SLUDGE)

As mentioned, different sludge collections were conducted during the thesis following the variations
of US equipment along this work. This appendix compares these different samples for the same

sludge type (e.g. secondary sludge) when treated at the same US conditions.

Thereby, synthetic secondary sludge samples from the first and third collections (given in Table 3.1
and Table 3.3, respectively) were treated at 20 kHz, Pys of 150 W (BP), isothermal mode (T =
28°C), and atmospheric pressure.

In addition, synthetic secondary sludge samples from the third and fourth collections (Table 3.4)
which were also treated in standard conditions (28°C, 1 bar), but at 12 kHz and 50 W (BP) were
compared.

Results depicted in Fig. A5.1 show that these secondary sludge samples collected at different times

of the work resulted in different US disintegration degrees. Obviously, comparisons to assess sludge

US efficiency were then always done on the same substrate.
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Fig. A5.1: Disintegration degree (DDcop Vs. ES) of different secondary sludge samples
(a): Pus =150 W, BP, Fs =20 kHz, T = 284+2°C, and atmospheric pressure

(b): Pus =50 W, BP, Fs = 12 kHz, T = 28+2°C, and atmospheric pressure
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APPENDIX 6
EFFECT OF THE PROBE SURFACE STATUS ON SLUDGE

ULTRASONIC PRETREAMENT EFFICACY

The probe surface has been progressively eroded along the operation time as shown in Fig. A6.1. Its
effect on sludge US efficiency was investigated using the 20 kHz equipment, Pys of 150W, ES range
of 7000-75000 kJ/kgrs, BP, isothermal mode, atmospheric pressure, and synthetic secondary sludge
sample given in Table 4.1. Results, depicted in Fig. A6.2, show a slight decrease in sludge US
pretreatment efficacy due to the erosion of the probe surface: about 10% at ES of 7000 kJ/kgrs but
less than 5% at higher ES values, which could be ignored.

~

©

Fig. A6.1: The surface of (a) the brand-new probe, (b) eroded probe, and (c) extremely eroded probe
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Fig. A6.2: Effect of the probe status on sludge US disintegration: Pys = 150 W, BP, Fs =20 kHz,

synthetic secondary sludge given in Table 4.1, T = 28+2°C, and atmospheric pressure
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APPENDIX 7
EFFECT OF FREQUENCY ON THE EVOLUTION OF COLLOIDAL

COD FRACTION DURING SONICATION

Fig. A7.1 depicts evolutions of colloidal COD fraction of secondary sludge (Table 4.2) during US at
different Fs. Unlike SCOD/TCOD which gradually increased following an increase in ES,
CCOD/TCOD increased quickly up to ES of 12000 kJ/kgrs, then slowed down, and almost reached a
plateau with ES more than 35000 kJ/kgrs. Regardless of Fs, CCOD/TCOD values were much higher
than SCOD/TCOD in the investigated ES range. In addition, both soluble and colloidal fractions
were increased under lower frequency sonication (12 kHz vs. 20 kHz) although the improvements

were rather low.
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Fig. A7.1: Effect of frequency on SCOD/TCOD and CCOD/TCOD during US: BP, Pys =360 W, TS
=28 g/L, secondary sludge given in Table 4.2, T = 28+2°C, and atmospheric pressure
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APPENDIX 8
PRILIMINARY TESTS OF BIOCHEMICAL METHANE POTENTIAL

To preliminarily investigate the potential of methane production of pretreated sludge (using 20 kHz
sonicator), four synthetic secondary sludge samples (TS of 28 g/L, Table 3.1) were prepared: (S1)
raw sludge (unpretreated sludge), (S2) US pretreated sludge | (150 W, 75000 kJ/kgrs, 2 bar, and T =
2842°C), (S3) US pretreated sludge Il (150 W, 75000 kJ/kgrs, 2 bar, and adiabatic mode), and (S4)
thermal pretreated sludge (T = 70+2°C for 2 h to get SCOD almost equal to that of S2). BMP tests
were performed during 75 days and the results are displayed in Fig. A8.1.

- ™
g 900 .
= A
R ) U B —_—
. -

E 0, "¢

FL I e A
= s
R . R . *S1
& o
é 500 Fooooee g e — mSs2
E 400 |- T AS3

*
g 300 b oAhg 0S4
S +
a 200 - e T
L)
£ 4+ nm
g 100 w: -------------------------------------------------------
E |:| ._th 1 i i i i i i i
0 10 20 30 40 30 60 70 80
Time (day)
s vy

Fig. A8.1: BMP of pretreated sludge samples

During the first month of the test, the CH,4 production rates of S1 and S4 almost linearly increased
while an initial delay (during the first week) was observed for sonicated sludge samples (S2 and S3)
which could likely be due to the degradation of bacteria and enzymes under US. The production

rates for S1 and S4 were then retarded and the accumulated CH4 almost reached the maximum
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steady value after 50 days of the test due to substrate limitation. For S2 and S3, after the initial
delay, the production rates significantly increased during the next 6 weeks and slowed down
thereafter. As compared to raw sludge (S1), the final results showed no improvement in CHs
production from thermal pretreated sludge (S4) while about 6% and 11% of improvement could be

achieved from S3 and S2, respectively.
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The objective of this work was to optimize the ultrasound (US) pretreatment of sludge. Three types of sew-
age sludge were examined: mixed, secondary and secondary after partial methanisation (“digested”
sludge). Thereby, several main process parameters were varied separately or simultaneously: stirrer
speed, total solid content of sludge (TS), thermal operating conditions (adiabatic vs. isothermal), ultra-
sonic power input (Pys), specific energy input (ES), and for the first time external pressure. This paramet-
ric study was mainly performed for the mixed sludge. Five different TS concentrations of sludge (12-36 g/
L) were tested for different values of ES (7000-75,000 kJ/kgrs) and 28 g/L was found as the optimum value
according to the solubilized chemical oxygen demand in the liquid phase (SCOD). Pys of 75-150 W was
investigated under controlled temperature and the “high power input - short duration” procedure was
the most effective at a given ES. The temperature increase in adiabatic US application significantly
improved SCOD compared to isothermal conditions. With Pys of 150 W, the effect of external pressure
was investigated in the range of 1-16 bar under isothermal and adiabatic conditions for two types of
sludge: an optimum pressure of about 2 bar was found regardless of temperature conditions and ES val-
ues. Under isothermal conditions, the resulting improvement of sludge disintegration efficacy as com-
pared to atmospheric pressure was by 22-67% and 26-37% for mixed and secondary sludge,
respectively. Besides, mean particle diameter (D[4,3]) of the three sludge types decreased respectively
from 408, 117, and 110 um to about 94-97, 37-42, and 36-40 pum regardless of sonication conditions,
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Pressure effect
Secondary sludge
Sludge disintegration
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and the size reduction process was much faster than COD extraction.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Due to economic reasons and/or negative impacts on environ-
ment, incineration, composting, ocean discharge, and land
spreading, known as the most common sludge disposal options
used over the years, are no longer sustainable. Meanwhile, anaer-
obic digestion (AD) of sludge is an efficient and sustainable tech-
nology for sludge treatment. However, a pretreatment of sludge,
which ruptures the cell wall and facilitates the release of intracel-
lular matters into the aqueous phase, is required to enhance the AD
as hydrolysis is the rate-limiting step of microbial conversion.

Ultrasound (US) irradiation has been reported as a promising
mechanical disruption technique, resulting in improved biodegrad-
ability and bio-solid quality [1], increased methane production [1-
3], sludge reduction [3,4], and less sludge retention time [5].

Despite ultrasonic sludge treatment reached commercial devel-
opments and gave rise to many works, none of them was carried
out to investigate the effect of pressure. Changing the hydrostatic
pressure will change the resonance condition of cavitation bubbles
via their equilibrium radius and then may drive the system toward

* Corresponding author. Tel.: +33 (0) 5 34 32 36 96; fax: +33 (0) 5 34 32 36 97.
E-mail address: ngoctuan.le@ensiacet.fr (N.T. Le).

1350-4177/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.ultsonch.2013.03.005

resonance conditions [6]. At resonance conditions, the rate and
yield of reactions will increase [7-9]. More probably, both the cav-
itation threshold and the intensity of cavity collapse increase fol-
lowing an increase in external pressure [10], suggesting a
possible optimum pressure. Brett and Jellinek [11] stated that bub-
bles could be visible for gas-applied pressure as high as 16 atm.
Nevertheless, nearly all the US experiments have been carried
out at atmospheric pressure. Only a few studies have been focusing
on how increasing static pressure affects cavitation.

Most works on pressure effects concern sonoluminescence, and
no consensus emerges about an optimum value as reported by
Chendke and Fogler [11,12]. The early works of Finch (1955) cited
by the authors indicated that the greatest sonoluminescence inten-
sity was observed in water at a static pressure of about 1.5 atm
(over an investigated range of 1-8 atm), but Chendke and Fogler
recommended a value of 6 atm to promote sonoluminescence in
nitrogen-saturated water [11]. In aqueous carbon tetrachloride
solutions, the intensity of the sonoluminescence did not show
any monotonous behavior: it first went up to 6 atm, then reached
a minimum at 8 atm, got a new maximum at 12 atm, and was final-
ly almost inhibited above 18 atm [12]. Whillock and Harvey [13]
investigated the effects of hydrostatic pressure on the corrosion
of 304L stainless steel in an ultrasonic field. An increase in pressure
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Table 1

Characteristics of the sludge samples.
Parameter Value

Mixed sludge Secondary sludge Digested sludge

Raw sludge samples
Total solids (TS) 285 mg/g 37.5¢g/L 14.0g/L
Volatile solids (VS) 238 mg/g 32.2¢g/L 11.9¢g/L
VS|TS 83.5% 85.8% 84.7%
Synthetic sludge samples
Total solids (TS) 28.0¢g/L 28.0g/L 28.0g/L 14.0 g/L 14.0g/L
SCODaoH 0.5 M 18.5 g/L 113 gL 229¢g/L 14.0 gL 11.0g/L
TCOD 36.5 g/L 183¢g/L 382¢g/L 19.1g/L 15.0 g/L

up to 4 bar at a constant temperature caused a strong increase in
corrosion rate. Closer to the present subject, Neppiras and Hughes
[14] investigated the influence of pressure (up to 5.8 atm) on the
disintegration of yeast cells and found an optimum value of 4 atm.

Following these researches, static pressure seems to be an
important parameter, but it has been marginally investigated due
to the complex equipments required. In case of sludge pretreat-
ment, external pressure should be varied simultaneously with
other related parameters, including total solid content of sludge
(TS), US power input (Pys), specific energy input (ES), thermal oper-
ating conditions, etc., in order to select optimal conditions for ac-
tual application. The effect of ultrasound will be presented in
terms of disintegration degree (organic matters solubilized in
liquid phase) and particle size reduction. The objective of this work

is to optimize high-power low-frequency ultrasonic pretreatment
of sludge, and especially to emphasize on static pressure for the
first time, which is expected to enhance sludge disintegration, to
increase methane production, and to facilitate the AD.

2. Materials and methods
2.1. Sludge samples

Three types of sludge were collected from Ginestous wastewa-
ter treatment plant (Toulouse, France) with a sufficient amount for

all experiments in this study: mixed sludge (solid form, after cen-
trifugation), secondary sludge (liquid form), and digested sludge

Cooling water
Inlet ‘ T Outlet
Manometer
Stirring (Control)
motor R N
Manometer 2
Safety valve x (React on)
ey (1
Regulation
Thermometer valve
(Reactor)
i Ballast
Thermometer
(Jacket)
Heating jacket l
1
Stirrer
CONTROL
US probe
PANEL
Cup-horn US device
Cooling air
Wattmeter Ultrasonic
Generator

Fig. 1. Ultrasonic autoclave set-up.
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Fig. 2. Effect of TS content on mixed sludge disintegration (DDcop): Pys= 150 W,
adiabatic condition and atmospheric pressure.

(liquid form, after anaerobic digestion process of the secondary
sludge). Their properties, given in Table 1, were evaluated accord-
ing to standard analytical methods (see Section 2.3).

For mixed sludge, it was sampled in 100 g plastic boxes and pre-
served in a freezer. Kidak et al. [15] reported that this preliminary
maintaining step might change some physical characteristics of the
sludge, but it should not significantly affect COD solubilisation re-
sults. It was confirmed in the present study, the difference in
sludge disintegration between fresh sludge (without freezing)
and frozen sludge was less than 5% on the whole ES range
(7000-75,000 kJ/kgrs).

Secondary and digested sludge lots were sampled in 1L plastic
boxes and stored at a constant temperature of 3-4 °C.

When performing experiments, the required amount of sludge
was defrosted (for frozen sludge) and diluted with distilled water
to prepare synthetic sludge samples with a given TS content.

2.2. Ultrasound application

Ultrasonic irradiation was emitted by a cup-horn ultrasound
unit (see Fig. 1) included in an autoclave reactor which was con-
nected to a pressurized N, bottle.

The reactor and its internals were made of 316L stainless steel.
The reactor internal diameter was 9 cm and its depth 18 cm, for a
usable capacity of 1L. A safety valve (HOKE 6500) limited over-
pressure to 19 bar. The solution was stirred by a Rushton type
turbine of 32 mm diameter, with an adjustable speed up to
3000 rpm. A cooling water stream (15°C) was continuously

DDcop (%)

circulated in an internal coil to maintain a constant temperature
(T) of the solution at 28 +2 °C during sonication.

The ultrasound system had a fixed frequency of 20 kHz and a
maximum total power of 200 W corresponding to Pys of 158 W.
The US device, supplied by Sinaptec, was composed of four ele-
ments: a piezoelectric transducer (M202045), a titanium booster
(B20B), an aluminum flange (AU4G) ensuring a good mechanical
connection, and an ultrasonic cup horn (PLANUS P2035041,
35 mm diameter probe) placed at the bottom of the reactor. The
transducer was cooled by compressed air during operation.

Prior to the application of external pressure to US pretreatment,
some process parameters were examined separately to identify
adequate values. For each experiment, a constant volume of syn-
thetic sludge sample (0.5L) was poured into the stainless steel
reactor. Five different sonication times corresponding to five values
of ES (7000, 12,000, 35,000, 50,000, and 75,000 k]/kgrs) were
tested.

ES = (Pys + t)/(V + TS)

with ES: specific energy input, energy per total solid weight (k]J/
kgrs), Pys: US power input (W), t: sonication duration (s), V: volume
of sludge (L), and TS: total solid concentration (g/L).

First, the influence of TS content (12-36 g/L), stirrer speed (250-
1500 rpm), and Pys (75-150 W) along with ultrasonic duration was
investigated for mixed sludge disintegration. Afterwards, separate
and combined effects of ultrasound and temperature (which in-
creased due to US) were examined for mixed and secondary sludge.
The effect of external pressure (in the range 1-16 bar) was then
evaluated for these two types of sludge. Finally, the best combina-
tion of process parameters was subsequently tested for all the
sludge samples.

2.3. Analytical methods

Total and volatile solids contents (TS and VS, respectively) were
measured according to the following procedure (APHA, 2005). TS
was determined by drying a well-mixed sample to constant weight
at 105 °C. VS was obtained from the weight loss on ignition of the
residue at 550 °C.

The degree of sludge disintegration (DDcop) Was calculated by
determining the soluble chemical oxygen demand after strong
alkaline disintegration of sludge (SCODyq0oy) and the chemical oxy-
gen demand in the supernatant before and after treatment (SCOD,
and SCOD, respectively) [16]:

DDcop = (SCOD — SCODy)/(SCODy,01 — SCODy) + 100(%);

--d& -+ US + 1500 rpm

. —8—250rpm

Time (minute)

Fig. 3. Effect of the stirrer speed on mixed sludge disintegration (DDcop): Pus =150 W, (when under US), controlled T (28 + 2 °C), and atmospheric pressure.



1206

16 P o S A e 0 SO RS O S
14 Jrmmmmmmmmm o
12 -ermrm e e TR

210 -

g 8 ceeenneoo —@—P=150W

2 4 - - -= - P=100W
4 1 k- P=T75W
2 ol o o OO v o . . 8, 9 B 0 1 0 3 B

0 10000 20000 30000 40000 50000 60000 70000 80000
ES (kJ/kegrs)

Fig. 4. Effect of specific energy input ES with three Pys on mixed sludge
disintegration (DDcop): t=0-233 min, controlled T (28 +2 °C), and atmospheric
pressure.

To measure the SCODyq0n Value, used as reference to evaluate
the efficiency of organic matter solubilization under US, the sludge
sample was mixed with 0.5 M NaOH at room temperature for 24 h
[17]. Besides, total chemical oxygen demand (TCOD) was also mea-
sured by potassium dichromate oxidation method (standard AF-
NOR NFT 90-101).

Prior to SCOD determination, the supernatant liquid was filtered
under vacuum using a cellulose nitrate membrane with 0.2 pm
pore size. COD of the filtered liquid was measured as per Hach
spectrophotometric method. The change in the SCOD indirectly
represents the quantity of organic carbon that has been transferred
from the cell content (disruption) and solid materials (solubilisa-
tion) into the external liquid phase of sludge. The experiments
were triplicated and the coefficients of variation (CV) were about
5%.

The particle size distribution (PSD) of sludge before and after treat-
ment was determined by using Malvern particle size analyzer (Mas-
tersizer 2000, Malvern Inc.), a laser diffraction-based system
(measuring range from 0.02 to 2000 pm). Each sample was diluted
approximately 300-fold in osmosed water, before being pumped
into the measurement cell (suction mode). The PSD was based on
the average of five measurements showing deviations of less than
3%. Optical properties of the material were set as default (refractive
index 1.52, absorption 0.1) appropriate for the majority of naturally
occurring substances. Since the primary result from laser diffraction
is a volume distribution, the volume mean diameter D[4,3] (or de
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Brouckere mean diameter) was used to illustrate the mean particle
size of sludge.

3. Results and discussion
3.1. Effect of TS concentration on DDcop

Five synthetic mixed sludge samples (S12, 524, 528,532, and S36
corresponding to 12, 24, 28, 32, and 36 g/L of TS, respectively) were
treated at atmospheric pressure, under adiabatic condition, and at a
constant Pys of 150 W - close to the maximum, because “high power
and short time” of US should be preferred for a given ES [15]. The
respective ES was varied (7000, 12,000, 35,000, 50,000, and
75,000 kJ/kgts) via the sonication time. The stirrer speed was ad-
justed to 500 rpm. The results are presented in Fig. 2.

SCOD gradually increased with sonication time (0-150 min) but
less and less and the relation between SCOD and TS content was not
simple because the best DDop was not found at the maximum TS.
For example, at ES of 7000 kJ/kgrs, SCOD was improved by 2.4-fold
when increasing TS from 12 to 24 g/L, but did not significantly
change for higher values. Fig. 2 actually exhibited a TS optimal va-
lue of 28 g/L in terms of DDcop over the whole ES range. This
behavior is in agreement with other studies [4,15,18-21] and can
be explained by explained by opposite effects. The increase in TS
provides more cells and aggregates to be in contact with cavitation
bubbles; thereby, the US power input, which is required to gener-
ate cavitation, is more efficiently consumed. Nevertheless, at high-
er sludge loading, the acoustic pressure field decreases faster from
the emitter due to the degraded propagation of the ultrasonic wave
in a denser suspension. Consequently, acoustic cavitation intensity
will be reduced. These two opposite effects lead to an optimum TS
concentration that could slightly depend on sludge characteristics,
operating conditions, reactor design, US power, and US frequency,
etc.

For all the following experiments of this work (excepting those
with digested sludge), synthetic samples were prepared to match
this 28 g/L TS concentration corresponding to values of TCOD and
SCODngop given in Table 1.

3.2. Effect of stirrer speed on DDcop
To decorrelate the effect of stirrer speed on DDcop when US is

applied, preliminary experiments at 250, 500, and 1500 rpm were
carried out under ambient conditions (controlled T of 28 + 2 °C,

T
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Fig. 5. Effect of temperature on (a) mixed sludge and (b) secondary sludge disintegration (DDcop): Pys =150 W (0 W for thermal hydrolysis), TS = 28 g/L, and atmospheric

pressure.
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Fig. 6. Effect of external pressure on mixed sludge disintegration (DDcop):
Pys =150 W, controlled T (28 °C), and TS = 28 g/L.

atmospheric pressure) with mixed sludge. Fig. 3 exhibits the
resulting time-evolution of DD¢op.

As expected, for blank experiments (without US), the faster the
stirring was, the higher the sludge disintegration was: after 2 h of
stirring, DDcop was 0.8%, 1.8%, and 3.3% for a stirrer speed of 250,
500, and 1500 rpm, respectively. However, these DDop values as
well as the differences observed among the three corresponding
series under US were rather low, which indicated that the main
role of the stirrer was to make a homogeneous solution, rather
than to significantly enhance the transfer of organic matters from
solid to aqueous phase.

Under US, DD¢op increased when raising the stirrer speed from
250 rpm to 500 rpm, but decreased at 1500 rpm. The reactor was
not equipped with baffles. Consequently high rotation speed of
the whole liquid resulted in the centrifugation of particles, leading
to less particles present in the central zone where US is concen-
trated, then to a decrease of the sludge US pretreatment efficiency.
In addition, aeration could occur and its main effect would be to se-
verely damp the acoustic waves. Therefore, a stirrer speed of
500 rpm was applied in subsequent experiments of this work.

3.3. Effect of US power input along with sonication duration

Three different Pys (75, 100, and 150 W) were tested under a
controlled T of 28 °C and at atmospheric pressure. In each case,
ES values of 7000, 12,000, 35,000, 50,000, and 75,000 k]/kgrs were
applied by varying the sonication duration. The corresponding per-
formance reflected by DDcgp is illustrated in Fig. 4.

For all Pys, the disintegration of sludge increased gradually with
sonication time t. A quasi-linear increase of DDop was observed in
the ES range of 0-50000 kJ/kgrs (up to about 12-13%), followed by
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a slower increase until the end of the process (about 14-16% at ES
of 75,000 Kk]/kgrs). This complies with recent researches [5,19,21].

For a given ES value, DDcop was the highest in 150 W experi-
ments, followed by 100 W and 75 W experiments. This effect was
best observed in the first stage of the process (ES < 50000 Kk]/kgrs).
Afterwards (ES > 50000 k]/kgrs), DDcop values did not exhibit
notable discrepancies for most combinations of Pys and t. For in-
stance, the highest differences were observed at ES of 12,000 kJ/
kgrs: DDcop of [75 W-37 min] and [100 W-28 min] experiments
represented respectively, 66% and 93% of that measured after
applying 150 W during 19 min. At ES of 75,000 kJ/kgrs, DDcop val-
ues obtained for all Pys differed by less than 10%.

Although it did not result in a significant enhancement of
DDcop, the “high power input - short duration” sonication procedure
proved, again, to be the most effective combination for sludge pre-
treatment in isothermal conditions, as already reported by other
researchers [4,15,18,22,23]. The reason could be attributed to the
relative resistance of municipal sludge particles to ultrasonic dis-
ruption (especially fibrous particles), requiring high values of Pys
[15]. A US power input of 150 W was applied in all following
experiments.

3.4. Effect of temperature and of sludge type on DDcop

The ultrasonic pretreatment has two simultaneous effects: (i)
extreme macro and micro mixing caused by the cavitation, and
(ii) increase in the bulk temperature. To evaluate their individual
contribution, three operating procedures were carried out for
mixed and secondary sludge: (1) US under isothermal conditions
(cooling at 28 °C), (2) US under adiabatic conditions, (3) thermal
hydrolysis: without US, progressive increase of T up to 77 °C as
found in (2).

Results, illustrated in Fig. 5a and b, show the disintegration
(ultrasonic or thermal pretreatments) of secondary sludge to be
about 3-fold higher than that of mixed sludge. As confirmed by
Show et al. [21], secondary sludge, mainly composed of biological
substances (derived from activated processes), is readily disrupted,
while mixed sludge (mixture of primary and secondary sludge)
contains many non-degradable materials from primary sludge
(plastic, textile, fibrous, born, sand...) that cannot be easily
disintegrated.

At all observed times and with both types of sludge, DDcop
values under adiabatic sonication were the highest, followed by
those at low temperature sonication and thermal hydrolysis. DDcop
values of sonicated samples under cooling (28 °C) were about half
those obtained under adiabatic conditions (uncontrolled T).

In accordance with recent works [15,17,22], the higher the tem-
perature, the higher the ultrasonic disintegration efficiency. This is
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Fig. 7. Effect of external pressure on (a) mixed sludge and (b) secondary sludge disintegration (DD¢op): under different temperature conditions: Pys =150 W, TS = 28 g/L. (a)
ES = 35,000 kJ/kgrs. The final temperature in adiabatic mode was about 75 °C. (b) ES = 75,000 kJ/kgrs. The final temperature in adiabatic mode was about 85 °C.
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and TS = 14 g/L (a) isothermal condition (28 °C) and (b) adiabatic condition.

opposite to most power US applications as cavitation intensity is
higher at low temperature. In short, it is clear that ultrasonic disin-
tegration of sludge is the result of two different effects: the specific
cavitation effect and the thermal effect. Despite lower
performances, next experiments were conducted under isothermal
condition to have a clear understanding of US effect under different
values of static pressure.

3.5. Effect of external pressure on DDcop

Experiments to investigate the effect of the external pressure
(1-16 bar) on the efficacy of ultrasonic pretreatment of sludge
were carried out for mixed sludge in the following conditions:
optimum TS of 28 g/L, isothermal mode, Pys of 150 W, and ES in
the range of 0-75,000 kJ/kgrs. Results are presented in Fig. 6.

All curves corresponding to different ES values show the same
trends of DDcop: an initial increase up to 2 bar and a decrease
thereafter, noticeably at pressures over 4 bar. Compared with
experiments at atmospheric pressure, sludge disintegration effi-
cacy was significantly improved at the optimum pressure of
2 bar and this effect was relatively high at low ES, with a maximum
improvement of 67% at 7000 k]/kgrs (Fig. 6). It is interesting to note
that beyond the optimum pressure (about 2 bar), the decrease of
DDcop was faster at higher ES. With the exception of the lowest
ES (7000 and 12,000 KkJ/kgys), all DDcop values were lower at
6 bar than those at atmospheric pressure. Nevertheless, the posi-
tive pressure effect up to 2 bar might lead to energy savings in
sludge pretreatment applications with ultrasound. For instance,
at the optimum pressure, DDcop obtained with ES of 7000,
35,000, and 50,000 k]/kgrs were higher than those at atmospheric
pressure with ES of 12,000, 50,000, and 75,000 k] /kgrs, respectively.

To examine the effect of pressure (1-16 bar) along with temper-
ature during sonication, further experiments were performed un-
der adiabatic condition. The results, shown in Fig. 7a and b, once
again confirmed the optimum pressure found in this work to be
about 2 bar regardless of temperature and sludge type.

According to Thompson and Doraiswamy [6], increasing the
external pressure increases the cavitation intensity and conse-
quently results in an overall improvement of the US efficiency.
Conversely, increasing the external pressure also leads to an
increase in the cavitation threshold [10]. Thereby, to produce
cavitation at higher static pressures, the acoustic pressure must
be increased via an increase in US intensity. However, at a given
US intensity, a too high static pressure prevents bubble formations,
cavitation, and then sludge ultrasonic disintegration. To sum up, as
suggested by a simple analysis, an optimum pressure was expected

due to opposite effects of external pressure: a reduction of the
number of cavitation bubbles due to a higher acoustic cavitation
threshold, but a more violent bubble collapse. The major result is
that the optimum pressure seems to depend neither on the energy
input, nor on the sludge type, nor on temperature that might be
surprising.

Although mixed and secondary sludge led to very different
DDcop, the same order of sludge disintegration effectiveness was
observed regardless of sludge type: (i) US + uncontrolled T + opti-
mum pressure of 2 bar > (ii) US+ uncontrolled T+ atmospheric
pressure > (iii) US + controlled T (28 °C) + optimum pressure of
2 bar > (iv) US + controlled T + atmospheric pressure. These condi-
tions (ii) and (iii) showed the effect of pressure to be less than that
of the temperature increase due to US.

The disintegration of different sludge types (mixed, secondary,
and digested sludge) was investigated for a reduced TS of 14 g/L
(as digested sludge was not available at 28 g/L), the optimum pres-
sure of 2 bar, and both isothermal and adiabatic modes. Results are
given in Fig. 8a and b. As previously found, adiabatic US was more
efficient than isothermal US in terms of sludge disintegration, with
an improvement of 22-82%, 39-88%, and 33-86% for mixed, sec-
ondary, and digested sludge, respectively. The results indicated
the highest disintegration of secondary sludge, followed by
digested sludge and mixed sludge regardless of temperature
control.
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Fig. 9. Mean particle size evolution of mixed sludge (based on D[4,3]) during US
pretreatment with different Pys values: controlled T (28 +2 °C) and atmospheric
pressure.
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3.6. Particle size reduction

Ultrasonic pretreatment is also very effective in reducing the
particle size, which is sometimes used to assess the degree of
sludge disintegration and commonly analyzed by laser diffraction.
The reduction in particle size should accelerate the hydrolysis
stage of sludge AD and enhance degradation of organic matters.
However, this parameter was not advised for process optimization
[24].

Fig. 9 describes D[4,3] evolution of mixed sludge samples as a
function of ES for the three investigated Pys at atmospheric pres-
sure. Gonze et al. [25] found that particle size was decreased grad-
ually with the increase in sonication time and a reverse trend
occurred after 10 min of sonication due to the re-flocculation of
the particles. However, this phenomenon was not found in this
work, probably due to higher ultrasound power. In order to better
understand the effect of sonication on particle charges, zeta poten-
tial measurements were performed. First, zeta potential could not
be measured with the actual suspension -due to too high particle
size- but only with filtered suspension (<1 pm). Sonication was
shown to have only marginal effect on zeta potential: —11.3 and
—13.2 mV corresponding to pretreated sludge at 7000 kJ/kgrs and
50,000 KkJ/kgrs, respectively, as compared to that of —6.94 mV for
unpretreated one. These small variations indicate a very low mod-
ification of surface charges leading to even more stability. This re-
sult is then in agreement with the absence of re-flocculation.

Compared with the untreated sludge, particle size was reduced
by 68-77% following the subsequent increase in ES of 7000-
75,000 kJ/kgrs. Main reduction of D[4,3] was observed within a
much shorter duration compared to the time required for a signif-
icant COD release in the aqueous phase: after 10-20 min of sonica-
tion, a quasi-plateau was reached to about 100 um regardless of

Pys. Other works [5,22] came to the same conclusion of a fast par-
ticle size reduction within a very short sonication time.

In the ES range of 7000-75,000 K]J/Kkgrs, dgo, ds¢, and d;¢ values of
mixed sludge decreased by 74%, 70% and 58%, respectively. This
indicated that different particle sizes had slightly different reduc-
tion extents, in which large particles were disrupted more effec-
tively by US than smaller ones due to their larger surface
exposed to sonication or to different consistency. This point, also
illustrated in Fig. 10 showing a very fast reduction of the class of
large particles (about 1000 pm), is similar to conclusions in previ-
ous works [19,21]. As shown on Fig. 10, the distribution of initial
sludge was cut at 1950 pm corresponding to 99.86% of cumulative
volume. Then the residual larger particles may be ignored.

When US experiments were conducted at optimum pressure,
although the kinetics of disruption was slightly faster, the differ-
ence in final particle diameter compared to that at atmospheric
pressure was negligible (Fig. 11). For instance, the enhancement
of particle size reduction of mixed sludge dropped from 9.3% at
7000 kJ/kgrs to less than 1% at 35,000-75,000 k]/kgrs. In accor-
dance with Show et al. [21], the mean particle size of secondary
and digested sludge was lower after US treatment than that of
mixed sludge due to the aforementioned differences of properties.

4. Conclusions

Mixed sludge samples with different TS contents were pre-
treated with various sonication durations. An initial value of
28 g/L always yielded the highest COD release in the aqueous phase
(DD¢op)-

Different US/temperature combinations were then investigated
to evaluate the effect of US. At any sonication time (or US specific
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energy ES), DDcop values were the highest under adiabatic sonica-
tion, followed by those obtained by sonication under cooling, and
then thermal hydrolysis ones regardless of sludge type. The effect
of US was clearly more important than that of sole thermal hydro-
lysis obtained with the same temperature-time profile. The effect
of external pressure on US sludge pretreatment was studied for the
first time on mixed and secondary sludge using pressurized nitro-
gen in the range of 1-16 bar. At 150 W of Pys, DDcop exhibited an
optimum with respect to applied pressure at about 2 bar for all
applied ES values. At the optimum pressure and low ES (7000 k]J/
kgrs), disintegration efficacies of secondary and mixed sludge were
improved up to 37% and 67%, respectively, compared to those at
atmospheric pressure.

Compared with the untreated sludge samples, mean particle
size of mixed, secondary, and digested sludge was decreased by
68-77%, 55-68%, and 44-67%, respectively and particles were
almost entirely disrupted in the initial period of the ultrasonic
process. At 2 bar, the final size was nearly obtained at the first
sampling time. The great difference in the kinetics of the two phe-
nomena- fast size reduction and slower COD removal in liquid
phase- should be emphasized and demonstrate that particle size
is not the key parameter to follow COD solubilization.

All these data suggest that the best energy efficiency would cor-
respond to short US exposure at the optimal pressure and under
adiabatic condition. The under pressure ultrasonic pretreatment
of sludge might offer a significant potential of energy savings in
sludge pretreatment applications with ultrasound.
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This work aimed at understanding the combined effect of sludge pH, temperature, and external pressure
on the efficiency of sewage sludge ultrasound (US) pretreatment. Based on the evolution of both the
degree of sludge disintegration (DDcop) and pH, application of 40 mgnaon/gTs during 30 min was selected
for chemical pretreatment. Mechanical and thermal effects induced by cavitation contributed in similar
proportion to sludge disruption, but the role of the latter effect tended to be weakened after mild
alkalisation of sludge. When applying external pressure, DDcop was always improved, by about 10% at the
optimal value of 2 bar. The optimal combination was an addition of 40 mgnaon/grs prior to adiabatic

K ds: .. ..
A‘IEI{:l/iozratSion sonication at 2 bar, resulting in a DD¢op value of about 46% at 75,000 kJ/kgrs (as compared to 35% for sole
Sonication US) for the investigated mixed sludge. Very short time US application yielded a drastic reduction of the

Sludge disintegration volume mean particle size, mainly due to the erosion and disruption of large flocs (>90 um), yet this was

Chemical oxygen demand
Particle size distribution
Mixed sludge

not sufficient to initiate significant subsequent COD solubilisation under stirring.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The first objective of sewage sludge treatment is to remove
organic matters and water, which reduces the volume and mass of
sludge and also cuts down toxic materials and pathogens. Biolog-
ical, mechanical, chemical methods and thermal hydrolysis have
been listed as popular techniques for sludge pretreatment (Carrére
et al,, 2010). Among these techniques, anaerobic digestion (AD) is
the most traditional one. However, this process is limited by long
sludge retention time and rather low overall degradation efficiency.
Sludge mainly consists of microbial cells that limit the biodegrad-
ability of intracellular organic matters by their walls (Kim et al.,
2010). Therefore, sludge disintegration pretreatment, which dis-
rupts sludge flocs, breaks cell walls, and facilitates the release of
intracellular matters into the aqueous phase, can be considered as a
simple approach for improving rate and/or extent of degradation.

Ultrasonication (US) is a promising applicable mechanical
disruption technique for sludge disintegration and microorganism
lyses. However, US requires high energy input, generally referred as
the specific energy input (ES) in k]/kg of dried sludge, and causes
great discussions due to economic issues in practical application.
This high cost could be reduced by the combination with other

* Corresponding author. Tel.: +33 (0) 5 34 32 36 78; fax: +33 (0) 5 34 32 36 97.
E-mail address: henri.delmas@ensiacet.fr (H. Delmas).

0301-4797/$ — see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.jenvman.2013.06.001

pretreatment methods, the adjustment of sludge properties (total
solid content (TS), pH, and volume of sludge, etc.), and/or the
optimisation of ultrasonic parameters (frequency, specific energy
input, intensity, density, etc.), and external pressure, etc.

According to Pilli et al. (2011), the effects of sonication param-
eters and sludge properties on solubilisation of the chemical oxy-
gen demand (COD) can be rated as follows: sludge pH > sludge
concentration > ultrasonic intensity > ultrasonic density. This
suggests that pH adjustment to a suitable value prior to US pre-
treatment is an important step.

Sludge cells were proved to be disintegrated and dissolved by
acidic treatment. Only the acid dose significantly affected the sol-
ubilisation of sludge (Woodard and Wukash, 1994). The optimal pH
values for reducing volatile suspended solids and excess sludge
subsequently varied between 1.5 (Woodard and Wukash, 1994) and
3 (Neyens et al., 2003). However, acidic pretreatment alone
exhibited a very low performance as compared to US pretreatment
for releasing organic matters into the liquid phase. Moreover,
sludge acidification was detrimental to US pretreatment perfor-
mance, especially at low pH values (Apul, 2009).

On the other hand, alkaline pretreatment enhanced sludge
solubilisation, anaerobic biodegradability, and methane production
(Kim et al., 2003; Valo et al., 2004). Besides, the combination of
alkaline and US gave better performances of TS solubilisation as
compared to both thermo-acidic and US-acidic pretreatments (Liu
et al, 2008). Moreover, Chu et al. (2001) showed that
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extracellular polymeric substances (EPS) and gels surrounding cells
limit the efficiency of ultrasonic treatment on sludge disintegration.
Adjusting the pH of sludge to alkali value promotes EPS hydrolysis
and gel solubilisation. After that, cell walls cannot maintain an
appropriate turgor pressure (Jin et al.,, 2009) and easily disrupt.
Therefore, the combined alkaline-US pretreatment, based on
different mechanisms of sludge disintegration (modification of
structural properties and intense mechanical shear force), is ex-
pected to take advantage of both and achieve a better efficiency of
sludge pretreatment. Some synergetic effects were even noticed
(Kim et al., 2010). In near-neutral pH conditions (pH 7—8), waste
activated sludge (WAS) solubilisation obtained from combined,
chemical, and US (1.9 W/mL, 60 s) pretreatments was 18, 13.5, and
13%, respectively (Bunrith, 2008). At higher pH values (pH 11-13),
the solubilisation reached 60—70% with the combined method (ES
7500—30,000 kJ/kgrs) while it never exceeded 50% in individual
pretreatments (Jin et al., 2009; Kim et al., 2010). Methane pro-
duction yield derived from full stream combined-pretreated sludge
(pH 9, ES 7500 KkJ/kgrs) was also 55% higher than that from the
control (Kim et al., 2010).

The chemicals used for increasing the pH of sludge also affect
WAS solubilisation efficacy: NaOH > KOH > Mg(OH), and Ca(OH),
(Kim et al., 2003; Jin et al., 2009). Ca** and Mg?* are key substances
binding cells with EPS. As a result, their presence may enhance the
reflocculation of dissolved organic polymers (Jin et al., 2009),
leading to a decrease in soluble COD. On the other hand, over-
concentration of Na* (or K*) was reported to cause subsequent
inhibition of AD (Carrére et al., 2010).

For ambient conditions of US process, modification of external
pressure was proved to change cavitation intensity (Thompson and
Doraiswamy, 1999), and to improve the rate and yield of US-assisted
reactions (Cum et al., 1988). However, most US experiments have
been carried out at atmospheric pressure; only a few studies have
been focussing on how increasing static pressure affects cavitation
but they almost concern sonoluminescence. To our knowledge, we
have conducted the first study about the effect of pressure (1—
16 bar) on sludge US pretreatment (Le et al., 2013). We found an
optimum pressure of 2 bar for sludge disintegration regardless of ES
(Pys of 150 W), temperature, and sludge type. At this optimum
pressure and over the ES range of 7000—75000 kJ/kgrs, adiabatic US
was more efficient than isothermal US (with an improvement of 22—
82%, 39—88%, and 33—86% for mixed, secondary, and digested
sludge, respectively). These conditions were therefore applied in the
present work for the mixed sludge. Solubilisation of COD, evolution
of pH, and evolution of particle size distribution were examined for
separate, then combined, US and alkaline pretreatments.

2. Materials and methods
2.1. Sludge samples

Mixed sludge was collected after centrifugation from Ginestous
wastewater treatment plant (Toulouse, France) with a sufficient
amount for all experiments in this work. Its properties, given in
Table 1, were evaluated according to standard analytical methods
(see § 2.3).

It was sampled in 100 g plastic boxes and preserved in a freezer.
Kidak et al. (2009) reported that this preliminary maintaining step
might change some physical characteristics of the sludge, but it
should not significantly affect COD solubilisation results. It was
confirmed in this work, the difference in sludge disintegration
between fresh sludge (without freezing) and frozen sludge was less
than 5% on the whole ES range (7000—75,000 kJ/kgrs).

When performing experiments, the required amount of sludge
was defrosted and diluted with distilled water up to 500 mL per

Table 1

Characteristics of the sludge sample.
Parameter Value
Raw sludge
pH 6.3
Total solids (TS) 270 mg/g
Volatile solids (VS) 233 mg/g

VS/TS 86.2%
Synthetic sample

Total solids (TS) 28.0g/L
SCODNaoH 0.5 M 19.6 g/L
Total COD (TCOD) 389 g/L

experiment. According to our previous results (Le et al., 2013), the
optimum TS concentration for sludge ultrasonic disintegration was
28 g/L.

2.2. Ultrasound application to original or alkalized sludge

The US stainless steal reactor (9 cm internal diameter and
18 cm height) consisted of a cup-horn type transducer (35 mm
diameter probe) and was connected to a pressurized Ny bottle
(Fig. 1). The sludge solution was stirred by a Rushton type turbine
of 32 mm diameter, with an adjustable speed up to 3000 rpm.
Cooling water was allowed to circulate in an internal coil to
maintain a constant temperature (T = 28 4+ 2 °C) during
isothermal sonication tests.

The US system had a fixed frequency of 20 kHz, and a maximum
total power of 200 W corresponding to an ultrasonic power input
(Pys) of 158 W. The transducer was cooled by compressed air during
operation.

US tests were performed at the highest Pys (150 W) as it proved
to be the most effective in isothermal conditions. A convenient
stirrer speed of 500 rpm, as also found in previous work, was
applied in all tests.

For each experiment, a constant volume of synthetic sludge
sample (0.5 L) was poured into the stainless steel reactor. Five
different sonication times corresponding to five values of ES (7000,
12,000, 35,000, 50,000, and 75,000 kJ/kgrs) were tested.

ES = (Pys*t)/(V*TS)

with ES: specific energy input, energy per total solid weight (kJ/
kgrs), Pus: US power input (W), t: sonication duration (s), V: volume
of sludge (L), and TS: total solid concentration (g/L).

According to previous studies (Kim et al., 2003; Jin et al., 2009),
NaOH was used for adjusting the pH of sludge. Regarding the
treatment sequence, “alkalisation followed by ultrasonic pretreat-
ment” was more effective than the reverse combination, as it allows
the US treatment to benefit from the weakening of the sludge
matrix. Conversely, the disrupted floc fragments could be re-
aggregated into compact structures by the subsequent NaOH
treatment (Jin et al., 2009). Consequently, the former procedure
was chosen for alkaline-US experiments.

A given amount of NaOH was added into the fixed volume of
sludge to ensure the same condition of chemical application. The
kinetics of sludge disintegration by NaOH was first investigated to
select a convenient a holding time corresponding to the most sig-
nificant COD release (cf. § 3.1.1). Sonication was then applied to
alkalized sludge samples and the effects of NaOH dose, ES in the
range of 0—75,000 K]/kgrs, temperature profile (isothermal/adiabatic
conditions), and external pressure (atmospheric pressure/optimal
pressure of 2 bar in accordance with previous results) were
examined in order to improve sludge disintegration.
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Fig. 1. Ultrasonic autoclave set-up.

2.3. Analytical methods

Total and volatile solid contents (TS and VS, respectively) were
measured according to the following procedure (APHA, 2005): TS
was determined by drying a well-mixed sample to constant weight
at 105 °C and VS was obtained from the loss on ignition of the
residue at 550 °C.

The degree of sludge disintegration (DDcop) was calculated by
determining the soluble chemical oxygen demand after strong
alkaline disintegration of sludge (SCODyaon) and the chemical ox-
ygen demand in the supernatant before and after treatment (SCODg
and SCOD, respectively):

DDcop = (SCOD — SCODg)/(SCODya0n — SCODg)*100(%)

(Nickel and Neis, 2007).

To measure the SCODp,oH, used as a reference to evaluate the
efficiency of organic matter solubilisation under US/chemical
treatment, the sludge sample was mixed with 0.5 M NaOH at room
temperature for 24 h (Li et al., 2009). Besides, total chemical oxygen
demand (TCOD) was also measured by potassium dichromate
oxidation method (standard AFNOR NFT 90—101).

Prior to SCOD determination, the supernatant liquid obtained
after sedimentation was filtered under vacuum using a cellulose
nitrate membrane with 0.2 um pore size. The filtered liquid was
subjected to COD analysis as per Hach spectrophotometric method.

The change in the SCOD indirectly represents the quantity of
organic carbon that has been transferred from the cell content
(disruption) and solid materials (solubilisation) into the external
liquid phase of sludge. The experiments were triplicated and the
coefficients of variation (CV) were about 5%.

The particle size distribution (PSD) of sludge before and after
treatment was determined by using a Malvern particle size
analyzer (Mastersizer, 2000; Malvern Inc.), a laser diffraction-based
system (measuring range from 0.02 to 2000 pm). Each sample was
diluted approximately 300-fold in osmosed water, before being
pumped into the measurement cell (suction mode). The PSD was
based on the average of five measurements showing deviations of
less than 3%. Optical properties of the material were set as default
(refractive index 1.52, absorption 0.1) appropriate for the majority
of naturally occurring substances (Minervini, 2008; Bieganowski
et al, 2012). Only in the small particle range (i.e. for particle
diameter smaller than 10 pm), the refractive index dependence
becomes significant (Govoreanu et al.,, 2009). Moreover it was
checked that these mean optical properties led to a weighted re-
sidual parameter of less than 2% as recommended by the
manufacturer.

Since the primary result from laser diffraction is a volume
distribution, the volume mean diameter D[4,3] (or de Brouckere
mean diameter) was used to illustrate the mean particle size of
sludge.
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3. Results and discussion
3.1. Effect of chemical pretreatment on DDcop

The effect of chemical pretreatment on DD¢gp was investigated
by adding NaOH doses of 22, 40, 47, and 77 mgnaon/gTs to the mixed
sludge solution (for comparison, 714 mgnaon/grs were used for the
measurement of the reference SCODyaon). These samples were
labelled sol. 22, sol. 40, sol. 47, and sol. 77, respectively. The evo-
lution of pH and DDcop of the samples, measured at room tem-
perature, is shown in Table 2.

3.1.1. Kinetics of alkaline sludge disintegration and effect of NaOH
dose

According to Kim et al. (2010), chemical pretreatment usually
acts faster than other methods. Indeed, in all cases, alkaline treat-
ment resulted in a fast solubilisation of COD, more than 50% of the
maximal observed yield being achieved within 10 min, followed by
a quasi-plateau after 30 min. Therefore, a holding time of 30 min
was selected for subsequent experiments combined with US. Dur-
ing this period, the pH of the sludge samples dropped by about one
pH unit as shown in Table 2.

DDcop increased continuously with NaOH dose in the investi-
gated range. However, for overall process economy (related to
chemicals used in pretreatment stage as well as in subsequent
neutralisation required for AD), NaOH addition should be limited.
Moreover, high concentrations of Na* were reported to cause
subsequent inhibition of AD (Carrére et al., 2010). Recommended
values for NaOH dose vary between 50 and 200 mgnaon/grs to
ensure that NaOH is in excess and achieves a significant enhance-
ment of DD¢cop (Kim et al., 2003; Bunrith, 2008; Jin et al., 2009).
However, after 30 min, DD¢gp value from sol. 40 was almost double
of that from sol. 22, but close to that from sol. 47. In other words, an
increase of the NaOH amount from 40 to 47 mgnaou/grs resulted in
a pH jump of nearly one unit, without significant effect on COD
solubilisation. Considering this pH transition (and its final value), a
dose of 40 mgnaon/grs could be selected as a critical NaOH dose for
chemical disintegration of sludge.

3.1.2. Comparison of sole ultrasonic and sole chemical pretreatment
of sludge

Fig. 2 recalls the main results of US treatment carried out on the
mixed sludge using Pys of 150 W, with various thermal conditions
(isothermal/adiabatic) and external pressures (atmospheric/
optimal value of 2 bar) (Le et al., 2013).

Conversely to chemical treatment which showed a fast COD
solubilisation (after 30 min as abovementioned), DDcop gradually
increased during the 2 h of sonication.

The efficiency of US resulted nearly equally from mechanical and
thermal effects induced by cavitation as DDcop of mixed sludge
obtained dropped from 32.8% under adiabatic conditions to 19.1% at
a controlled temperature of 28 °C after 2 h of sonication. When
applying external pressure, the degree of sludge disintegration was
slightly improved, by about 10% at the optimal value of 2 bar.

Table 2
Chemical pretreatment of mixed sludge (room temperature).

Holding time (min)

05 10 20 30 40 117

pH  DDcop (%) DDcop (%) pH

DDcop (%) DDcop (%) DDcop (%)

Sol.22 96 64 7.3 86 95 10.7 12.3
Sol. 40 10.2 115 13.3 94 170 18.3 21.0
Sol. 47 11.1 13.0 15.8 10.1 193 21.0 225
Sol. 77 122 244 26.3 11.0 29.0 30.4 33.1
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Fig. 2. Mixed sludge disintegration under US pretreatment: evolution of COD solubi-
lisation as a function of applied specific energy (TS = 28 g/L, Pys = 150 W). The upper
y-axis indicates the evolution of temperature during the adiabatic sonication (final T
for each corresponding ES value).

After 30 min under NaOH treatment, the volume mean diameter
D[4,3] of mixed sludge was 288, 247, 203, and 133 pm for sol. 22, sol.
40, sol. 47, and sol. 77, respectively, compared to 370 um for the
untreated sample. For the same time under controlled temperature
sonication, D[4,3] dropped to about 100 pm. However, with the
exception of sol. 22, a much higher DD¢cop was achieved by chem-
ical treatment. This could be explained that apart from causing the
disintegration of floc structures and cell walls, hydroxyl anions also
resulted in extensive swelling and subsequent solubilisation of gels
in sludge (Kim et al., 2003). The higher the pH, the more easily the
processes of natural shape losing of proteins, saponification of lipid,
and hydrolysis of RNA occur (Li et al., 2008; Carreére et al., 2010).
Obviously, selection of NaOH dose must also be based on the pH of
sludge after chemical pretreatment that should comply with sub-
sequent treatment — methanisation requiring a narrow range be-
tween 6.5 and 8 (Kim et al., 2003).

3.2. Effect of NaOH addition prior to sonication

3.2.1. Combined chemical — ultrasonic pretreatment of sludge at
atmospheric pressure

Different mixed sludge samples were prepared by adding
increasing doses of NaOH (as per sol. 22 to sol. 77) and letting react
for 30 min under stirring before applying US for 2 h.

Fig. 3 compares the final DDcop values of the combined pre-
treatment to those of the US pretreatment, with and without
cooling. As expected, alkali-ultrasonic pretreatment was the most
effective technique for sludge disintegration, and the resulting ef-
ficacy was nearly the sum of individual alkali and US pretreatments
when sol. 22 or sol. 40 were kept under isothermal conditions
(28 °C). Jin et al. (2009) also observed such a result. Alkalisation
significantly reduced the differences observed between the
controlled and uncontrolled temperature modes of US treatment. It
is also worth noting that under US, the differences resulting from
the addition of different NaOH amounts tended to vanish. There-
fore, addition of a small NaOH dose (as per sol. 22 or sol. 40) should
be indeed the best option for the whole process.

3.2.2. Combined chemical — ultrasonic pretreatment of sludge
under pressure

Some positive effect of external pressure was observed in our
previous work, with an optimal pressure of about 2 bar. Hence,
some experiments were also carried out under this external pres-
sure value. In the previous experiments (cf. § 3.2.1), after 2 h of



552 N.T. Le et al. / Journal of Environmental Management 128 (2013) 548—554

pH9.18
501 m NoUS =

45 - 0 US, isothermal mode pHB824 PHI102

e g pH8.14 7
40 - B US, adiabatic mode PH7.10 5 pH9.11
pH 8385

351 pH435 7]

pH2.79

304 7 pH110
254

20 - pH 4.90 pH 10.1
pH 9.4

DDcop (%)

15

10- pH86
pH
6.1

0+

No chemical Sol22 Sol.40 Sol47 Sol77

Pretreatment methods

Fig. 3. Comparison of different methods for mixed sludge disintegration (TS = 28 g/L):
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sonication, the pH of the different alkalized mixed sludge solutions
varied between 7.8 and 10.2 under cooling and between 7.1 and 9.2
under adiabatic condition. The upper values are too high for a
subsequent valorisation by methanisation according to the above-
mentioned pH range of AD. Therefore, subsequent US experiments
at different ES (or sonication duration) combining all parameters
(pH adjustment, isothermal/adiabatic modes, and external pressure
application) were conducted for sol. 40 only. The results are shown
in Fig. 4.

The same conclusions prevailed regarding the effect of tem-
perature and alkalisation, but at 2 bar of external pressure, the
overall process was still improved: up to about 46% of DDcgp after
2 h of sonication of sol. 40. The final pH of 7.6 was also suitable for
AD. The solubilisation performance depicted in Fig. 4 was some-
what lower than that reported by Jin et al. (2009) (about 45% with
99 mgnaon/gts and ES 12000 kJ/kgrs) and Kim et al. (2010) (50—60%
for pH 9—10 and ES < 30,000 kJ/kgrs). Apart from the higher NaOH
doses applied, it could be due to different experimental conditions
as compared to the present work: substrates (WAS (Jin et al., 2009;
Kim et al., 2010) vs. mixed sludge), US apparatus (probe system (Jin
et al.,, 2009; Kim et al., 2010) vs. cup-horn system), US intensity and
US density reflected by Pys, probe diameter, and volume of sludge
per experiment (300 W (Kim et al., 2010) vs. 150 W; 6 mm (Jin et al.,
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Fig. 4. Mixed sludge disintegration under alkali-US pretreatment: evolution of COD
solubilisation as a function of applied specific energy (TS = 28 g/L, Pys = 150 W, NaOH
dose = 40 mgnaou/grs)-
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Fig. 5. Mean particle size evolution of mixed sludge (based on D[4,3]) during the early
stage of (alkali-)US pretreatment: Pys = 150 W, controlled T (28 °C), and atmospheric
pressure.

2009) vs. 35 mm of probe diameter; 0.1 L (Jin et al., 2009; Kim et al.,
2010) vs. 0.5 L of sludge).

3.3. Particle size reduction

As abovementioned in § 3.1.2, US pretreatment is very effective
in reducing the sludge particle size, which accelerates the hydro-
lysis stage of AD and enhances the degradation of organic matters.
Main reduction of D[4,3] was observed within a much shorter
duration compared to the time required for a significant COD
release in the aqueous phase. Other works (Chu et al., 2001; Gonze
et al., 2003; Show et al., 2007) came to the same conclusion.

In order to observe more precisely the particle size reduction,
experiments were carried out with particle size sampling at much
shorter time of sonication. The results (Fig. 5) show that the com-
bination of US and chemical treatment accelerated the size reduc-
tion, but the final D[4,3] value was almost the same, about 100 pm.

According to the work of Gonze et al. (2003), the particle size
distributions were deconvoluated into five populations, each
following a log-normal distribution. The treatment was performed
using OriginPro 8.6 (OriginLab). An example is given in Fig. 6 for the
raw mixed sludge: a very small extra peak might be distinguished
around 1 pm, but its contribution was always so low that it could
not be adequately detected. Therefore, its contribution was
neglected.

Fig. 7a shows the evolution of each population contribution
during the US treatment: two macro-floc populations — population

Mean diameter (um)
r +  population 1 94
3.5 —#— population 2 20
a
§ 34 —+— population 3 90
g 2.5 —<— population 4 685
E. 2 —=+— population 5 1200
3
E 1.5 —=— Overall simulated distribution
21
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p 3
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0.01 0.1 1 10 100 1000 10000
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Fig. 6. Deconvolution of PSD of raw mixed sludge.
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4 and 5 of 685 um and 1200 pum, respectively — could be distin-
guished in the mixed sludge, both their mean diameter and
contribution significantly decreased during the first 4 min of son-
ication. Their diameter dropped to about 400 um and 650 pm,
respectively, while their contribution was divided by a factor 2.5 to
3. Conversely, the size of populations 1 to 3 (about 10 um, 20 pm,
and 90 pm, respectively) remained almost constant during short US
treatment. It seems thus that the decrease of the largest macro-
flocs proceeded mainly according to erosion mechanism, while
population 3 was disrupted into micro-flocs (population 1).

After the 30 min NaOH pretreatment (using 40 mgnaoun/gr1s), the
diameters of population 1 and 4 were reduced by about 20% as
compared to raw mixed sludge and the contributions of pop-
ulations 4 and 5 were reduced by a factor 1.3 and 1.8, respectively
(in favour of population 2) (Fig. 7b). However, their evolution under
subsequent sonication remained similar as without NaOH addition.
In this condition, mean diameter of population 4 and 5 dropped to
400 and 600 pm, respectively, while that of populations 1 to 3 kept
almost unchanged.

For a further comprehension of the relationship between mean
particle size reduction and COD solubilisation, additional experi-
ments with and without pH adjustment (40 mgnaon/grs) were
carried out in the following conditions: US were applied during the
first minute or the first 4 min, and then only the stirrer was
continuously operated under cooling. Despite these two sonication
durations resulted in distinct D[4,3], especially under natural pH
(Fig. 5), no differences were observed in terms of DD¢gp afterwards
(Fig. 8). These short US pretreatments only provided a small initial
jump of COD release, but did not modify its evolution. Therefore, it
proves that the strong reduction of mean particle size observed at
low ES was not sufficient to affect COD solubilisation as expected by
the different process dynamics.
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Fig. 8. Effect of short sonication time on mixed sludge disintegration with and without

addition of NaOH (40 mgnaon/grs): Pus = 150 W, controlled T (28°C), and atmospheric
pressure.

4. Conclusions

This work proved that US pretreatment of sewage sludge ben-
efits from the combined effects of generated heat, mild alkalisation,
and also external pressure application, which was not investigated
in earlier works. It was confirmed that under controlled tempera-
ture condition, US and alkali pretreatments have distinct mecha-
nisms of action on sludge, resulting in different kinetics of COD
release and additive effects for low NaOH dose. Conversely, the
chemical pretreatment hided the positive effect of the heat
generated by US under adiabatic condition. It was also shown that
the fast reduction of sludge mean particle size observed at low ES is
not sufficient to explain the effect of US on COD solubilisation.

Addition of low NaOH dose, between 22 and 40 mgnaon/grs, is
recommended, that significantly improved COD release under
subsequent US treatment while resulting in a final pH value suit-
able for subsequent methanisation. In the later condition, DDcop
yield reached up to 46% at 75,000 k]/kgrs as compared to 35% for
sole US.
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ABSTRACT

The objective of this work is to optimize high-power low-frequency sonication (US) pretreatment of sludge,
and e specially t o i nvestigate f or t he f irst t ime pos sible i mprovements by h igher pr essure a nd a udible
frequency. After a preliminary examination of regular process conditions (sludge conditioning, sludge type,
prior alkalization, temperature c ontrol, etc.), effects of US parameters (power -Pys, intensity -lys, sp ecific
energy i nput -ES, frequency -FS, etc.) an d o fh ydrostatic p ressure ( Pp) wer e sp ecifically 1 ooked i nto,
separately and in combination, first under cooling at constant temperature (28°C), then under the progressive
temperature rise provoked by sonication.

First, it w as confirmed th at s pecific e nergy in put (ES) plays ak ey role in sludge US disintegration (i.e.
solubilisation o f o rganic matter) an d t hat t emperature r ise during a diabatic-like so nication i s beneficial
through additional effects of thermal hydrolysis and cavitation. At a given ES value, low FS (12 kHz vs. 20
kHz) and high Pys enhance soluble chemical oxygen demand (SCOD) due to more violent cavitation, while
hydrostatic pressure gives rise to an optimum value due to its opposite e ffects on c avitation threshold and
intensity. One major result is that optimal pressure depends on lys (Pys) as w ell as t emperature profile, but
not on ES, Fs, nor sludge type.

Setting the other parameters at the most favorable conditions expected, i.e. 12 kHz, 360 W , 28 g1s/L, and
adiabatic conditions, final optimization was achieved by searching for this pressure optimum and examining
sequential pr ocedure t 0 a void too hi gh t emperature da mpening ¢ avitation i ntensity a nd da maging t he
transducer. Such conditions with sequential mode and Py, of 3.25 bar being selected succeeded in achieving
very high SCOD, but only marginally improved subsequent methanization yield.

Keywords : Ultrasonic pretreatment; Audible frequency; Hydrostatic pressure; Municipal sludge
disintegration; Soluble chemical oxygen demand; Particle size distribution

RESUME

L'objectif de ce travail est d'optimiser le prétraitement de boues par des ultrasons de puissance (US) a basses
fréquences, et en particulier d‘étudier pour la premiére fois des améliorations possibles en modifiant la
pression hydrostatique, et la fréquence jusqu’a I’audible. Aprés un examen préliminaire des conditions du
procédé (conditionnement des boues, type de boues, alcalinisation préalable, contrdle de la température), les
effets d es p aramétres u Itrasonores ( puissance, i ntensité, én ergie sp écifique, f réquence) et d e 1 a p ression
hydrostatique ont été spécifiquement étudiés, séparément et simultanément, d’abord a température constante
(28°C), puis sans refroidissement.

On a ainsi vérifié que 1’énergie spécifique joue un role clé dans la désintégration des boues sous US (i.e.
solubilisation de la matiére organique) et que 1'élévation de température pendant la sonication adiabatique est
bénéfique grace au x ef fets co mbinés d "hydrolyse thermique et d e cav itation. Pour une én ergie sp écifique
donnée, une faible fréquence (12 kHz contre 20 kHz) et une haute puissance améliorent la solubilisation de la
matiére or ganique gr ace a une c avitation pl us vi olente, t andis qu on observe un opt imum de pr ession
hydrostatique en raison de ses effets opposés sur le seuil et l'intensité de la cavitation. Un résultat important
est que |l a p ression o ptimale d épend d e | *intensité u ltrasonore et d u p rofil d e t empérature, mais p as de
I’énergie spécifique, ni de la fréquence, ni du type de boues.

Aprés avoir fixé les conditions les plus favorables (soit 12 kHz, 360 W, 28 gTS/L et conditions adiabatiques),
1‘optimisation finale a f ourni l a p ression d e travail ( 3,25 bar) et 1 es p arameétres d u m ode séq uentiel (US
ON/OFF, permettant d‘éviter de hautes températures qui amortissement 1 ‘intensité de la cavitation et peuvent
endommager le transducteur). Ces conditions ont permis d* atteindre un r endement d’ extraction de la DCO
trés élevé, mais n’améliorent que faiblement le rendement ultérieur de méthanisation.

Mots-clés : Prétraitement ultrasons ; Fréquence audible ; Pression hydrostatique; Désintégration des boues
municipales; DCO dissoute ; Distribution de taille des particules
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