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ABSTRACT
Waste activated sludge is slower to biodegrade uadaerobic conditions than is primary

sludge due to the glycan strands present in miataall walls. The use of pre-treatments
may help to disrupt cell membranes and improve avastivated sludge biodegradability.
In the present study, the effect of ultrasound,-temperature thermal and alkali pre-
treatments on the rheology, hygienization and hjcaidability of waste activated sludge
was evaluated. The optimum condition of each pratinent was selected based on
rheological criteria (reduction of steady statecossty) and hygienization levels (reduction
of Escherichia coli, somatic coliphages and spores of sulfite-reduclogtridia). The three
pre-treatments were able to reduce the viscosityhefsludge, and this reduction was
greater with increasing treatment intensity. Howevenly the alkali and thermal
conditioning allowed the hygienization of the slaegdgvhereas the ultrasonication did not
exhibit any notorious effect on microbial indicatgpopulations. The selected optimum
conditions were as follows: 27,000 kd/kg TS for tifteasound, 80 °C during 15 min for the
thermal and 157 g NaOH/kg TS for the alkali. Aftard, the specific methane production
was evaluated through biomethane potential testseaspecified optimum conditions. The
alkali pre-treatment exhibited the greatest methaoe€uction increase (34%) followed by
the ultrasonication (13%), whereas the thermaltfgatment presented a methane potential
similar to the untreated sludge. Finally, an assess of the different treatment scenarios
was conducted considering the results together avitenergy balance, which revealed that

the ultrasound and alkali treatments entailed higbsts.

Keywords
Waste activated sludge; Anaerobic digestion; Rrattnent, Rheology; Hygienization;

Post-treatment
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1. Introduction

Mesophilic anaerobic digestion (AD) of sewage skjdghich is a mixture of primary and
waste activated sludge (WAS), is a commercial tgatiue to the high biodegradability of
primary sludge. However, WAS, which is primarilyrieed by microorganisms, is more
difficult to degrade through AD due to the glycarasds present in the microbial cell walls
(Appels et al., 2008). Accordingly, numerous disgration methods (e.g., ultrasound,
thermal or alkali) have been employed for pre-treait under the assumption that these
methods are capable of disrupting cell walls anerdtore to release the intracellular
organic material into the liquid phase (Appels €t 3a008; Farno et al., 2014). The
hydrolysis produced by ultrasound conditioning ige do the generation of cavitation gas-
bubbles (Tiehm et al., 2001), which grow to a caltisize and violently collapse, producing
significant hydro-shear strength, intense locatihgaand high pressures in the mass of the
liquid surrounding the bubbles (Bougrier et al.p@D Additionally, cavitation generates
free radicals that contribute to cell wall disragpti(Foladori et al., 2007). Thermal pre-
treatment has also been used to facilitate thestiaye of WAS to methane because it
results in the breakdown of the gel structure efsludge and the subsequent release of the
intracellular organic matter (Neyens and Baeyer@)32 Alkali pre-treatment is also
considered an appropriate method for enhancingotbéegradation of complex organic
matter (Lopez-Torres and Espinosa-Lloréns, 200Bg Basis of this pre-treatment is that
the alkali added to the sludge reacts with the w&llls in several ways, including a
saponification of the lipids in the cell walls, whicauses the disruption of the microbial

cells (Neyens et al., 2003).
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These pre-treatments may also have effects onelaggjenization and therefore could
be used as both pre-treatment and post-treatmepgnding on the requirements of the
wastewater treatment plant (WWTP). It is well-knotinat temperature (Mocé-Llivina et
al., 2003; Ziemba and Peccia, 2011; Astals e2@ll2a) and alkali compounds (Allievi et
al., 1994; Bujockzek et al., 2002) are capablesniucing the pathogen load of the sludge.
In contrast, the effect of the ultrasonicationificult to predict due to the complexity and
several factors involving this treatment (Pilliadt, 2011). However, it has been reported
that conventional bacterial indicators may not jaeva precise indication of the fate of
viruses and protozoa during sludge treatments Isecauch pathogens survive the
environmental stresses more successfully than ahgentional indicators (Lucena et al.,
1988; Payment and Franco, 1993). Therefore, thidabidy of new microorganisms able
to overcome the limitations of conventional indaratis of major importance. Spores of
sulfite-reducing clostridia (SSRC) have been preposs alternative indicators of
protozoan oocysts in water treatment (Payment aadch, 1993) while bacteriophages of
enteric bacteria (as somatic coliphages; SOMCPHE Heeen proposed as surrogates of
waterborne viruses in water quality control proess$AWPRC, 1991).

The aforementioned pre-treatments may also playngortant role on WAS viscosity
and filterability (Bougrier et al., 2006; Pham ét, 010; Ruiz-Hernando et al., 2013).
Accordingly, a proper understanding of the rheologlyich is the discipline that addresses
the deformation of fluids, is essential to contsblidge treatment processes. WAS is
considered a non-Newtonian fluid behaving as a gsglastic fluid (Seyssiecq et al.,
2007), which means that the viscosity decreasds twé applied shear rate. The Ostwald—
de Waele model is commonly used to represent timeNewtonian behavior of sludge,

most likely due to its simplicity and good fittif@ougrier et al., 2006; Ratkovich et al.,
4
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2013). Other models, such as the Herschel-Bulklegleh) the Bingham model or the
Casson model are also valid (Estiaghi et al., 20Ratkovich et al., 2013). In
contradistinction to the Ostwald—de Waele equatibese models are characterized by the
presence of yield stress, below which the samplentdyze is not flowing. However, one
fundamental problem with the concept of yield gresthe difficulty in determining the
true yield stress (Labanda et al., 2007) becawssdeatermination is not univocal and can
vary over a wide range depending on the equatied.us

The aim of the present study is to compare theceffé ultrasound, low-temperature
thermal and alkali pre-treatments on WAS rheoldgygienization and methane potential,
in order to provide an overall view of feasible rsmeos for WAS management. First,
preliminary assays were conducted to obtain themywh condition of each pre-treatment
based on rheology (i.e., the reduction of steadiestiscosity) and hygienization (i.e., the
reduction ofE. coli, SOMCPH and SSRC). Next, biomethane potentialtestd the
hygienization of the digested sludge were analyaeder the optimum conditions. The
untreated digested sludge, obtained after 35 digsaerobic digestion, was post-treated at
the same optimum conditions applied to the pretdtmeats. Finally, the economic
feasibility of each treatment was conducted, and tarious scenarios for sludge

management were discussed.

2. Materials and Methods

2.1. Waste activated sludge and inoculum origin

The WAS and inoculum (i.e., digested sludge) sasmpked in this study were collected

from a municipal WWTP in the Barcelona metropolitea (Spain). At the WWTP, the

5
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WAS was thickened by centrifugation after leavihg secondary tank. The WAS samples
were collected weekly to guarantee the reliabitfythe microbiological tests. Samples

were stored below 4 °C until their utilization.

2.2. Pre-treatments conditions

The pre-treatments studied in this research werasalund, low-temperature thermal and
alkali. The ultrasonic apparatus used was an HDZB3@opuls Ultrasonic Homogenizer
equipped with a MS 73 titanium microtip probe (Belml Berlin, Germany; 20 kHz). The
beaker containing the samples was submerged icedpaith to prevent increases of sludge
temperature due to the thermal effect of the cawitgphenomenon. The ultrasonic waves
were applied at constant power and different appba times to provide different specific
energies (E): 5,000, 11,000 and 27,000 kJ/kg total solids (Ti®)e thermal pre-treatment
was performed in a heating bath (Huber Polystat)&E8vo fixed temperatures, 70 and 80
°C. The exposure times were 10, 20 and 30 min &C7@&nd 10, 15 and 30 min at 80 °C.
The time required to reach both temperatures w&emin and was included in the
exposure time, i.e., the exposure time of 15 mmesponds to 10 min heating ramp up + 5
min heating at 80 °C. The reagent used for alkatiddioning was NaOH because it is
cheaper and more efficient for sludge disintegrattan KOH or Ca(OH)(Li et al., 2008;
Uma-Rani et al., 2012). The alkali pre-treatments veanducted at room temperature
(approximately 25 °C) by adding different dosesNafOH and a contact time of 24 h.
Samples were subsequently neutralized withskiftb reach a pH range of 6.5 to 7.5. The
concentrations studied were 35.3, 70.6 and 157 @HMieg TS. The effect of dilution due

to the reagents was corrected by adding deionizdnto the alkali-treated sludge samples



142

143

144

145

146

147

148

149

150

151
152
153
154

155

156

157
158
159
160

161

162

163

164

165

in order to maintain a constant volume. The inadassalinity due to the alkali addition
was not corrected.

The effect of the optimum condition of each peatment on WAS solubilization
was determined by: (i) the soluble chemical oxygemand (sCOD) to total chemical
oxygen demand (tCOD) percentage ratio (sCOD/tCOD¥l1l@nd (i) the COD
solubilization degree (SD) (Eq. 1; Table 1).

- 1
SCOD, ~sCOD, ., (1)
tCOD, —sCOD,

SD(%) =

where sCORPis the soluble COD after the pre-treatment, sG@Qhe soluble COD before

the pre-treatment and tCQI3 the total COD before the pre-treatment.

2.3. Microbiological tests

The occurrence and levels of two bacterial indisi&. coli and SSRC) and one viral
indicator (SOMCPH) were controlled in this researbly evaluating their indigenous

populations in the sludge during the different timeent processes.

2.3.1. Bacterial enumeration

5 to 10 g of sludge were mixed in a 1:10 (W/V)aiiith phosphate buffered saline (PBS)
solution at pH 7.2, homogenized with a wrist actstraker at 900 osc/min for 30 min at
room temperature and centrifuged at 300 g for 3ahih °C. The resulting supernatant was
utilized for analyzing both thE. coli and the SSR@resent in the sample. For this purpose,
serial dilutions were madé&. coli was tested by the pour plate procedure on Chrolthocu

agar (Merck, Germany) supplemented vittcoli/coliforms-Selective Supplement (Merck,

7
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Germany). Plates were incubated at 44 °C overr{ightl), and dark-blue/purpl&. coli
colonies were counted. For the SSRC present isdhgple, the supernatant and dilutions
were subjected to a thermal shock of 80 °C for 1@d. nThen, the samples were
anaerobically cultured by mass inoculation @hostridium perfringens selective agar
(Scharlab, Spain) and finally incubated at 44° ©l.(/he typical black spherical colonies

with black halos were counted as SSRC. The analyses performed in duplicate.

2.3.2. Bacteriophages enumeration

SOMCPH were extracted from sludge as described umn@n et al. (2007). Briefly, 5 to
10 g of the sludge sample was mixed in a 1:10 (Watjo with a solution (pH 7.2)
containing 10% beef extract powder (Becton Dickimserance) and homogenized with a
wrist action shaker at 900 osc/min for 30 min amotemperature. Next, the sample was
centrifuged at 4,000 g for 30 min at 4 °C. The sog&nt was filtered through a 0.g&n
pore size polyethersulfone non-protein binding meamé filter (Millipore, USA). The
permeate was analyzed for the presence of SOMCPIHdisated in the 1ISO 10705-2

standard (Anonymous, 2000). The analyses were meefibin duplicate.

2.4. Rheological study

The rheometer used was a Haake RS300 control stresmeter equipped with HAAKE

Rheowin Software. The geometry used was a 4° cot@dlat stationary 35 mm-diameter
plate. Measurements were conducted at 22.0 + 0.ITR€ rheological behavior of the
sludge under flow conditions was analyzed by shat step test, which consisted of

shearing the sludge at a fixed shear rate for Itutes, time enough to reach the steady-
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state value (equilibrium value). The applied shesies were: 5, 30, 125 and 300. s
Steady-state shear stresgs,(Pa), was determined following a first-order kinetquation
with the shear rate step test (Ruiz-Hernando e28I0). The experimental shear stresses
were fitted to the Ostwald—de Waele equation:

T, = Ky" 2)
wherey is the shear rate 5 K is the consistency index (P3-andn is the power law
index (-).

Finally, the steady state viscosity was determioddwing Newton’s equationry, = 77‘* ).

2.5. Chemical analytical methods

Analyses of the total fraction were performed diseon the samples or dilutions. For
analyses of the soluble fraction, the samples wengrifuged at 1,252 g for 10 minutes and
the supernatant was filtered through a regeneratdtilose 0.45 um filter (CHf
SRC045025Q). TS, volatile solids (VS), tCOD and 8C@ere determined following the
guidelines given by the standard methods 2540G5220D (APHA, 2005). The losses of
volatile fatty acids (VFA) compounds during the idsl determination were taken into
account and combined to give the final TS and Vibes (Astals et al., 2012a). The pH
was measured with a Crison 5014T pH probe. IndaliddFA (acetate, propionate,
butyrate and valerate) were analyzed by an HP =R9{&s Il chromatograph equipped
with a capillary column (Nukdt) and a flame ionization detector (Astals et ab]2b).
The ionic profiles were determined in an 863 Adwahcompact IC Metrohm ionic

chromatographer using Metrosep columns.
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2.6. Biomethane potential tests

Biomethane potential (BMP) tests were carried dutasophilic temperature conditions
following the stages defined by Angelidaki et 20Q9). The BMP tests were performed in
115 mL serum bottles, closed with a PTFE/butyl septwhich was fixed by an aluminum
crimp cap. The bottles were filled in with 60 mLiobculum and 13 mL of WAS sample
(untreated or treated), which met an inoculum tdssate ratio of 2 in VS-basis
considering the untreated WAS VS value. A contrtdnk with only inoculum was
measured to determine the background effect ofrtbeulum. Before sealing the bottles,
all digesters were flushed with nitrogen for onenmé (3 L/min). Finally, digesters were
placed in a water bath at 37 = 1 °C. The bottleseevmeanually mixed by swirling twice
daily. All samples were tested in triplicate.

The biogas production during the running test waasared by using a vacuumeter
(Ebro — VAM 320) after discarding the overpressgemerated during the first hour. The
methane content of the biogas accumulated in thidedueadspace was analyzed at each
sampling event by a Shimadzu GC-2010+ gas chromegtbgequipped with a capillary
column (Carboxef1010 PLOT) and a thermal conductivity detectomalfly, methane
production over time was obtained by multiplying thiogas production, subtracting the
vapor pressure and converted to standard temperand pressure conditions (i.e.,

converted to 0 °C and 1 atm) by the percentageetfizme in the biogas.

2.7. Model implementation and data analysis

Mathematical analysis of the BMPs was based om\Vil#e Anaerobic Digestion Model No.

1 (ADM1; Batstone et al., 2002). WAS degradatiorsweaodeled using first-order kinetics

10
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because the hydrolysis step is considered thelinaiteag step during WAS degradation

(Appels et al., 2008) (Eq. 3).

r k

was = Twas' K hycwas Xwas (3)
where {asis the process rate (mL GMi-day), fvasis the substrate biodegradability (-yk
was is the first order hydrolysis rate constanthef WAS (day}), and Xusis the WAS
concentration (g CODIL).

The model was implemented in Aquasim 2.1d. Paranestgmation and uncertainty
analysis were simultaneously estimated, with a @8¥fidence limit, as was the case for
Batstone et al. (2003 and 2009). Uncertainty patersdf,.s and kyqd wa Were estimated
based on a one-tailed t-test with standard errourat the optimum, and non-linear
confidence regions were also tested to confirmttiatinear estimate was representative of

true confidence (Jensen et al., 2011). The objedtinction was the sum of squared errors

(x°) of averaged data from triplicate experiments.

3. Results and Discussion

3.1. Effect of the pre-treatments on the hygienizain and rheological profile of the
WAS

An initial set of assays was carried out to detaemappropriate conditions of each
treatment for further biomethanization studies.sT$glection was performed based on the
hygienization and rheological characterization lofige. Different microbiological results

were obtained with the three pre-treatments cordu(fig. 1). For the ultrasound, small
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changes in the levels of microbial indicators wkrend, even at the highest Bpplied
(27,000 kJ/kg TS). Thus, the ultrasonication caodg tested in this research were not
effective enough to achieve hygienization. Becatseeffect of temperature was nullified
by the ice bath, the disinfection mechanism wasuskeely related to cell wall disruption
due to cavitation, a phenomenon that is influenogdeveral factors (Pilli et al., 2011).
According to Foladori et al. (2007) and Cui et(@011), ultrasonication appeared to have
two effects: a first step, in which the sludge flogere dissipated, and the microbial cells
attached to the solids were released; and a sestepdin which the walls of the exposed
cells were disrupted. Thus, it is conceivable thatspecific energies applied were effective
enough to dissipate sludge flocs but not for kjlimacteria and spores or for inactivating
bacteriophages. However, to confirm this, more aede is required. For thermal
treatments, better results were obtained at 80ot@pared with 70 °C (data not shown for
70 °C). At 80 °C, the three microbial indicatordeed differently: there was a slight
reduction for SSRC (0.84 lgg of reduction), approximately 5 lggof reduction for
SOMCPH and a very high grade of hygienizationEocoli (> 4.01 log, of reduction). In
fact, after 15 min, th&. coli population significantly dropped below the detaatlimit of
the technique (2.02 lag CFU/g dw or 4.00 CFU/g ww), satisfying normal |evaccepted
by the EPA (US Environmental Protection Agency,20énd the % official draft from the
EU (Environment DG, EU, 2000) for land applicatiminthe biosolids. These behaviors are
similar to those described by Mocé-Llivina et &00Q3), showing a great sensitivity Bf
coli, a moderate sensitivity of SOMCPH and a good t@ste® of SSRC toward thermal
treatment. In this context, the use of the threerohial indicators may offer a complete
interpretation of the effect of thermal treatmeosthe microbial population of the WAS.

For alkali pre-treatment, the disinfecting effedt lagh pH was previously confirmed

12
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(Allievi et al. 1994; Bujoczek et al. 2002). In th@esent work, a similar pattern of
inactivation in the three indicators was found mafekali treatment. The highest
concentration of NaOH (157 g/Hgs) exhibited an extreme pH (approximately 12) wigiri
the 24 h treatment and was lethal for all threeromaigganisms. Therefore, the required
hygienization levels foE. coli were accomplished, with a value of 3.20:jpGFU/g dw
(95.6 CFU/g ww) for a reduction of 2.57 lggLikewise, SOMCPH and SSRC levels were
reduced by 2.79 and 1.72 lggrespectively. Unexpectedly, increases in SSRCEarudli
levels (1.04 logy and 0.87 log, respectively) were observed with the applicabbB5.3 g
NaOH/kg TS. This reproducible result is not desadlilin this study and is currently being
investigated. It is important to note that bacteald experience multiple physiological
states; this fact may prevent the measurementtaflaconcentrations. In contrast, viruses
can only be infective or not infective, simplifyitigeir use as indicators. Additionally, the
levels of the three parameters as a mean of Scedpl were calculated for the untreated
WAS: 5.99 logy CFU/g dw of E. coli (s=0.22); 7.02 log PFU/g dw of SOMCPH
(s=0.34); and 6.07 lqg CFU/g dw of SSRC (s=0.16).

For rheological characterizations, all pre-treatteemere conducted on the same WAS
sample (45.9 £ 0.2 g TS/L) because rheological gntogs of sludge are highly conditioned
by the TS content (Pollice et al., 2006; Laeraalet 2007). All of the analyzed WAS
samples (untreated and treated) exhibited pseustaplbehavior. Fig. 2 shows the
evolution of the steady state shear stress asdidanof shear rate for the untreated and
three treated sludges, together with their respediitings to the Ostwald-de Waele model
(Eq. 2). The good fitof the experimental data showed the capability hef tmodel to
reproduce the pseudoplastic response of the WAS. Fshows variations in the steady

state viscosity when increasing treatment intezsitit a shear rate of 300. $he steady

13
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state viscosity was significantly reduced with ttreatments because the treatments
changed the overall sludge properties, includirg cbmposition, structure, strength and
size of the sludge flocs (Neyens and Baeyens, 2B08grier et al., 2006; Pham et al.,
2010; Ruiz-Hernando et al., 2013; Farno et al. 420The greatest reduction of the steady
state viscosity was observed (71% reduction) afteasonication at andof 27,000 kJ/kg
TS. Thermal treatment is known to degrade cell wainbranes due to pressure difference,
resulting in a lower viscosity and in an improveineh the filterability (Bougrier et al.,
2008). However, for the thermal conditions evaldatethis study (80 °C for 10, 15 and 30
min) the reduction of the steady state viscositg Veaver than after ultrasonication, likely
due to the shorter heating exposure times. Additlpn no significant differences in
viscosity reduction were observed between the theating exposure times. To be specific,
after a contact time of 10 min, the steady staseosity was reduced by 35%, which was
not significantly different from that of the expaesutimes of 15 (36%) and 30 min (38%).
For low doses of NaOH, the alkali treatment exleihithe lowest reduction of the steady
state viscosity (33%), whereas at higher dosesdithgction was greater (65%).

The selection of the optimum condition of eachttreant is detailed below. Because no
ultrasonication condition resulted in a noticeat#euction of microbial indicators, the
optimum condition for this treatment responded esiolely to rheological criteria.
Accordingly, an optimum gof 27,000 kJ/kg TS was selected because it disdldiie
maximum reduction in viscosity. The optimum coratitifor the low-temperature thermal
treatment was 80 °C for 15 min because it resuftestidge hygienization. Moreover, very
little difference in viscosity reduction was detttbetween 15 and 30 min of heating
exposure time at 80 °C. For alkali treatments,dpgmum condition selected was 157 g

NaOH/kg TS (252 meq/L; pH 12.4) because it allowres hygienization of the sludge and
14
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noticeably reduced the viscosity. The optimum ctods are abbreviated as US-WAS
(ultrasonicated WAS), T-WAS (low-temperature theltypnaeated WAS) and NaOH-WAS

(alkali-treated WAS).

3.2. Biomethane potential tests

To determine the effect of the pre-treated WAS @ the previously determined optimum
conditions for each pre-treatment and the untreal#®@&S were analyzed by
physicochemical characterization (Table 1) and leibvane potential tests (Fig. 4a). As
shown by the sCOD/tCOD ratio and the SD (Tableall),pre-treatments were able to
solubilize particulate organic matter from the WASpecifically, ultrasound and low-
temperature thermal pre-treatments presented siraffeciencies (approximately 11%)
which were lower than the efficiency obtained bg #ikali pre-treatment (approximately
15%). Nevertheless, the alkali pre-treatment prieska loss of 5 g COD/due to organic
matter mineralization, a phenomenon not detectetthenultrasound and low-temperature
thermal pre-treatments. The SD obtained by ultradqure-treatment is in agreement with
that reported by Kim et al. (2013a) when dosing aimilar E (approximately 25,000
kJ/kg TS) but is lower than that reported by Boeiget al. (2006), who used a loweg E
(6,250 and 9,350 kJ/kg TS) and reached an SD af3%. The differences between the SD
values may be related to the pre-treatment perfocma(e.g., no cooling during
ultrasonication) and the sludge TS concentraticarr@e et al., 2010). Regarding the low-
temperature thermal pre-treatment, the SD reaahelei present study is lower than that
reported by Kim et al. (2013b), likely due to tloever exposure time. The authors reported

an SD of 23 and 27% when pre-treating WAS for & 80eand 75 °C, respectively. The SD
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achieved through alkali pre-treatment was signifigalower than the values found in the
literature, where an SD of approximately 30% wamreed for WAS pre-treated with alkali
at pH 12 and room temperature. Specifically, 1 teraflosing with 65 meq KOH/L (at a
sample pH 12), Valo et al. (2004), recorded an $[318%6. This value is similar to the
result reported in Navia et al. (2002), in whichaserved SD of 32% was obtained after
dosing with 80 meqg/L NaOH for 24 h (WAS from a kratill). Similarly, Jiang et al.
(2010), evaluated the effect of the treatment tameé pH on WAS solubilization. At pH 12,
the authors recorded increases of the SD of 2138P@ after 0.5 h and 24 h, respectively,
of pre-treatment time.

Although the optimum pre-treatment conditions,emts of methane production, may
be those that present a high COD solubilization lawd organic matter mineralization,
increased solubilization does not always lead teraranced methane potential (Kim et al.,
2013a). Therefore, BMP tests are needed to adsessffect of the pre-treatments on AD.
The effect of the pre-treatments on methane pramlucivas evaluated through the
modeling of the BMP tests (Fig. 4b). The 95% coarfice region for biodegradability (x-
axis) and apparent hydrolysis rate (y-axis) indidahat each pre-treatment had a different
effect on WAS biodegradability. T-WAS (0.38 + Ofdresented similar biodegradability as
WAS (0.37 £ 0.3), whereas US-WAS (0.42 + 0.2) araDN-WAS (0.49 £ 0.1) presented
increases of 13% and 34%, respectively, on WASdgaatability and their final methane
potential. The low increase of WAS biodegradabiéfier pre-treatment, when compared
with the literature, may be related to the selectd the pre-treatment conditions. In the
present study, the strength and exposure time oh gae-treatment was based on
rheological and hygienization criteria, rather tltanthe increase of the methane yield. For

instance, through low-temperature thermal pre-tneats (60-80 °C), increases of the
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biogas production by 20-40% have been reported vphettreating WAS over 0.5t0 1.5 h
(Hiraoka et al., 1984; Li and Noike, 1992; Wangakt 1997). Likewise, increases of the
biogas production between 40 and 50% have beerevathithrough ultrasound pre-
treatment, even though lowers £5,000-9,350 kJ/kg TS) were applied (Bougrier let a
2006; Braguglia et al., 2008). This may be reldtethe TS concentration (64.2 £ 0.2 g/L)
and viscosity of the WAS because increased visg@siked to a higher TS concentration)
hinders the formation of cavitation bubbles (Carer al., 2010). Moreover, in the present
study, the WAS sample was cooled down during wmastion, thereby avoiding the
thermal effect. The literature is less consistegarding the effect of alkali pre-treatment
on the biogas potential at room temperature. Peptiatl (1999) demonstrated an increase
in biodegradability by approximately 40% after adgll25 meq NaOHY/L. In contrast, Valo
et al. (2004), reached a pH of 12 after adding &% n{OH/L, but did not observe any
significant improvement on WAS biodegradability.

Similar SDs, but different biodegradabilities, read by T-WAS and US-WAS showed
that some parts of the cell wall were weakened it solubilized during the pre-
treatments. However, because the pre-treatmentitaorsd applied to the WAS did not
affect the hydrolysis rate, it can be understoat thost of the methane production still
came from the particulate organic matter (Fig. #ally, a possible inhibitory effect due
to a high sodium concentration (3.6 g'Na on NaOH-WAS digestion, which is reported
within the moderate inhibition sodium concentrasidor mesophilic methanogens (Chen et

al., 2008), may had been masked by the dilutioeceffapproximately 1/4) of the inoculum.

3.3. Hygienization effect of the mesophilic anaerab digestion aided by pre- and

post-treatments
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Although AD has been designed for increasing biggasluction and solids destruction, it
also plays a role in pathogen inactivation (Zienaloal Peccia, 2011), and pre-treatment
optimization may help in this purpose. The occureesaf indicators after the BMP tests in
the pre-treated sludges is shown in Fidt & worth remembering that, in order to perform
the BMP tests, the untreated and the pre-treate® Wére mixed with digested sludge and
therefore the microbiological tests were made @s¢hmixtures. FdE. coli, the reductions
achieved by the entire processes (i.e., pre-traane mesophilic AD) provided results
below the detection limit of the technique (< 21680 CFU/g dw or < 4.00 CFU/g ww),
successfully overcoming the levels of hygienizatiestablished by the EPA and EU.
Specifically, for ultrasound pre-treatmeht,coli reduction was due to the single effect of
the AD because this pre-treatment did not sanitizesludge (relevant data corresponding
to the single effect of AD are shown in Fig. 6)r Bloe SOMCPH, the three configurations
generated similar results: 2.32, 2.45 and 2.47plogductions for ultrasound, low-
temperature thermal and alkali, respectively. Bnas was observed in the preliminary
assays (section 3.1), unexpected results for SSRE viound after digestion of the
ultrasonicated and alkali pre-treated sludge, teguln an increase of 1.62 lggand 1.80
logio, respectively. However, SSRC did not experiengrilai changes with the low-
temperature thermal pre-treatment. As for preliminassays, this increase in the SSRC
concentration after AD is currently being investegh From the three configurations
studied in this section, the thermal pre-treatniedbwed by mesophilic AD seems to be
the best option in terms of hygienization.

The effectiveness of post-treatments in the samitabf digested sludge has been

thoroughly studied in the literature (Allievi et,al994; Bujoczek et al., 2002; Astals et al.,
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2012a). The microbiological results for the threstgreatments applied after mesophilic
AD are displayed in Fig. 6. The digestion was sidfit to meet th&. coli requirements
established by the normative, reaching reductidnsiare than 3.78 log. These results
were below the detection limit of the technique kmg impossible to evaluate the coli
reductions achieved by the assayed post-treatmententrast, the SSRC levels were not
changed due to the mesophilic AD or post-treatmehtsingle mesophilic AD reduced
SOMCPH levels by 1.88 lgg and the combination of AD followed by the low-
temperature thermal and alkali post-treatmentsitexsin reductions of 3.42 legand 2.56
logio, respectively. However, no additional effect wdsserved with ultrasound post-
treatment with respect to a single AD. Taking iatcount thate. coli levels decayed
below detection limits and that SSRC levels rendinechanged, the level of SOMCPH
was the parameter that allowed the evaluation@gfficacy of post-treatments. Therefore,
as was the case for pre-treatments, the low-teryperthermal post-treatment seems to be

the best option for hygienization.

3.4. Assessment of the feasibility of the treatmenin a WWTP

By considering an energy balance with the assedsafi¢he different treatment scenarios
an estimate can be made to determine whether #rg\e(i.e., electricity and heat) required
by the pre-treatment can be recovered throughnpeaved methane production. However,
these estimates rely exclusively on laboratory ;d#tarefore, the results would not be
entirely conclusive for an operational WWTP. Moregwvt should be considered that the
heat balance is highly influenced by the solid @ntiation; therefore, a concentrated WAS

will lead to a better balance, while a diluted gjedvill lead to a worse balance (Carrére et
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al., 2012). The assessment is based on a novel Wajgpach, where the primary sludge
and WAS are digested separately to increase thertypjities to use digested WAS in
agriculture.

Ultrasound treatment (27,000 kJ/kg TS) was ablesdlubilize organic matter and
improve WAS specific methane production, but was able to disinfect the WAS.
Therefore, the most reasonable configuration forasbnication would be to use it as a pre-
treatment prior to AD and composting or thermaltgosatment (if the digestate is intended
for use as fertilizer). The electricity balancetio¢ ultrasound pre-treatment shows that an
increase in methane production (15 mL ALZHCOD) results in an increased electrical
production of 240 kJ/kg TS, which is very low wheompared to the supplied energy
(27,000 kJ/kg TS). Nevertheless, on an industdales this difference would be lower due
to the higher efficiency of commercial ultrasonavites.

Low-temperature pre-treatments (< 100 °C) are cheniaed by a low energy demand,
which may be supplied by a combined heat and pd@étP) unit fueled with biogas
(Passos et al., 2013). On the one hand, the hpated to increase the WAS from 15 to 80
°C were estimated to be 4.6 MJ/kg TS, assuming &Wfgecific heat of 4.18 kJ/kg/°C, a
density of 1000 kg/fh and 8% of the process heat losses (Astals &Gdl2a). On the other
hand, the heat produced by the CHP unit after hgrthie biogas was 3.6 MJ/kg TS, which
represents the energy required to increase the Y¥/Perature from 15 to approximately
65 °C. The value was obtained assuming a 35,80@ KJ methane caloric value and a
0.55 CHP unit yield for heat generation (Astalslet2012a; Passos et al., 2013). However,
if a 80 °C pre-treatment is required, it would leeassary to install a sludge-to-sludge heat
exchanger, where the pre-treatment effluent woglduiked to pre-heat WAS. The energy

recovered in the sludge exchanger should be at tlka23% of the heat contained by the
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pre-treated WAS, which is below than the 80-85%ckificy reported for this type of unit
(Astals et al., 2012a; Carrere et al., 2012). Asashin the BMP tests, the low-temperature
thermal pre-treatment scarcely increased the bradedility of the WAS, possibly due to
the shorter contact time. It is likely that a long&posure time would result in an increase
of the methane production and induce an improvenoérthe energy balance (Li and
Noike, 1992). Nonetheless, a higher capital cosuldvde required due to the larger
digester volume. Additionally, both the thermal qnmeatment and the post-treatment were
successful in reducing the microbiological paramsetdowever, the pre-treatment does not
guarantee hygienization after the AD. Therefore,dbnfiguration for this treatment seems
to depend on the final destination of the sludféhe sludge is intended for agriculture, it
should undergo post-treatment to satisfactorily tntlee current microbiological levels for
land application. If the sludge is not intended &griculture, it may be appropriate to
perform a pre-treatment (the effect of the exposume should be further investigated) to
enhance the AD.

Alkali conditioning (157 g NaOH/kg TS) has been essful in improving methane
production, and has reduced the level&€otoli below the limits established by the EPA
and EU. However, as a pre-treatment, it unexpegtedireased the levels of SSRC after
AD and required neutralization prior to AD. In atiloin, it resulted in a negative economic
balance. The selling price of industrial NaOH an@l ldre highly variable, but average at
300 and 200 €/ton, respectively (Solvay, 2013). geguently, dosing 157 g NaOH/kg TS
and 218 g HGhew/kg TS for their subsequent neutralization requde394 €/kg TS and
0.044 €/kg TS, respectively. The sum of the reageost (0.138 €/kg TS) was much larger
that the incomes generated through the extra metipanduction. Specifically, 43 mL

CH4/g COD will represent an extra electricity prodoatiof 680 kJ/kg TS that, at a tariff of
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0.10 €/kWh, will lead to a revenue of 0.019 €/kg. P®other drawback linked to alkali
pre-treatment is the rising sodium concentratiornhia digester, which can drive the AD
process to inhibition (Mouneimne et al., 2003; €aaret al., 2012); therefore, the use of
NaOH as a pre-treatment is rather limited.

Finally, it is worthwhile to note that the treatntemeduced the energy of pumping due
to the decrease on WAS viscosity. Specificallyragbund, thermal and alkali treatments
reduce the energy of pumping from 14 kJ/kg TS (eatment) to 1.8, 6.0 and 2.5 kJ/kg TS,
which corresponds to a reduction of approximatddy 80 and 80%, respectively. This
approach was obtained assuming a sludge flow \glo€i0.2 m/s, a pipeline length of 500
m and a pipeline internal diameter of 150 mm. Thesecifications are obtained from a
WWTP with a capacity of two million population egalents (420,000 f¥day). Clearly,
the energy required for pumping the untreated ffudg kJ/kg TS) is considerably lower
than the cost of the discussed treatments. Onttieg band, although it was not quantified,
it is conceivable that the decrease in viscositprowed the mixing in the digester and
allowed the realization of high solids AD, thus anbing the final biogas production and

the energy balance.

4. Conclusions

Waste activated sludge was pre-treated and padettethrough ultrasound, low-
temperature thermal and alkali conditioning to fdevan overall view of feasible scenarios
for waste activated sludge management. The setecofidghe optimum condition of each

pre-treatment was based on hygienization and rgeabresults. On the one hand, the
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three treatments reduced the viscosity of the g€udgd this reduction was greater when
increasing the treatment intensity. On the otherdhdhe low-temperature thermal and
alkali treatments but not ultrasound treatmentvedid the hygienization of the sludge. The
effects of the three optimum treatment conditiomsercompared in terms of the anaerobic
digestion improvements and hygienization. Ultragsburincreased the sludge
biodegradability and the specific methane product{@3%), but did not succeed in
hygienization, suggesting that the most appropatdiguration for ultrasonication is as a
pre-treatment before treatment in the anaerobiestiy. The low-temperature thermal
treatment barely increased the sludge biodegratialiut allowed hygienization, which
suggests that it would be more suitable as a peatrment. However, the use of longer
contact times would increase the chances for usa pse-treatment. Alkali treatment
increased the methane production (34%) and wasessftd in hygienization because it
reduced the levels d&. coli below the limits established by the EPA and EU. Ewoesy,
when used as a pre-treatment, it resulted in a &gbunt of sodium because of the high
concentrations of NaOH required, which may inhiaitaerobic digestion. The energy
balance revealed that under the tested conditithres,ultrasound and alkali treatments
required higher operating costs. Finally, it isewabrthy that SOMCPH was an appropriate
microbial indicator for evaluating the differentidbe treatments and would be a suitable

candidate to complemeht coli measurements.
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Table 1. Characterization of the raw and pre-tedAS. Errors represent standard

deviations.
Units WAS USWAS T-WAS NaOH-WAS
Waste characterisation
TS g/L 64.2+0.2 657201 646+0.1 723+0.1
VS o/L 529+0.2 539+0.1 53.0x£0.1 495+0.2
tCOD g QL 80.9+04 805+0.3 81.6+05 75#04
sCOD g Q/L 0.9+0.1 10.3+0.2 9.6+0.2 12.#0.1
pH - 6.5+0.1 6.4+0.2 6.4+£0.2 75+0.1
VFA mg/L 223+ 10 952 + 16 293 +21 560 + 18
Acetate mg/L 165+4 634 5 249+ 18 481 + 14
Propionate mg/L 22+5 1979 25+8 22+3
Butyrate mg/L 231 534 19+2 31+2
Valerate  mg/L 13+1 68+1 n.d. 26+ 2
Pre-treatment solubilisation efficiency
sCOD/tCOD % 1.1+0.1 128+0.2 11.7+£0.2 160z
SD % - 11.8+04 10.8+x06 14.0+x0.6

* Obtained by multiplying the SV by 1.53 g COD/& due to chloride interference in the COD analysis
** Obtained after removing the chloride COD detened in tCOD analysis

*** n.d. non-detected (<10 mg/L)
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Fig. 1. Effect of the ultrasound, low-temperature thermal and akali treatments on
indicator populations (E. coli, SOMCPH, and SSRC). A: ultrasound conditions; B:

thermal conditions; C: akali conditions. Error bars represent standard deviations.
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Thermal and akali conditioning but not ultrasonication alowed WAS
hygienization.

The three pre-treatments were able to reduce the viscosity of WAS.

Alkali and ultrasound pre-treatments increased WAS biodegradability.

Thermal pre-treatment barely increased WAS biodegradability.

Under tested conditions, ultrasound and alkali treatment entailed high costs.



