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Abstract

Over the last two decades, the production of exsksiye has increased rapidly due to a more
stringent legislation on effluent quality and a \gnog number of new plants, becoming an
economic and an environmental critical issue. Pssiog excess sludge could account for half up
to 65% of the total operation costs of a wastewatatment plant. Technologies to reduce the
excess sludge had been widely studied. Severakstugported that the technologies integrated in
the wastewater handling units should be cost effe@nd preferable rather than the techniques
integrated in the sludge handling units, as théato reduce the sludge production rather than
treat it. Thus, the development and the optimizatd a technology able to reduce the sludge
production in the water line is now challengingloA of technique have been developed such as
biological, thermal, high temperature oxidation,cimenical treatments, ultrasonication, ozonation
or by using chemical compounds. Some of these bagr proven not energy saving, while others
can negatively affect the effluent quality of theogess due to the formation of by-products.
Among others, biological treatments are a challeggtrategy for sludge reduction. In recent
years, several studies showed that including arrab& bioreactor in the returned activated
sludge line of a conventional activated procesddcsignificantly enhance the sludge reduction
without causing negative effects on operationafgquerances. Today, this configuration is known
as anaerobic side-stream reactor (ASSR) processré&daboratory applications highlighted that
the sludge yield of the ASSR process could be rediwp to 60% compared to a conventional
activated process. Despite the highest percentagledge reduction achieved, the process is still
little applied to real scale because its main dpeggparameters and sludge reduction mechanisms
are still unclear.

This study focused on the verification of ASSR @sx; the mechanisms of sludge reduction
and the microbial structure of the process. Duting first part of the research, a laboratory
experimental system was designed and implementededquencing batch reactor (SBR), to
simulate the water line of a real wastewater treatnplant, and an ASSR as a sludge treatment
unit composed the system. Unlike most of the previstudies, the system was fed with real urban
wastewater in order to obtain results that refeecimuch as possible what can really happen to a
municipal WWTP. Through a critical analysis of thierature, the influence of two important
operating parameters, such as the solid retentio (SRT) of the ASSR and the interchange rate
(IR), which means the percentage of biomass cyokedhe ASSR, had been uncovered

Given this, the experimental system was startednabreached a stable condition after 60 days.

The research was developed in three different phtese lasted for about 90 days each. The

experimental lab system was tested under threegeoafions: i) 10% sludge interchange rate and




SRT in the ASSR of 10 days; ii) 20% sludge intengearate and SRT in the ASSR of 5 days and
lii) 40% sludge interchange rate and SRT in the RS$ 2.5 days. The observed sludge yield
(Yobs) of each phase was evaluated and was eqhlg0TSS/g COD, 0.14 g TSS/g COD and
0.12 g TSS/g COD in Phase |, Il and lll, respedyiv@hese results confirmed that the process
could significantly decrease the sludge productiod a reduction up to 62% could be achieved.
To explain the results obtained in terms of sludgguction, different tests and analysis were
performed. The release of soluble COD and ammanitheé ASSR have highlighted that the
endogenous decay and cell lysis mechanism ocdheiASSR. Extraction of EPS, with CER and
BASE methods, showed a release of protein and potysmrides in the bulk solution that
increased passing between Phase | and lll. Atrideoéeach experimental phase, batch tests were
carried out to evaluate the activity of phosphaosumulating organisms (PAO) and denitrifying
phosphorus accumulating organisms (DPAO).

Recirculation in SBR-ASSR selects DPAO microorgansisThis was a result of great interest
because DPAO could enhance the biological nutriemioval since nitrogen and phosphorus can
be simultaneously removed. Furthermore, DPAO hasiaell yield than PAO resulting in lower
sludge production. Results showed an activity oOPAPAO and other slow growers such as
sulfate reducing bacteria. All these results suiggkthat the high percentage of sludge reduction
could be explained as a combination of aspectdy sscthe cell lysis, the cryptic growth, the
selection of slowing microorganisms and EPS desiraton. The SRT and the IR could be
considered as main parameters and their variabaldsignificantly affect the performance of the
process. Microbial analyses were carried out t@stigate the bacterial and archaeal structure of
the ASSR sludge during each phase.The resultsroced the presence of several bacteria that
are typically heterotrophic responsible of hydr@yand fermentative process of organic matter.
Several slow growers bacteria were also detectedeter, according to the batch tests on PAO
and DPAO activity, a relevant increase in Phaseflsome genera able to enhance the biological
phosphorous removal has been observed.

In summary, the research found that the ASSR psoisea sustainable solution for the sewage
sludge reduction due to an efficient and a low géugroduction, able to ensure both carbon,
nutrients and phosphorous removal applying an ehe simple technology, easy to realize both

in new and in existing wastewater treatment plants.







|. Chapter

Executive summary




Executive summary

Until today, the conventional activated sludge (GAfocess has been widely applied to
wastewater treatments although the large amouséwhtge sludge produced by it. The handling,
treatment and disposal of sewage sludge are chalignvaste management problems common to
many countries. The implementation of Urban WastateV Treatment (UWWT) Directive
91/271/EC (CEC, 1991) forced all the Member Stateisnprove their wastewater collecting and
treatment systems. As a result, the annual sewadgesproduction increased. It was estimated
that the worldwide sewage sludge production coufteed 13 million tons dry solids up to 2020
(Milieu Ltd., WRc and RPA, 2010; Leonard, 2011).view of this, the Council of the European
Union defined the reduction of sewage sludge prtodocone of the first priorities in waste
management hierarchy.

Up to day, many technologies have been developeédiace and/or treat sewage sludge. One
promising option to reduce the sludge productionvastewater treatment plant (WWTP) is the
application of an anaerobic side-stream reactorSRRSIn the returned activated sludge line of a
CAS system. Several schemes different from eachr ddn the reactor type used to simulate the
water line has been proposed. Chudoba et al. (1888 the first to implement the ASSR in a
CAS system, naming the process as OSA (oxic-sgttlanaerobic). This configuration was
proposed also by others as An and Chen (2008) aetYad. (2008). Further other studies were
performed using others reactors to simulate theemlate such as membrane bioreactor (MBR)
(Chen et al., 2003 and Saby et al., 2003), in aimgobed biofilm reactor (MBBR) (Li et al.,
2014) and in a sequencing batch reactor (SBR) (Keval., 2007; Goel and Noguera, 2006). All
these studies reported that the ASSR introductionldc increase significantly the biological
sludge reduction up to 60% without causing negagffects on sludge settling and effluent
properties (Novak et al., 2007). The CAS-ASSR apnfation allows a percentage of sludge
reduction ranging between 14- 50 % to be obtai@ifoba et al. 1992; Wang et al. 2008; Ye et
al. 2008; Torregrossa et al. 2012).

According to Semblante et al. (2014), the obsesstadge yield (¥,9 of a lab application of
the CAS-OSA configurations ranged from 0.21-0.258§1gCOD (Chudoba et al. 1992) and 0.53
gMLSS/gCOD (Wang et al. 2008). Torregrossa et2i12) implemented the same configuration
as a pilot plant continuously fed with a real miypat wastewater achieving 35% of sludge
reduction (Yps 0.36 gTSS/gCOD), compared to the control system.e¥Yel. (2008) had a
cumulative sludge production of 1.842, 1.597 ar@62.g SS/d, depending on the SRT applied,
which were 23%, 33% and 14%, respectively, lowantthe control system (2.392 g SS/d).




The MBR-OSA configuration performed by Saby et(2D03) achieved a cumulative sludge
reduction ranging between 28 — 58% with g,sY¥0.17-0.29 gTSS/gCOD, depending on the
oxidation potential reduction (ORP) value. Among ttiifferent configurations implemented in
laboratory studies, the SBR-OSA configurations regzbup to 60% sludge reduction, making the
best result. Novak et al. (2007) reporteg,sYof 0.11 gvVSS/gCOD and a reduction of excess
sludge production of 20 — 45%. Similar results welbgained in the studies performed by Chon
and Park (2012) and Chon et al. (2011a, 2011b)embc Zhou et al. (2015b) observed that
applying a modified OSA system (A + OSA) with aroaic tank prior to oxic tank, a Yobs of
0.21 gSS/gCOD, 32% lower than a conventional peath anoxic and oxic phases in the water
line (A/O) (0.32 gSS/gCOD) was obtained.

Up to now there are two patent applications thatkased on lab-scale implementation of the
process. The Cannibal® process, patent by Cuttial.e(2007; 2011), is a combination of
biological and physical treatment, and is the finsplementation of an ASSR to full scale. The
Cannibal® process is composed of a CAS systemlich sgparation module, an ASSR with 10 d
SRT and a remote control system that monitor thé> @Rdifferent levels/compartments of the
side reactor. Recently Chon and Park, (2012) pexgbas new patent, called UMass process,
characterized by an ASSR with a short SRT (2.5 Jdalseir results clearly indicated that the
UMass sludge reduction system, which employs ats&BT (2.5 days), is very effective in
reducing sludge generation, being even more effedtian the sludge reduction obtained in the
CannibaP process. Thus, the lower SRT of the UMass pronessls a smaller ASSR than the
CannibaP process and consequently lower capital and operabsts.

However, despite the good percentage of sludgectieduobtained, the process is not yet
applied at full scale as the mechanisms behindbitiegical reduction are still unclear. In fact
several and contrasting explanations have beenidadvabout the sludge reduction such as
uncoupling metabolism, cell lysis and cryptic growtdomination of slow-growing
microorganisms and destruction of EPS, but a compigechanism is not clearly reported and
related to an operative control strategy.

Chudoba et al. (1992) based their explanation enuticoupling metabolism mechanism. The
Authors reported that in the anaerobic reactor, reehod and oxygen are insufficient,
microorganisms are subjected to a physiologicatishim these conditions, they spent energy to
satisfy their maintenance functions and not fordhethesis of new cells. When they are returned
in the aerobic reactor, they have enough subsaraderebuilt their energy reserves. However this

mechanism is strictly connected to the selectiopasficular microorganisms.




Therefore the sludge cycling in anaerobic and aenplases results in a metabolic selection of
those microorganisms able to favour catabolic patfsv On the contrary, Wang et al. (2008)
reported that the sludge decay is the main caustudfie reduction in OSA system, accounting
for 2/3 reduction. Subjecting the sludge to altegnaerobic and anaerobic conditions, the
concentrations of soluble COD, NHN, TP, protein and carbohydrate in the supernatant
gradually increased proving that the sludge lyad acidogenesis occur and lead to minimization
of excess sludge. Furthermore, Chon et al. (20h&)ved that degradation of EPS, iron and/or
aluminium-associated materials occurs under aeraiit anaerobic cycling conditions, while it
does not occur in a CAS system even with long SRius, the Authors reported that the EPS
destructuration could be responsible of the lovigdge yield, too. Furthermore, several operative
parameters have been defined as the main sucte &8RP, the SRT, the HRJsk and the IR.
However, only for the ORP it could be possible ¢dirte an optimal value in the ASSR for sludge
reduction of -250 mV. On the contrary, a wide ramgeSRT of the whole system has been
reported, does not allowing defining a unique valDe the other hand, previous results reported
that low IR and high HRT in the ASSR allow highdde reduction efficiency to achieve.

Given this great confusion about the ASSR prodéssaim of the present thesis was to test a
SBR-ASSR laboratory scale system under differemfigorations that were made varying the
solid retention time (SRT) of the ASSR and thertttange rate (IR). Thus, three different phases
were considered: 10% sludge interchange rate andibkhe ASSR of 10 days; ii) 20% sludge
interchange rate and SRT in the ASSR of 5 daysigrD% sludge interchange rate and SRT in
the ASSR of 2.5 days. Each Phase lasted for alibdags. The main mechanisms involved in the
sludge reduction were studied, focussing the attenotn endogenous decay, destruction of
extracellular polymeric substance (EPS) and theination of slow-growing microorganisms.
The performances of the process in terms of cads@hnutrient removal efficiencies were also
evaluated in order to verify that the process comldet the discharge regulatory limits.
Furthermore, an analysis and a comparison of therofmigl community structure in each
experimental phase were performed. Finally, theotsf of the temperature on the kinetic and
stoichiometry of two main groups of bacteria weaeried out.




A review of Anaerobic Side-Stream Reactor for exass sludge reduction: configurations,
mechanisms and efficiency - Chapter 2 — Published 2015,Critical Review in Environmental

Science and Technologies

In the frame of a modern waste management, an tanosector concerns the sewage sludge
minimisation. In recent years a lot of techniquesen been developed to reduce the sludge
production such as biological, thermal, thermoclvami high temperature oxidation and
mechanical treatments, ultrasonication and ozonatio using chemical compounds. Among
those, the use of an Anaerobic Side-Stream Ref&®8R) in the conventional activated sludge
line is a challenging biological technology able nonimize sludge production in wastewater
treatment plants. The ASSR can be easily realizdubth new and existing plants as it consists of
an anaerobic side-stream reactor for sludge tredtared reduction where a portion or, in some
cases, all the return sludge of the activated glyolgcess is subjected to alternating aerobic,
(anoxic) and anaerobic conditions. Studies sha@t tombining a conventional activated process
with an ASSR, sludge yield could be reduced by m@Q - 60% without any negative effects,
neither on the effluent quality nor on the settlicigaracteristics of the activated sludge. The
process has been applied using various configustiBurther, different explanations about the
reduction mechanisms behind the process have bemtded. This paper is a review of the
existing applications of the ASSR in laboratory Iscand patents in order to describe the
configurations implemented, the performance of phecess in terms of sludge reduction and
carbon and nutrient removal, the main operatingampaters and the mechanisms of sludge

reduction observed.

Simultaneous biological processes for sludge reduah in anaerobic side-stream reactor -
Chapter 3 — Submitted

An anaerobic side-stream reactor (ASSR) was opfate300 days coupled to a conventional
activated sludge (CAS) to investigate the impactS&T in the ASSR and the related sludge
interchange ratio (IR) on the sludge reduction pssc Different phases varying the SRT and the
IR were carried out, revealing that an SRT in tf&SR of 2.5 d and an IR equal to 40% was the
most suitable case in terms of sludge reductiomieaitg a 66% of sludge reduction as compared
to a CAS system. An increasing release of ammaoaiable COD and soluble EPS was detected
in the ASSR increasing the amount of biomass cyiddétle ASSR, showing the importance of the
cell lysis process. The release of orthophosphatthe ASSR was also detectable, which was
explained by the activity of the total phosphorassumulating organism (TPAO). Specific batch




tests demonstrated that increasing the biomasggyid the ASSR, the percentage of denitrifying
phosphorous accumulating organism (DPAO) over tleeolac phosphorous accumulating
organism (PAQO) increased. The activity of sulphaszlucing bacteria (SRB) was also
investigated. All the results observed led to a mplanation of the sludge reduction process
achieved by inserting an ASSR in the returned ®udge of a CAS system. This study tried to
connect the sludge decay, the cell lysis, the E&Sruction and the presence of slow growing

microorganism in order to define a mechanism baseslynergy and coexistence of all of them.

Shift in microbial community structure of anaerobic side-stream reactor in response to

changes in solid retention time and interchange rad — Chapter 4 -Submitted

A laboratory scale sequencing batch reactor (SBRhaerobic side-stream reactor (ASSR)
system was operated for 300 days under three elifferalues of anaerobic solid retention time
(SRTassp and interchange ratio (IR) to investigate carlhod nutrient removal efficiencies and
sludge reduction as compared with the microbial momity structure of the ASSR. Under each
experimental phase, the SBR-ASSR system was eféedti the removal of COD, ammonia
nitrogen and phosphorous. The best carbon andcenutemoval efficiencies were obtained under
the last experimental phase when the &Rd'was 2.5 days and IR equal to 40% (Phase III). In
this phase, the highest reduction of sludge praoduetas also observed (66%). Quantitative PCR
analyses encoding 16 rRNA gene revealed a widegiiyeof phylogenetic groups in each phase.
However, an increasing selection of fermenting é@aat able to release EPS, denitrifying
phosphate accumulating bacteria (DPAOs) and hetgtotc denitrifying bacteria was observed
from Phase | to Phase lll. Further, specific gP@QRIyses targetedpsAgene showed an increase
of sulphate reducing bacteria (SRBs) in PhaseTHk total number of Archaea was almost the
same for each experimental Phase. However, a ®bift hydrogenotrophic methanogens to
methylotrophic and acetoclastic methanogens wactet.

Temperature effects on PAO and DPAO activity in Anarobic Side-Stream Reactor —
Chapter 5 - Submitted

In this study, the effect of the temperature oraltgthosphorous accumulating organisms
(TPAOSs), both aerobic phosphorous accumulating resgas (PAOs) and anoxic denitrifying
phosphorous accumulating organisms (DPAOs) werestnyated. Four different temperatures, 5,
10, 15 and 20°C were tested in batch assays usswjeated biomass from an ASSR process

performed at lab-scale at room temperature. Basts twere carried out in anaerobic, aerobic and




anoxic conditions to evaluate the phosphorous seled TPAOs, the uptake of PAOs and the
uptake of DPAOSs, respectively. Results showed tti@atphosphorous release and uptake kinetics
were influenced from the variation of the tempematuwvhile temperature did not influenced

significantly the anaerobic and the anoxic processeichiometry. In general, decreasing the

temperature, a decreasing in the P-uptake andseetades was observed.

In anaerobic conditions, the P-release rate wag, 0.08, 0.20 and 0.30 mg PO4 3- -P/ (g TSS h)
at 5, 10, 15 and 20 °C, respectively. Under aerobiditions the P -uptake was 0.95, 1.47, 2.41
and 4.53 mg P§" -P/ (g TSS h) at 5, 10, 15 and 20 °C, respectivelyanoxic conditions the P-
uptake was 0.24, 0.53, 1.55 and 3.01 mg P&/ (g TSS h) at 5, 10, 15 and 20 °C, respectively
Arrhenius temperature coefficierfiSor anaerobic, aerobic and anoxic metabolism i@ued to

be 1.114, 1.121 and 1.165, respectively. Resultsated that DPAO activity was more affected

by a lower temperature than PAO activity as a higkrehenius coefficient was estimated.
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ABSTRACT

In the frame of a modern waste management, an ii@pbisector concerns the sewage sludge
minimisation. In recent years a lot of techniquesvén been developed to reduce the sludge
production such as biological, thermal, thermocleahihigh temperature oxidation and mechanical
treatments, ultrasonication and ozonation or usimgmical compounds. Among those, the use of an
Anaerobic Side-Stream Reactor (ASSR) in the coriveat activated sludge line is a challenging
biological technology able to minimize sludge protlan in wastewater treatment plants. The ASSR
can be easily realized in both new and existinghfslaas it consists of an anaerobic side-stream
reactor for sludge treatment and reduction wheperdéion or, in some cases, all the return sludge of
the activated sludge process is subjected to atevy aerobic, (anoxic) and anaerobic conditions.
Studies show that, combining a conventional acéiggirocess with an ASSR, sludge yield could be
reduced by up to 40 - 60% without any negative @ffeneither on the effluent quality nor on the
settling characteristics of the activated sludgéwe Tprocess has been applied using various
configurations. Further, different explanations atthe reduction mechanisms behind the process
have been provided. This paper is a review of tkistiag applications of the ASSR in laboratory
scale and patents in order to describe the cordifpms implemented, the performance of the
process in terms of sludge reduction and carbonnamident removal, the main operating parameters
and the mechanisms of sludge reduction observed.

Keywords:aerobic and anaerobic sludge cycling, activatedgdu Anaerobic Side-Stream Reactor
(ASSR), Oxic Settling Anaerobic process, sludgeimisation, sludge reduction mechanisms.

1. Introduction

Nowadays, the most used process for treating awt industrial wastewaters is the
conventional activated sludge (CAS) that allowsighlorganic carbon removal efficiency to be
obtained producing, on the other hand, a largeuamof excess sludge to be disposed. The
production of excess sludge in municipal wastewatsstment plants (WWTPs) has increased
rapidly in recent years, due to a more stringegtslation on effluent quality and a growing
number of new plants, becoming a critical issuec@ssing excess sludge could account for 25 -
65% of the total operation costs of a WWTPs (Chteal.¢ 2001; Saby et al., 2003; Yang et al.,
2011) and its disposal costs has become more angl expensive due to restriction in reuse and

disposal.
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In recent years a lot of techniques have been dpedIto reduce sludge production in WWTPs
(Carrere et al. 2010; Foladori et al. 2010), sustbialogical (Wei et al. 2003; Semblante et al.
2014), thermal (Neyens and Baeyens 2003), thernmoicaé (Rocher et al. 1999), high
temperature oxidation (Hii et al. 2013) and mecbainireatments (Weemaes and Verstraete
1998), ultrasonication (Pilli et al. 2011), ozonati (Chu et al. 2009b) or using chemical
compounds (Liu 2003). In order to reach a signiftcsludge reduction, some of these have been
proven to be not energy saving technologies, withers can negatively affect the effluent quality
of the process due to the formation of by-produéisiong others, biological treatments are a

challenging strategy for sludge reduction in WWTPs.

A promising biological technology based on sludgeliog between aerobic, anoxic and
anaerobic conditions has been developed to miniacated sludge production (Chon et al.,
2011). It fundamentally consists of an aerationirbas activated sludge reactor, a settling tank
and an anaerobic side-stream reactor (ASSR) faigsldureatment and reduction where a portion
or, in some cases, all the raw activated sludgeS)R#recycled.

Several laboratory applications demonstrated tlsatiguan ASSR, the sludge yield (Yobs)
could be reduced by up to 40% (Chudoba et al., 13826 (Chen et al., 2003; Saby et al., 2003)
and 60% (Novak et al. 2007) compared to a CAS pcEhe process showed to be useful in
terms of sludge reduction, simple to realize insemg WWTPs, energy saving and without
negative effects on effluents quality. Differenpnations about the reduction mechanisms have
been proposed, such as the enhancement of endsgedeoay, the metabolic uncoupling, the
feasting/fasting mechanism, the destruction of amditular polymeric substances (EPS), the
domination of slow-growing microorganisms and thedation of bacteria (Van Loosdrecht and
Henze 1999).

However, the mechanism underlying the biologicaldge reduction is not clearly identified
yet. Thus, the aim of this paper is to present\@maew of the existing application of ASSR in
order to describe the implemented configuratiohs, gerformance of the process, the observed

mechanisms of sludge reduction and the main ingbpagameters.

2. Anaerobic side-stream treatment

2.1.Lab scale configurations

The integration of an ASSR in the water line of &AM allows the alternate cycle of the
sludge between aerobic, anaerobic and anoxic eongitWestgarth et al. (1964) possibly for the
first time reported that sludge cycling from aemtn an anaerobic environment could reduce the

rate of sludge production by half as compared wi@®AS process.
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After some years, Chudoba et al. (1992) realizethleoratory unit, called oxic settling
anaerobic process (OSA). It consists of an activaledge system with the anaerobic sludge
holding tank within the sludge return line namedSCA OSA. Whole (Fig. 1a) or most (Fig. 1b)
of the settle sludge, extracted from the settleggtor, is pumped into the anaerobic tank and then,
it is recycled in the CAS and thus resubjectedeimlaic conditions (Wang et al. 2008; Ye et al.
2008; Torregrossa et al. 2012).

An alternative configuration to the CAS-OSA syste&amnthe MBR— OSA configuration that
employed a submerged membrane module in the agmikca settling tank and a sludge holding
tank (Fig 1c). The settling tank is used to thickea sludge and to maintain a high sludge content
in the sludge holding tank which consists of aneaobic zone in the sludge return line. The
excess sludge is directly discharged from the aer@mk. The settled sludge in the clarifier is
pumped to the ASSR while the supernatant is relared to the aeration tank. This configuration
allows any solids loss through the effluent by dinavitational clarifier, presents the advantage of
separating the hydraulic retention time (HRT) frim sludge retention time (SRT), allowing the
excess sludge production to be accurately detetenii@hen et al. 2003; Saby et al. 2003; An and
Chen 2008).

The most used configuration in literature and inolatory scale applications is the so called
SBR — OSA configuration (Fig 1d). It consists obaquencing batch reactor (SBR), that treats the
incoming wastewater operating with several cycles g¢ay, mainly four, with four phase (fill,
react, settle and decant), and an ASSR fed by @iopoof the settled sludge. An equal volume
from the ASSR is returned to the SBR. The mained#iice between this configuration and the
CAS-OSA or the MBR-OSA configurations is the lovegrace requirement in the water line due
to the absence of the secondary settling and teeate loading mode instead of continuous. The
reaction phase of the SBR cycle could be only aer@ovak et al. 2007), to perform carbon
removal and nitrification, or aerobic and anoxit.the latter case both carbon and total nitrogen
removal could be performed (Sun et al. 2010; Chaal.2011b; Kim et al. 2012) or simultaneous
carbon, nitrogen and phosphorous removal (GoeNoglera 2006; Datta et al. 2009) .
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Fig. Il.1 Schematic diagrams of (a) CAS - OSA systéd) Modified CAS - OSA system; (c) MBR-OSA syste(d)
SBR-OSA system

Coma et al. (2013) developed a new process caliednBx™ (Fig 2a) for simultaneous
nutrient removal and biological minimization of dge production. The process is a modified
configuration of the University of Cape Town (UCnocess, that provided the nutrient removal
by combining anaerobic, anoxic and aerobic processéhe water line in three separate reactors
(Tchobanoglus et al. 2003). The Biminex™ processukites the same conditions of the UTC
process in the water line but, to enhance the sludduction, a portion of the sludge, extracted
from the settling reactor, is discharged as exsésdge and a portion (RAS) is recycled to the
system. The recycled RAS is divided into two lintkge first one allows the recirculation of the
sludge into the anoxic tank of the water line while second one leads to the ASSR before being
returned to the anaerobic reactor of the water line

This configuration had been improperly comparetht®® SBR-OSA developed by Datta et al.
(2009), where the SBR cycle consists of an anaerabioxic and aerobic phase. Even if the water
line has the same operative conditions, therevaventain differences between Biminex™ and the
SBR-OSA system: the presence/absence of threeatsepaslumes to perform the anaerobic,
anoxic and aerobic reactions in the water line amateover, the continuous/batch loading rate of
the settled sludge in the ASSR.

Recently, another configuration has been develtyedhou et al. (2015). It consists an anoxic

tank prior to the oxic tank in the water line amd ASSR where a portion of the RAS is cycled.
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This configuration is called A+OSA system and alowoth the nitrogen removal and the

biological sludge reduction. (Fig 2b).
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Fig. 1.2 Schematic diagrams of (a) BIMINEX systefim) A+OSA system
2.2.Engineering applications

Some laboratory applications are also the basewwofdifferent patents. The Cannibal®
process patent by Curtis et al. (2007; 2011), wisch combination of biological and physical
treatment, is the first implementation of an ASSRftll scale. The Cannibal® process is
composed of the following parts: (1) a CAS systé),a solid separation module; (3) an ASSR
with 10 d SRT; and (4) a remote control system thabnitor the ORP at different

levels/compartments of the side reactor. (Fig 3).
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A portion (90%) of the settled sludge is directcycled to the CAS system, while the
remaining portion (10%) is pumped to the solid saflan module which contains a fine drum
screen (250 um) with hydrocyclones to remove trgsih, and inert material accumulated in the
mixed liquor due to their small size. The residuvedpced by the solids separation module can be
compressed and disposed of as screenings wasee.tidt physical treatment, the returned sludge
flow is directed to the ASSR, where particular eonmental conditions are provided by the
automatic control system. A pH and ORP thresholdiesaare ensured to avoid fermentative
phenomena with a consequent emission of odoursafagt al. 2015). Lab scale reactors have
been also used to test the performance of the ggotvak et al. (2007) and Goel and Noguera
(2006) simulated the industrial process using a -8EA configuration without the solid
separation module to evaluate the biological radocbf excess sludge and the phosphorous
removal, respectively. However, both studies emgdogynthetic wastewater with a low TSS
content, thus the results obtained in terms ofgdueduction may differ significantly when real
wastewater is used. Johnson et al. (2008) modihedstandard ASM 2d model to simulate the
effects of the biological sludge reduction in then@ibal® process. It has been hypothesized that
the base biological sludge reduction mechanisnhasttansformation of a portion of particulate
non-biodegradable organic material, entering tloedaictor, to slowly biodegradable particulate.

Recently Chon and Park, (2012) proposed a new patalled UMass process, characterized
by an ASSR with a short SRT (2.5 days). The patehased on a lab reactor application where a

comparison of activated sludge systems with diffelSSR schemes is reported. The evaluated

15



systems were: (1) a SBR coupled with an ASSR wittddys SRT at 21°C (as in the Cannibal
process); (2) a SBR + ASSR-UMass with 2.5 day SRZ1&C; (3) a SBR + ASSR-UMass with
2.5 day SRT at 37°C; (4) a SBR+ ASSR- UMass withday SRT at 50 -55°C; (5) a control SBR
without ASSR. In each scheme, 10% volume of settladge in SBR was fed to their respective
ASSRs. Experiments were performed with real wasiew# investigate the UMass sludge
reduction process and to compare its efficiencyhwitat of the Cannibal® solids reduction
process. Results clearly indicated that the UMdsdge reduction systems (Systems 2, 3,
4),which employ a short SRT (2.5 days), are véfgctive in reducing sludge generation, being
even more effective than the sludge reduction obthin the Cannibal-like process (System 1),
which is characterized by a longer SRT (10 daysjhBhe processes require a completed stirred
tank reactor as ASSR. However, the reactor of thenibal process needs to be huge to sustain a
long SRT while the UMass process is characterized lsmaller ASSR, and consequently by
lower capital and operating costs.

3. Performance of the process

3.1 Sludge reduction

The main goal of the ASSR process is to reducegslymloduction. The essential parameter to
evaluate the sludge production/reduction is theenlexl sludge yield (Yobs). The Yobs is
basically defined as the amount of sludge formadtipe amount of substrate removed (Grady et
al. 2011). However this definition, each studydels different ways to express it. Several studies
such as Chudoba et al. (1992), Wang et al., (26@8) Torregrossa et al. (2012) evaluated the
Yobs using the mass balances tool, consideringsglioduction and substrate consumption for a
single day while others, such as Chon et al. (202Q41b), Zhou et al. (2015b) and Coma et al.
(2013) evaluated it graphically considering cumutaterms. The latter case allows the Yobs to
be more representative of the reality since cunudaerms should be used to take into account
the changes in both solids and substrates contiensaluring all the experimental period.

The CAS-OSA configuration allows a percentage ofige reduction varying between 14 -50
% to be obtained (Chudoba et al. 1992; Wang €(418; Ye et al. 2008; Torregrossa et al. 2012).
According to Semblante et al. (2014), the obsesladge yield (Yobs) of a lab application of the
CAS-OSA configurations ranged from 0.21-0.25 gT€®® (Chudoba et al. 1992) and 0.53
gMLSS/gCOD (Wang et al. 2008).

Torregrossa et al. (2012) implemented the samagroation as a pilot plant continuously fed
with a real municipal wastewater achieving 35% lafige reduction (Yobs 0.36 gTSS/gCOD),

compared to the control system. Ye et al. (2008) daaumulative sludge production of 1.842,
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1.597 and 2.062 g SS/d, depending on the SRT abplihich were 23%, 33% and 14%,
respectively, lower than the control system (2.392SS/d). The MBR-OSA configuration
performed by Saby et al. (2003) achieved a cunwdatiudge reduction varying between 28 —
58% with a Yobs 0.17-0.29 gTSS/gCOD, dependinghenaxidation potential reduction (ORP)
value. Among the different configurations implenmezhtin laboratory studies, the SBR-OSA
configurations reported up to 60% sludge reductroaking the best result. Novak et al. (2007)
reported a Yobs of 0.11 gVSS/gCOD and a reductioexoess sludge production of 20 — 45%.
Similar results were obtained in the studies pentd by Chon and Park (2012) and Chon et al.
(2011a, 2011b). Zhou et al. (2015b) observed that A+OSA system had a Yobs of 0.21
gSS/gCOD, 32% lower than a conventional proceds anbxic and oxic phases in the water line
(A/O) (0.32 gSS/gCOD). The Biminex® had a maximweduction of 18.3% of the Yobs treating
the whole sludge returned line. This value wasim@igreement with literature values, but several
different operating conditions has to be consideAdldthe results reported are strictly related to
the operating parameters that could significanfigch the performance of the process, which are

described more in details in the following paradpsap

3.2 Carbon and nutrients removal

Despite the aim of the process is to reduce thesxsludge production, it is also extremely
important to obtain high percentage of carbon amgients removal in order to respect the law
limits. One of the main sludge reduction mechanisitine sludge decay that involves the release
of soluble chemical oxygen demand (COD) in the ASSRtreasing its concentration.
Nevertheless, most of the literature studies reyplottiat the ASSR process is able to achieve high
percentages of carbon removal as most of the COmkergeed in the anaerobic reactor is
biodegradable and can be degraded both in the AB88RnN the water line. Thus, the release of
soluble COD in the ASSR has a minimal impact ondterall COD removal efficiency of the
whole system (Semblante et al. 2014). As show i€l a, the percentage of COD removal in the
ASSR system is often higher than that of the cotiweal control process or at most equal. In
only few cases, the configurations with the ASSR &aaslightly lower COD removal efficiency.
Ye et al. (2008) reported that the organic remaagacity decreased with increasing SRT in
ASSR, which may contribute to the sludge decay. fsailts obtained by Troiani et al. (2011)
could be due to a difference in the influent floater, in the organic and nitrogen load and in the
mixed liquor concentrations of the oxidation tamidaASSR. Concerning the nitrogen removal,
most of the literature studies show that the OSécess does not have negative effect on the
nitrogen removal (Ye et al. 2008; Datta et al. 20D®iani et al. 2011). On the contrary, Zhou et
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al. (2015b) noted a lower nitrification efficienay the A+OSA process, which could be attribute
to the anaerobic decay of nitrifying microorganigmthe anaerobic reactor. Nevertheless, the
average removal efficiency of the TN was highethie A+OSA than the AO system due to the
availability of a more quantity of carbon sourcesngrated from cell lysis and hydrolysis

reactions, which was used for denitrificationhie anoxic tank.

The impact of the ASSR on phosphorous removal kas Istudied by Datta et al. (2009) and
Goel and Noguera (2006). In the first study, thd&RSBSA process achieved a lower percentage in
P removal than the control process. However, théhdms did not know the reasons of this
finding. On the contrary, Goel and Noguera (200pg¢rforming an enhanced biological
phosphorus removal (EBPR), reported that the EBBR-OSA had higher P removal (98%) than
the control EBPR SBR (84%) and demonstrated that pinocess was able to reduce
simultaneously the excess sludge and the phospltoncentration. The Authors explained this
result as the ability of the ASSR to select fernmgnbacteria that contribute to the formation, in
the aerobic tank, of volatile fatty acids, whicthance the EBPR metabolism. Other studies show
that the ASSR process could enhance the phosphamusval but different and several
explanation were proposed such as the presencbkospporous accumulating organisms (PAO)
(Chudoba et al. 1992; Saby et al. 2003) or thetsatiesloading mode (Ye et al. 2008). Therefore,
according to Semblante et al. (2014), more invagtg must be performed to clarify the effect of

the ASSR process on phosphorous removal.
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Table 1I-1. COD, nitrogen and phosphorous removal

COD removal (%) Nitrogen removal (%) Phosphorous removal (%)
References Configuration

OSA or ASSR Control OSA or ASSR Control OSA or ASSR Control

Chudoba et al. (1992)  CAS-OSA 82-99 83-95 19-42 1-16
Ye et al. (2008) CAS-OSA 91-90 93 28-3¢° 30 48-58 49
Wang et al. (2008) CAS-OSA - - 59 - 63 -
Troiani et al. (2011) CAS-OSA 93 96 79 67 62 54°
Torregrossa et al. (2012) CAS-OSA 85 81
Eom et al. (2013) CAS-OSA 79 81
Chen et al. (2003) MBR-OSA 91 91 - -
Saby et al. (2003) MBR-OSA 93-98 91 - - 28-63 64°
SBR-OSA
Novak et al. (2007) NS 96-97 96-97
Sun et al. (2010) SBR-OSA 88 -90 -
Chon et al. (2011) SBR-OSA 91 91 - - - -
Datta et al. (2009) SBR-OSA - - 100" 10¢f 90 95°
Goel and Noguera (2006) SBR-OSA 98 97 98 84
Coma et al. (2013) Biminex™ 87-93 - - - - -
Zhou et al. (2015) A+OSA 85 85 77 57 83 4%

3 Percentage based on P& P removal
® Percentage based on TN removal

¢ Percentage based on TP removal

4 Percentage based on N#N removal
¢ Percentage based on NfAN removal

4. Operating parameters

Looking at the several configurations implementediterature, some operating parameters,
defined as the main ones, could be identified sash SRT, ORP, interchange rates
(IR),interchange times (IT) and temperature. Theariation could involve a significant
improvement in the sludge reduction. As contrastiegults had been reported in literature, the
aim of the present paragraph is to present an @wemn order to define which is the value of the
parameter that allow to obtain the best sludgeatsoiu

4.1 SRT

The SRT represents the average period of time guwimich the sludge has remained in the
system. As could be expected, the Yobs decreasthe &RT increased, due to biomass loss by a
higher endogenous respiration (Tchobanoglus et2@03). Nevertheless, several researches
confirm the opposite trend. Chudoba et al.(1992)weated the CAS-OSA configuration with two
distinct value of SRT of the whole system. The eystvorked at 5 days SRT, with a high organic
loading rate, and was able to reduce by half tleesscsludge production compared with the CAS
system. On the other hand, when the SRT was equb® tdays, and a lower organic rate was

applied, the specific excess sludge production nesnide same for both the CAS-OSA and the
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control system. However, Torregrossa et al. (20hp)emented a pilot plant with the HRT of the
ASSR equal to 9h and the SRT of the whole systemiSwdays, as the one proposed by Chudoba
et al.(1992). The Authors achieved a worse seitlgabf sludge, probably due to a high HRT in
the anaerobic tank. In the SBR-OSA configuratidihs,intermittent and low loading rate, usually
10% of the total biomass, lead to long SRT in thml SBR-OSA system. Novak et al. (2007)
operated an SBR-OSA configuration with a SRT alnstiste to 80 days, achieving 60% of sludge
reduction. However, compared the SBR-OSA systerh aitonventional one, both with the same
SRT, the Authors demonstrated that the solid losghe SBR-OSA system was not the result of
the high SRT of the whole system, which cannot $eduas a design parameter. Ye et al. (2008)
tested three different values of SRT (of 5.5 h,¥.&nd 11.5 h) in the ASSR and compared the
Yobs of the CAS-OSA system with a control CAS pesceResults showed the lowest sludge
production when the SRT in the ASSR was 7.6 h.

Two more recent studies compared the SBR-OSA psoedth other sludge treatment
configurations serving as controls (Chon et al.220XKim et al. 2012). In particular, Chon et al.
(2011) conducted a parallel comparison betweerrdifit laboratory systems to better understand
the mechanisms of sludge reduction in the SBR-O®&gss. The systems studied were: (1) SBR
with aerobic side stream reactor treating 10% efdéitled sludge, (2) SBR with an ASSR treating
10% of the settled sludge, (3) SBR with aerobiedigr, (4) SBR with anaerobic digester, and (5)
a no wastage system. The SRT of both of the ASSRRarsystem 1 and 2 and of the digester in
the system 3 and 4 was 10 days, while the SRTeofMtole system was 74 days. Comparing all
the biological systems implemented, the combinatbractivated sludge with the ASSR was
found to be the most effective in terms of sludgeluction, effluent quality and sludge
settleability. In the further study reported i tiMass patent, Chon and Park (2012) showed the
performance of a ASSR at low SRT (2.5 days). Theeki Yobs (0.17 gVSS/g COD) was
obtained by an SBR + ASSR-UMass configuration With days SRT at 37° C, with a reduction
of 62% compared to a conventional process and 3f¥%pared to the configuration with a longer
SRT (10 days) of ASSR of the Cannibal processulReslearly indicate that the system that
employs a short SRT is able to reduce the sludgergéon even more than the system with long
SRT.

4.2 ORP

ORP is related to the concentration of oxidizerseolucers present in the water system. It can
successfully indicate the oxidative state of thetewaater, providing information on the variations

in the dissolved oxygen (DO) concentrations andersthoxidized compounds. An anaerobic
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reactor is realized when DO and inorganic nitrogatrates and nitrites) are unavailable, and it
has an ORP level of less than — 150 mV(Khanal andnlg 2003). Anaerobic conditions allow
anaerobic processes to develop, which are chaizeddry low growth yield, and further enhance
the cell lysis and the organic matter solubilisatio

Saby et al. (2003), in a MBR-OSA system, focusedattention on the ORP value in the ASSR
that could influence the excess sludge productddBR-OSA systems were tested with three
different ORP values of -250, -100 and +100 mV agganied to a variation of SRT. The sludge
production of the control system was 4.7 gSS/ddyleBR-OSA system achieved a production
of 2.3 (-250 mV), 2.7 (-100 mV) and 3.6 gSS/dayd@ V). A 51% of excess sludge reduction,
compared with the control system, was obtained wherASSR worked with an ORP value equal
to -250 mV. Operating at -250 mV, the COD removéiciency was improved, in particular the
COD concentration in the ASSR significantly inceéisompared with that in phases at higher
ORP values.

The study performed by Troiani et al. (2011) ighably, the only experience where the sludge
in the ASSR was subjected to an alternation of @xid anoxic phases to minimize the waste
sludge production. In the ASSR the oxygen supplg aléernated with anoxic phases depending
on a minimum and a maximum threshold value of ti®POFor the 50% of time the control
device operated in the ORP range between -400 20@ mV, and for the remaining 50% in the
ORP range of -200 and +50 mV. Results showed thes Yaas 45% lower than the one found out
by Chudoba et al. (1992) and 27% than the Yobsdoout by Saby et al. (2003), where the
working ORP of the ASSRs was — 250 mV. The lowerdgé production is linked to the
alternation of oxic and anoxic phases in the sludge (corresponding at a variable ORP value),
that could determine a higher energy uncouplingnpheena than the one achieved with only
anaerobic conditions (corresponding at a fixed eaiithe ORP).

Despite the effect of ORP on excess sludge pragludiias not been widely investigated,
literature studies point out that a lower ORP (1260 mV) resulted in a lowest production of

excess sludge as suggest by data reported in Zable

4.3 Interchange rate

The interchange rate is defined as the rate ofisglassed through the ASSR, expressed as
percentage per day of the total biomass in the raeiivated sludge reactor. In a conventional
CAS-OSA process the settled sludge is completetfedyto the ASSR (Chudoba et al. 1992,
Saby et al. 2003; Ye and Li 2010) while in the osh&ab-scale applications only a portion,
typically 10%, of the settle sludge is cycled. Timportance of the IR was point out, probably for
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the first time, by Novak et al. (2007). The Autistrowed that at low IR (4%) the Yobs was 0.15
gVSS/gCOD, while at higher IR (7%) a value of 0OgMSS/gCOD was measured. Referring this
results to the one of the control system (0.28 ggSOD), the SBR-OSA process achieved a
sludge reduction of 46 — 60%. Thus, results shat titke interchange of sludge between aerobic
and anaerobic reactors does not need to be negessdmuous. Based on this evidence, Sun et
al. (2010), in a SBR-OSA system, investigatesréiationship between the times per day (IT)
that the aerobic sludge was interchanged in theRAR&ctor and the excess sludge reduction. The
daily IR was 10% of the settled aerobic sludge avitile IT investigated were equal to 1 and 4.
The Yobs values of the OSA processes with an ITandl IT =4, and the Yobs value of a control
SBR process were 0.25 mgTSS/mgCOD, 0.12 mgTSS/mg@ad 0.53 mgTSS/mgCOD,
respectively. Results showed a higher sludge remuct the OSA-SBR system than in the control
SBR process, which increased varying the IT frota 4 times/day.

The influence of the percentage of RAS treatechénASSR on the excess sludge production
was the main objective of the study performed byn@et al. (2012). The Biminex® process was
tested, in an outdoor pilot plant, with four di#et recirculation ratio at a fixed ORP value: 0%,
10 %, 50 % and 100% of activated sludge treatethenASSR before being returned to the
anaerobic reactor of the water line. The Yobs wesanalized at 20°C because results were
affected by the seasonal variation of temperatuaeg{ng from 7 to 27 °C) and the percentage of
the sludge reduction obtained for 10%, 50% and%0Qdf sludge returned ratio were 0.22%, 8.8%
and 18.3%, respectively. Thus, the best result edained when all the activated sludge was
completely treated in the ASSR before being rewirte the water line, achieving 0.329
kgVSS/kgCOD.

4.4 Sludge loading rate

Chudoba et al.(1992) verified the sludge productubien the CAS-OSA system worked under
two different operative conditions of the sludgadimg rate (SLR), which represents the daily
organic load per whole sludge mass. Results sh@@étl of sludge reduction compared to the
control CAS system at high SLR (0.92 kgCODin/kgT@&&ltsludge d); while no differences were
observed between the CAS-OSA and the control systetmen low SLR (0.33
kgCODin/kgTSStotal sludge d) was tested. Unlike@#e control system, the sludge production
in the CAS-OSA systems appeared to be stable fibr bhigh (Yobs 0.21 gTSS/gCOD) and low
SLR (Yobs 0.25 gTSS/gCOD).
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4.5 Temperature

Because of the great influence of the temperaturebimlogical processes most of the
experiments were performed at controlled tempegatfirabout 18 - 20 °C. Most of the kinetic
reactions involved in biological treatment are sfdwdown at low values of temperature while
higher values would enhance the auto-digestionhefdludge, decreasing the observed sludge
yield. Coma et al. (2012) performed their studyadm temperature showing how the seasonal
variations of the temperature could influence tlielge yield in the ASSR. The temperature was
included in the evaluation of the sludge yield;ta# data were normalized at 20°C. The Authors
addressed the low sludge reduction obtained im tedy to the influence of the variations in the
temperature. However, Chon and Park, (2012) shdah&dconducting the ASSR at temperature
higher than 20°C, the sludge reduction process doescrease significantly. The UMass process
was tested at different temperature 21, 37 and3BQC-=chieving a Yobs equal to 0.18, 0.17 and
0.19 g VSS/g COD, respectively. Results demonsirdteat a significant increase of the
temperature does not increase the sludge reduciomucted in the oxidation/nitrification
processes.

Temperature could be a limiting parameter whenrapd below some degree. However, no
applications were performed to evaluate the mininuatue of the temperature which could

negatively influence the performance of the process
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Table II-2

. Main operative parameters

Configura Water line  Wastewater SRT in the whole system SLR in the ASSR HRT in HRTass/ ORP T Interchgn Yobs Sludge
References tion rocess tvoe d) (kgCOD,/ the ASSR  HRT (mv) °C) ge Ratio TSS/COD reduction
P yP kgSSTotal siudged oA (%)  CAS+ASSR (%)
9
Chudoba et ) Synthetic 5 (SSTas=0.89/L;SSThss=2.16g/L°) 0.92 1.5° i 1815 0.21 50 %°
al. (1992) CAS-OSA oX wastewater 12(SSTEas=2.50/L;SSThssr=4.39/L%) 0.33 3h 1.5° 250 2012 100 0.25 No reductiorf
0/C
veetal.  casosa ox+NITR - Synthetic n.a n.a 32 E n.a na  25¢1 100 n.a gg 0;0 ¢
(2008) wastewater e e ' e e - e °C
115h 14 %
Torregrossa ) Urban _ _ 0.3 a ) ) ab 0/C
etal. (2012) CAS-OSA  OX+NITR wastewater 5 (SSTeas= SSTassr=3,50/L) in terms of BOR 9h 2.06 180 30 0.36 35%
Sab I Svntheti 19.5(SSTEAs=20/L;SSTass=8.69/L%) 11d +100 0.29 28 %°
?Zggé)a' MBR-OSA  OX + NITR Wagevsa't‘; . 25.9(SSTAs=20/L;SSThss=8.69/L) 0.66 15d 1.72 -100 20 100 0.21 48 %*
30.4(SSTEas=20/L;SSThssr=8.6g/L%) 17d -250 0.17 58 %°
t %
Novaketal. SBR-OSA Synthetic o a 7 0.15% 60 9%
(2007) CANNIBAL®  OX +NITR wastewater 80 (SSTEas =2-2.50/L) n.a. 10d 5 n.a. n.a. i 0218 26 040
Sun et al. Synthetic n.a. (SSTas=3.69/L; SShsss=n.a) a 10 (IT=4) 0.12 77.4%°
(2010) SBR-OSA ~ OX+NITR wastewater n.a. (SSEas=2.50/L; SSThssr=n.a) na 10d 5 n-a n-a. 9 (1T=1) 0.25 52.8%F
Chonetal. SBR-OSA Urban I _ 49 %°
(2011) OX + NITR wastewater 74 (SSTas=30/L; SSTss=60/L) 0.07 10d 10 n.a. 10 0.15 39 04°
n.a. (SSTas=29/L;SSThssr=80/L) 0.35 43%
Chon and i Urban n.a. (SSTas=20/L;SSThssr=10g/L) 0.25 59%
Park, 2012 SBR-OSA  OX+NITR wastewater  n.a. (SSTas=20/L;SSTassr=80/L) n.a. n-a. n-a. 10 0.23 61%
n.a. (SSTas=29/L;SSTass=80g/L) 0.26 57%
Goel and Synthetic 62 - 63 %
Noguera OX+P wastewater  n.a. (SSTas=20/L;SSThssg=80/L) 0.08-0.17 10d 13 n.a. n.a. 10 0.19 21 .37
(2006) j
Datta et al. OX + NITR Synthetic _ . _ e
(2009) SBR-OSA +DEN + P wastewater 100 (SSTEas=60/L;SSTssr=40/L) n.a. 10d 13 n.a. n.a. 10 0.17 63 %
23.3(SSTFas=40/L;SSTassr=50/L) 345h 1.9 10 0.55%" 0.2 %
Co(r‘zqgl%t)a" Biminex™ ?xDE,'\I\”IE waléig\?vr;ter 23.2(SSTac=30/L;SSThssr=4.2g/L) n.a. 11.8 h 0.46 150 20 50 0.5151 8.8 %
26.2(SSFEas=30/L;SSThssr=5.30/L) 59h 0.24 100 0.45%" 18.3 %
Zhou et al. OX + Urban -150 o/C
(2015) A+OSA NITR+DEN  wastewater 60 n.a. 6h n.a. -100 -n.a. 100 0.212 3296
@ calculated

P 1gVSS=1.42gCOD; VSS/TSS =0.72 (Novak et al 2008}TSS=1.02gCOD

¢ the sludge reduction is calculated compared with €AS system conducted at the same operative conditis
9 the sludge reduction is calculated compared with €AS system (conducted at the same operative coridits) with an aerobic post digestion of the sludge
¢ the sludge reduction is calculated compared with &AS system (conducted at the same operative coridits) with an anerobic post digestion of the sludge
OX = carbon oxidation; NITR= Nitrification; DEN=Den itrification; P= Phosphorous removal
Interchange Rate = % of the raw activated sludge (RS) sent to the ASSR.

IT= number of daily sludge Interchange Times in e anaerobic tank




5. Effects of the water line processes on the sludgeduction

The reason of a different percentage of sludge atemlu obtained by using an ASSR, but
performing different biological processes in theavdine could be related to several mechanisms
of reduction and biological interferences, whichilddbe involved in the sludge reduction process.

Chudoba et al (1992) was the unique study repantétterature on sludge reduction applied to
a CAS system, where only carbon oxidation was edrout. The influent of the ASSR was
characterized by residual carbon matter and ammartide no nitrate and nitrite were present,
consequently denitrification process could not tpkece. The Authors achieved a high sludge
reduction efficiency (50%).

When also nitrification is performed in the wateel the influent of the ASSR is characterized
by a high nitrite and nitrate concentrations (feban wastewater treatment usually 20 — 30
mgNOXx-N/L are obtained), which increases the ORIl the ASSR. This could influence the
biological mechanisms involved in the sludge redunciprocess, as also denitrification process
could occur. On the contrary, if nitrification- defication is performed in the water line, the
ASSR influent will be characterized by low orgamarbon and total nitrogen content, and it

makes possible to achieve easily low ORP leveteenPASSR.

6. Sludge reduction mechanisms

Several and conflicting explanations have beenigealabout the sludge reduction achieved
by using the configurations reported above andedifit mechanisms have been proposed and
observed such as uncoupling metabolism, cell lgsid cryptic growth, domination of slow-

growing microorganisms and destruction of EPS.

6.1 Uncoupling metabolism

The uncoupling metabolism occurs when the inteiiceiabetween catabolic and anabolic
reactions is prevent. Their sum made the micrabietabolisms (Liu and Tay 2001). Catabolism
reactions are all the metabolic processes thattriesihe consumption of substrate that lead to the
production of simple and poor in energy substankteshis phase, excess energy is produced in
the form of Adenosine triphosphate (ATP) and théreraergy, that are used in the anabolic
reactions to synthetized new biomass. Thus, catabaos often preferred to anabolism in order to
reduce the production of biomass. The mechanisumodupling metabolism could be achieved in
different ways such as using chemical uncouplesv(and Chase 1998; Yang et al. 2003; Ye and
Li 2010; Feng et al. 2014), biological processethwigh ratios of substrate concentration and
biomass (Liu 1996, 2000; Chen and Liu 1999) or ectinig the biomass to a metabolic stress due
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to cycling passage under aerobic and anaerobicamaental conditions as occurs in the ASSR
process (Chen et al. 2003; Jin et al. 2008; Warad. 008). The cycle passage from an anaerobic
to an aerobic environment, also defined “sludgeirfgéeasting”, submits microorganisms to a
stress conditions, promoting the uncoupling betwesgabolism and anabolism (Chen et al. 2001).
This was confirmed by Chudoba et al. (1992), whowsdd an important ATP consumption after
the anaerobic phase. The Authors concluded thieimnaerobic reactor, where food and oxygen
are insufficient, microorganisms are subjected phwsiological shock. In these conditions, they
spent ATP and polyphosphates to satisfy their reaarice functions and not for the synthesis of
new cells. When they are returned in the aerolactog, they have enough substrate and rebuilt
their energy reserves. On the contrary, Ye and20iLQ, 2005) employed a chemical uncoupler,
3,3, 4', 5-tetrachlorosalicylanilide and OSA condad process, resulting in a significant decrease
in sludge production. The Authors showed that fbigher quantity of uncoupler used, a smaller
sludge yield could be achieved. However, Wang e(2008) reported that energy uncoupling
metabolism occurs in the CA-OSA systems even ivas not significant. Chen et al. (2003)
explained that the energy uncoupling theory waslento explain the excess sludge reduction in
an MBR-OSA process.

6.2 Slow growing microorganisms

The cycling passage of the sludge under aerobmxiarmnd anaerobic conditions could have
effects on bacterial diversity, which plays an impot role in biomass growth (Semblante et al.
2014). The idea is that ASSR is able to select ghoewing microorganisms, able to degrade
organic matter and produce a very small quantityes¥ biomass.

According to the study of Chudoba et al. (1992% thechanism of metabolic uncoupling is
strictly connected to the selection of particulacnmorganisms. Therefore the sludge cycling in
anaerobic and aerobic phases results in a metabelection of those microorganisms able to
favour catabolic pathways. The slow growing baeteresent in their study were poly-P bacteria,
able to accumulate polyphosphates under aerobidittmms and use them under anaerobic
conditions as energy sources. Poly-p were 50-60%heftotal bacteria population and the
dominant microorganisms of the mixed culture resgaa of the enhanced phosphorus removal.
An enrichment of slow growing microorganisms, s PAO, was confirmed by Goel and
Noguera (2006), who related their activity to tmerease of phosphate concentrations in the
anaerobic stage. The mechanism of selection of gimwers was also studied by Chen et al.
(2003), who showed that no significant differenbesveen the observed cell growth yield, (Y

of the MBR-OSA and the CAS systems were recognieedn though microbiological results
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indicated a changes in microbial population. On llasis of ¥ results, Chen et al. (2003)
addressed that the excess sludge reduction in BR-MSA system could not be attributed to the

selection of slow growing microorganism.

6.3 Sludge decay

Sludge decay could be defined as the solubilisaiforellular constituents of microorganisms.
Low molecular weight compounds are released int® liquid causing an increase in the
concentration of organic matter and nutrients angbpernatant. Furthermore, the released cellular
constituents are used by microorganisms for the&itafyolic function (cryptic growth) (Mason et
al. 1986; Chu et al. 2009a).

Wang et al. (2008) investigate the effects of studgcay, energy uncoupling and low sludge
yield of anaerobic oxidation on the minimizationesfcess sludge. Results showed that the sludge
decay is the main cause of sludge reduction in Q3stem, accounting for 2/3 reduction.
Subjecting the sludge to alternate aerobic andrabaeconditions, the concentrations of soluble
COD, NH;*-N, TP, protein and carbohydrate in the supernageatually increased proving that
the sludge lysis and acidogenesis occur and leadrtionization of excess sludge.

Comparing four different excess sludge reductiorhmaism (energy uncoupling, domination
of slow growers, soluble microbial products (SMEB8gct and sludge decay in the ASSR), Chen
et al. (2003) identified the sludge decay as thehaeism underlying the sludge reduction in the
MBR-OSA system.

An and Chen (2008) confirmed that the increase ©DCconcentration into the anaerobic
reactors is related to the conversion of biomas® @ soluble COD. Denitrification, sulphate
reduction, phosphorous release and methane pragdwcunld consume the amount of soluble
COD.

6.4 EPS destructuration

The EPS are high molecules weight compounds preagside and inside of the cells (Sheng
et al. 2010). They are mainly carbohydrates andeprs® generate from the secretion of
microorganism, cellular lysis processes and hydislyf macromolecules (Nielsen and Jahn
1999; Liu and Fang 2003). The EPS could be dividdabund EPS, closely bound with cells, and
soluble EPS, weakly bound with cells or dissolvad ithe solution (Laspidou and Rittman 2002).
The importance of ESP destructuration mechanismsuggested by Novak et al. (2003) who
explained that aerobic conditions resulted in #lease of calcium (¢§ and magnesium (M)

into solution in conjunction with volatile solidestruction and accumulation of polysaccharide.

27



In contrast, a large amount of protein was releasethg anaerobic digestion, but divalent cations
were not released. The large release of protemnaerobic digestion was assign to the loss of
selective binding between protein and iron (Feuhder Fe-reducing conditions. From these
results, the authors proposed that flocs consistvofimportant biopolymer fractions: divalent
cation-bound biopolymer and Fe-associated biopotyiark et al. 2006).

Chon et al. (2011) performed the extraction of BEBSest the hypothesis of the digestion
mechanism proposed by Novak et al. (2003). Reshltsved that degradation of EPS, iron and/or
aluminium-associated materials occurs under aeraiit anaerobic cycling conditions, while it
does not occur in a CAS system even with long SRius, the EPS destructuration could be
responsible of the lower sludge yield in the SBRAGS$stem.

Novak et al. (2007) subjected the centrates froen@annibdl process and from the control
CAS to the Oxygen Uptake Rate (OUR) test and to ahalysis of protein concentrations.
Experiments showed that the OUR of the centratm fifee Cannib&l system was higher than that
of the control system, due to a higher contentafiily biodegradable material.

Soluble EPS were also studied by Chen et al., (20@8rring them to a soluble microbial
products (SMP). As no differences in SMPs were fbimYsx between the MBR-OSA and the
CAS systems, the Authors concluded that SMPs shmatldffect the sludge reduction process.

Furthermore, several studies report that the ASBRess improves sludge settleability, that
could be related to the release of intracellulaymers under anoxic conditions, since they can
act as floc bridging agents to improve sludge sddiliegy in aerobic conditions (Barker and
Stuckey 1999).

7. Microbial community

The microbial community structure in the ASSR paxcdiffers from that in the CAS system
(Semblante et al. 2014). The insertion of an ASSEe sludge return line promoted the selection
of a more abundant microbial community. Chen €t(aD03) and Saby et al. (2003) showed that
MBR-OSA configuration has 40-50% more cells thatc@anventional MBR. Further, they
demonstrated that only 7-8% of total cells weregirasy, due to the periodic exposure of the
biomass to stressful conditions, while the rema@npart were active facultative bacteria. .
However, after 210 days of operation, Ye et al0@ did not identify a distinct shift in the
predominant microbial species. On the contrary, §vamd Zhao (2011) reported that most of the
bacteria present by dominant denaturing gradient ejectrophoresis (DGGE) bands were
phylogenetically related to PAOSs, denitrifying bextd and anaerobes.
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The analysis performed by Chon et al. (2011a) sdoalout 75% similarity for microbial
composition between the SBR-OSA system and therabigedigester. In a further study, Kim et
al., (2012) asserted that the substantial diffexelnetween the bacteria population of the SBR-
OSA and SBR system was due to the operation moteeding. Both systems were connected via
continuous sludge recirculation, but the 10% of ithterchange rate in the SBR-ASSR system
gives time to create a different microbial commurtitat might be significant different if the
feeding regime was continuous. Performing a A+O$gtesn, Zhou et al., (2015a) showed that
the insertion of an ASSR resulted in the enrichntdréinaerobic bacteria such as fermentative,
hydrogenogenic and acidogenic bacteria who allowltain sludge reduction through biomass
decay and hydrolysis of particulate organic matt€re Authors confirmed also the shift of the
microbial population from fast growers to slow gera. However, most of microbial analysis
results reported in literature indicate that thiera large number of bacteria detected in the ASSR

sludge whose existence and roles is not clearliaggd and need further investigations.

8. Conclusions

A review of ASSR implemented in a conventional zatted sludge process has been proposed
to fill the gap of thorough understanding of thechisms behind sludge minimisation and the
proper operative conditions of the ASSR.

A lot of configurations have been studied at labmwascale. For its feasibility and low space
requirement, the most used configuration is the 2ESR.

The ORP, the SRT, the HRJsg and the IR have been defined as the main operativ
parameters of the process. The optimal ORP valubemPASSR for the sludge reduction is -250
mV.

It is not possible to define a unique value of 8T of the whole CAS-OSA system, because
good sludge reductions were obtained with high af as with low values of this parameter.
Thus, SRT cannot be used as a design parameteheQrther hand, low IR and high HRT in the
ASSR allow high sludge reduction efficiency to asis.

Many mechanisms have been proposed to justify ohe dludge production of the OSA
process. Nevertheless, up to now is not possibdietioe a unique reduction mechanism involved.
The mechanism which has been proposed frequentiglased to the sludge endogenous decay
and the EPS destructuration mechanism. The rolslm& growing microorganisms is also
important, as the review of the literature indisatkat some unique anaerobic microorganisms

characterize the ASSR system rather than the coiowahprocess.
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The mechanism of sludge reduction in the OSA pceshus a synergic effect between the
occurrences of sludge decay in the ASSR which spaoedingly generates soluble COD, which is
mainly depredated by slow growing microorganism.

The biological process that is carried out in tretewr line can affect the dominant mechanism
of the sludge reduction. It has also to be takém atcount that the sludge reduction obtained in
studies carried out using a synthetic feed couldlifferent, if a real wastewater is used as feed.
Sludge generation could be increased by the pregsenért compounds which accumulates in the
system. Further investigations must be undertakecotnpletely understand the process and to
define which mechanism could be dominant on thdgaueduction using real wastewater.

Further investigations are needed, where not omey dludge reduction is investigated and
monitored but also the removal efficiency in terofspollutants, such as nitrogen compounds,
sulphate, orthophosphate.
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lll.  Chapter
Simultaneous biological processes for
sludge reduction in Anaerobic Side-
Stream Reactor

This chapter was based on:
Ferrentino R., Langone M., Villa R., Andreottola (016).Simultaneous biological processes for sludge

reduction in Anaerobic Side-Stream React®ubmitted
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Simultaneous biological processes for sludge redueh in
Anaerobic Side-Stream Reactor

Roberta Ferrenting Michela Langon® Roberta Vill4, Gianni Andreottola

2 Department of Civil, Environmental and MechaniEaigineering, University of Trento, Trento, Italy

ABSTRACT

An anaerobic side-stream reactor (ASSR) was opeifate300 days coupled to a conventional
activated sludge (CAS) to investigate the impac8RIiT in the ASSR and the related sludge
interchange ratio (IR) on the sludge reduction pesc Different phases varying the SRT and the IR
were carried out, revealing that an SRT in the A$$R.5 d and an IR equal to 40% was the most
suitable case in terms of sludge reduction, achipa 66% of sludge reduction as compared to a
CAS system.

An increasing release of ammonia, soluble COD andlde EPS was detected in the ASSR
increasing the amount of biomass cycled to the AS®IRwing the importance of the cell lysis
process. The release of orthophosphate in the AB&Ralso detectable, which was explained by the
activity of the total phosphorous accumulating arigen (TPAO). Specific batch tests demonstrated
that increasing the biomass cycling in the ASSR,dhrcentage of denitrifying phosphorous
accumulating organism (DPAOQ) over the aerobic phospus accumulating organism (PAQO)
increased. The activity of sulphate reducing baat€8RB) was also investigated. All the results
observed led to a new explanation of the sludgeaedn process achieved by inserting an ASSR in
the returned sludge line of a CAS system. Thisystuig@d to connect the sludge decay, the cell lysis
the EPS destruction and the presence of slow gigpwiitroorganism in order to define a mechanism
based on synergy and coexistence of all of them.

Keywords: anaerobic side-stream reactor (ASSR), sludge dewaly lysis, EPS destruction, PAO,
DPAO, SRB.

1. Introduction

The Conventional Activated Sludge (CAS) treatmenthe most used biological process to
remove both the organic matter and suspended sglidsent in municipal and industrial
wastewaters. The process has been widely studiedrder to enhance the nutrient and
phosphorous removal too. Excess sludge productidBAS treatment has a relevant impact on
operational cost in WWTPs. Therefore, sludge radocin wastewater treatment plants is a
challenging issue that stimulated the investigatibnew technologies.

Up to date, a lot of techniques have been develapéddstudied for sludge reduction (Foladori
et al. 2010) such as biological treatments (Wegalet2003; Semblante et al. 2014), thermal
(Neyens and Baeyens 2003), thermochemical (Rodhal. 4999), high temperature oxidation
(Hii et al. 2013), mechanical treatments (Weemamks\ferstraete 1998), ultrasonication (Pilli et
al. 2011), ozonation (Chu et al. 2009b) and chentiegmtments (Liu 2003). However, these

sludge reduction technologies are usually costty @uld negatively affect the effluent quality of

32



the process due to the formation of by-products, Zgamong the others, biological treatments are a
challenging strategy for sludge reduction in WWTPs.

The inserting of an Anaerobic Side-Stream Read&SR) in the sludge return line of a CAS
system, where a portion or, in some cases, alhattizated sludge is recycled, is considered a
promising biological approach to reduce the sludgeluction. The process consists of activated
sludge cycling between aerobic, anaerobic and armaditions. Over the last two decades, many
studies demonstrated the process can reduce tgesjield (Y9 by up to 40% (Chudoba et al.,
1992), 55% (Chen et al., 2003; Saby et al., 2008)@0% (Novak et al. 2007) as compared to a
CAS process.

Chudoba et al. (1992) realized the first laboratanyt called Oxic Settling Anaerobic (OSA)
process, composed by a modified activated sludgéesy with the anaerobic treatment of the
whole returned sludge (CAS — OSA). The Authors stibthat the periodic passage of facultative
aerobic activated sludge microorganisms through dhaerobic zone created conditions of
uncoupled growth, due to the anaerobic starvatiodicated by the ATP stock depletion and
resulted in a consecutive reduction of the actvaiedge production. Saby et al., (2003) showed
the importance of the oxidation reduction poten{@RP) level in the anaerobic tank on the
production of excess sludge of the system. The émstheported that operating at an ORP level of
— 250 mV could reduce the excess sludge by 51%mpared to a control CAS process. Chen et
al. (2003) focused the attention on four possiklguction mechanisms of the sludge production
such as the energy uncoupling, the domination @iv ghrowing bacteria, the effect of soluble
microbial products and the endogenous sludge ddday Authors showed that the sludge decay
mechanism in the ASSR might involve the reductibthe cell mass. Novak et al. (2007) showed
that the CAS-ASSR system generated 60% less sbigasthe control CAS system, without any
negative effect on the effluent quality or the lsggt characteristics of the activated sludge. The
Authors also observed the release of protein inX88R and the release of calcium, magnesium,
and polysaccharide in the aerobic Sequencing Réattor (SBR) in the water line, confirming
the hypothesis of the digestion theory reportelismprevious work (Novak et al. 2003).

Concerning the sludge reduction mechanisms underlghe process, as recently reviewed by
Ferrentino et al. (2016), several explanations Hasen proposed such as the enhancing of the
endogenous decay, the metabolic uncoupling, th&tifegfasting mechanism, the destruction of
EPS (extracellular polymeric substances), a donainaif slow-growing microorganisms and the
predation of bacteria. However, the main mechanemsot clearly identified.

Several studies reported the efficiency of CAS-AS§B&tess in carbon and nutrients removal.
The percentage of COD removal in the CAS-ASSR sysi® often higher than that of the
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conventional control process or at most equal. €onig the nitrogen, most of the literature
studies have shown that the CAS-OSA process doedawe negative effects on the nitrogen
removal (Ye et al. 2008; Datta et al. 2009; Troiatial. 2011). Furthermore, the process
efficiency on phosphorous removal has been stuslyedatta et al. (2009) and Goel and Noguera
(2006) but different results were obtained, reeugirother investigations to clarify the effect oéth
CAS-ASSR process on phosphorous removal, whichlwegothe activity of aerobic phosphorus
accumulating organisms (PAO) and denitrifying piasps accumulating organisms (DPAO).

The aim of this paper is to present the resultseiims of observed sludge yield.(y, of a lab
scale plant implementation of an ASSR integrate@ iBBR-OSA system treating a real urban
wastewater. Three configurations were investigaled0% sludge interchange rate and SRT in
the ASSR of 10 days; ii) 20% sludge interchange aaid SRT in the ASSR of 5 days and iii) 40%
sludge interchange rate and SRT in the ASSR ofiays.

The main mechanisms involved in the sludge redoatiere studied, focussing the attention on
endogenous decay, destruction of extracellular pehic substance (EPS) and domination of

slow-growing microorganisms.

2. Materials and Methods

2.1.Experimental set-up and system operation

The Figure 1 shows the lab-scale system. A SBRusead to simulate the water line. The SBR
reactor was a cylindrical tank (190 mm in diameted 430 mm in height without a cover) with a
liquid volume of 10 L. It was made of Pyrex glagslaquipped with a mechanical stirrer to
ensure a complete mixing of the activated sludgewas supplied by a Schego M2K3 350 air
pump through an air diffuser located at the bottdrthe reactor. The reactor was equipped with a
gas-flow to maintain the dissolved oxygen (DO) ammtcation, during the aeration phase, between
1-2 mg Q/L. The oxygen concentration in the mixed sludges wontinuously monitored with a
CRISON DO probe. The reactor was also equipped witbet of three peristaltic pumps to
introduce the influent, to discharge the effluemd o recycle the settled sludge.

A second cylindrical reactor was used as ASSRraating the sewage sludge. It had the same
dimensional characteristics of the SBR, covereti wiplastic plate.

The cylinder and the plate were held together hinkss steel fasteners to ensure anaerobic
conditions in the reactor. The ASSR was equippelth &i mechanical stirrer and continuously
mixed. No sludge discharge was present, thus thég8lRetention Time (SRT) was equal to the
Hydraulic Retention Time (HRT). The pH, ORP and pemature were monitored using two
CRISON probes. The pH, ORP were left free to vary.
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The system operated at room temperature. Befolengythe settled sludge to the ASSR, it was
sent to a thickener of 2 L volume in order to iras® the quantity of biomass in the ASSR. All the

operational phases of the three units were autamesieg digital timers.
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Fig. lll.1 Schematic diagrams of the experimengédlip and time sequence in each SBR cycle
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The SBR operated with six cycles a day in alterrdnitrification/nitrification mode. The
cycle consisted in 3 h 20 min of reaction peridugaracterized by aerobic and anoxic phase, 30
min of settling and decanting period, 5 min of supgant extraction and 5 min of settled sludge
extraction. The SBR was fed at the beginning oheawxic phase for 20 min. The daily influent
flow was 18 L/d and the HRT was 0.56 d. Figure flioes the distribution of the denitrification
and nitrification periods during each phase.
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The settled sludge of the SBR was cycled to thekémer that had a HRT of 3 h. The thickened
sludge was finally cycled 6 times/day to the AS$ an equal amount of biomass was sent back
from the ASSR to the SBR.

The entire experimental period consisted of thiéerént phases that lasted for about 90 days
each. The experimental lab system was tested utidee configurations: i) 10% sludge
interchange rate and SRT in the ASSR of 10 day20fo sludge interchange rate and SRT in the
ASSR of 5 days and iii) 40% sludge interchange aai@ SRT in the ASSR of 2.5 days. The pH,
ORP and temperature, during all the experimentabgeranged between 7+0.5, -400+25 mV and
20x£2°C, respectively.

The pH, ORP and DO probes were cleaned and caderiodically. Tubes were replaced
with new tubes periodically. Furthermore, solidssldrom both reactors in terms of sampling or

loss with the effluent was evaluated and considdrethg the biomass yield calculation.

2.2.Wastewater

The system was fed with the primary effluent tak®m the municipal wastewater treatment
plant (WWTP) of Trento, Italy. The variation of seroharacteristics of the wastewater taken from
Trento’s WWTP during 2015 and used in this studyresented in Table 1.

Table IlI-1. Characteristics of the influent wastser during the experimental study

Concentration (mg L)

Parameter Average Max Min
Total COD 244 474 80
Soluble COD 101 252 20
N-NH, 46 72 19
N-NO; 1.18 5.4 0.1
p_p043- 3.6 6.0 0.8
S-SQ, 45 58.3 28.3
TSS 200 530 11
pH 7.4 8 6.9

2.3.0rigin of biomasses

The SBR was inoculated with the activated sludget @.5 g TSS [}) obtained from the
aeration tank of Trento’'s WWTP, ltaly, while theagnobic sludge obtained from the sludge
treatment anaerobic tank of the WWTP of Levico Term ltaly, was used as the source for
inoculation of the ASSR. The main characteristitshe inoculums of the ASSR are reported in
the Table 2.
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Table IlI-2. Characteristics of the inoculums of hSSR

Parameter ASSR

Total COD 7800 mg L*
Soluble COD 120+ 15mg [*
Ammonium Nitrogen 70 £10mg N-NH L
Nitrate 1.3 +0.5 mg N-N@L™
Soluble phosphorous 13 +1mg P-PG L?
Sulfate 11+0.5mg S-spL™

Total suspended solids (TSS) 5.5+05g*
pH 7.7

2.4.Batch tests procedure

Phosphorus uptake batch tests (PUBT) were conddoteaheasuring the specific activity of
total phosphorus accumulating organisms (TPAOs) @witrifying phosphorus accumulating
organisms (DPAOSs) according to the procedure redoim Cyganecka et al. (2011). The main
features of TPAOs and DPAOs are given in Figuré RAOs and DPAOs are both phosphorus
accumulating organisms. As DPAOs are facultativerogrganisms, which use oxygen and
nitrate/nitrite as electron acceptor, the TPAOsvagtwas evaluated under aerobic conditions.
The activity of only DPAOs was evaluated underciirianoxic conditions. During the aerobic
and anoxic stage, both of them take up more phosgham the mixed liquor compared to that
anaerobically released, resulting in a net phogphiptake from the bulk liquid.

The assays were performed in reactors with a tataime of 2L and a volume of sludge of
1.2L, each mixed with a magnetic stirred. The m@acivere inoculated with anaerobic sludge
from the ASSR. Concentration of the total suspersted in the batch test reactor was the same
of the ASSR sludge, approximately 8 gTSS/L. Thepwrature of operation was maintained at
20°C by means of a thermostatic jacket. The infildlvalue was that of the sludge in the ASSR.
The final pH value was always measured in ordashieck that it was maintained in the optimal
range for the biological activity. The batch testsre sampled every 30 minutes. The samples

were immediately vacuum filtered on 0.45 pm memérdters and analyzed.
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Anaerobic

Under anaerobic conditions, TPAOs/DPAOSs are thotghapidly assimilate organic substrates
(particularly volatile fatty acids—VFAs) and usee#ie to synthesize poly-b-hydroxyalkanoates
(PHA) using intracellularly stored polyphosphateolyf?) as an energy source. Thus,
orthophosphates (0-PO4) generated from polyP dagcedare released into the bulk liquid.

Electrons required for the synthesis of PHA werdvee from the anaerobic operation of the
TCA cycle (Wentzel et al. 1991), and from glycogeegradation (Mino et al. 1998), where
glycogen is an intracellular storage compound ®gited in the aerobic phase by the TPAOs and
DPAGOs, respectively.

Bl B2

Aerobic Anoxic

In the subsequent aerobic phase, in the At the subsequent anoxic phase, where no
absence of any organic compounds, organismaxtracellular carbon is available, using nitrate or
with stored PHAs are able to use these asitrite as electron acceptor, DPAOs degrade
carbon and energy sources to grow and tstored PHAs, produce glycogen and take up
assimilate orthophosphates to synthesize polyfhosphate from the mixed liquor.
using oxygen as electron acceptor. In others
words, TPAOs take up orthophosphate to
recover their intracellular polyP levels by
oxidising the stored PHA.

Fig. 1ll.2 Summary of the major mechanisms of TPA@® DPAOs during the anaerobic (A) and aerobicf@no
(B1/B2) stages. Scheme adapted by Seviour eRfI03)
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2.4.1. Total PAOs activity assay

The specific phosphorous uptake rate of TPAOs (SRURKas determined in a 2-stage batch
assays, initially under strictly anaerobic condigaand then under aerobic conditions. The sludge
was flushed with nitrogen gas for 10 min before tsemaintain anaerobic condition in the
reactors and the DO was continually monitored. psialwere performed to ensure that no nitrate
were present in the ASSR sludge. No carbon sowees added because already present in the
ASSR due to cell lysis mechanisms. Aerobic cond#iowere ensured by sparging air through the
bulk liquid using an aquarium air stones. The asgIDO concentration was higher than 5.5 mg
O,/L. The anaerobic phase was maintained in the oeaghtil a steady state constant
concentration of P§-P was attained in the liquid phase and lastedeast|for 120 min. The
aerobic phases was carried out until no furthemgka in concentration of ROP could be
observed and lasted at least for 240 min.

Filtered samples were analyzed for££OP. The specific TPAOs activity was calculatechfro
the slope of the initial section of RO- P curves considered linear divided by the biomass

concentration in the test.

2.4.2. DPAOs activity assay

The specific phosphorous uptake rate of DPAOs (SiEkHR was determined in a 2-stage
batch assays, initially under strictly anaerobiadibons and then under anoxic conditions.
Anaerobic conditions were guaranteed as reportedhi® TPAOs activity assays. No carbon
sources were added because already present inSB® Alue to cell lysis mechanisms. Anoxic
conditions were attained by dosing a nitrate riolutioon and monitoring the ORP values. The
resulting nitrate concentration was 30 mgJ\N®/L. The anaerobic phase was maintained in the
reactor until a steady state constant concentraid®Q>-P was attained in the liquid phase and
lasted at least for 120 min. The anoxic phase wasiecd out until no further changes in
concentration of P§-P could be observed and lasted at least for 240 Riltered samples were
analyzed for PGY - P and N@ -N. The specific DPAOs activity was calculated frtme slopes of
the initial section of P¢S - P and N@ -N curves considered linear divided by the biomass

concentration in the test.

2.4.3. DPAO/TPAO ratio

According to Hu et al. (2003), the fraction of DPAOTPAO ratio could be determined as the
ratio between the total amount of phosphorous,{RP@®/g TSS) taken up by the biomass during
the anoxic and aerobic phase within a pre-defiive@ period. Thus, the percentages of DPAO

was evaluated considering the following equation:
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VPanoxic
%DPAO= "o (1)
where V31 and 2% \were the anoxic P-uptake rate and the aerobic t&keprate,
respectively

2.5.EPS extraction

Two kinds of EPS were analysed during the pregetysnamely free and bound fraction. For
free fraction (also referred soluble microbial prots (SMP)), 200 mL of the ASSR sludge
sample was centrifuged at 4000g and room temper&ur20 min, and then the supernatant was
filtered through 0.45 pym membrane filters and asedysubsequently.

For a better characterization of bound fractionmbmed EPS extractions were performed,
following the procedure described by Park and No{2®07). Both the cation exchange resin
(CER), highly selective for G4 and Md* bound EPS, and the base extraction methods,
simultaneously highly selective for Al-associated3Eand weakly selective for Fe-linked EPS,
were applied. For CER extraction, the ASSR sludgepte was centrifuged at 4000g and room
temperature for 20 min, and then sludge pellet reasispended with a buffer solution (pH=7;
2 mM NgPO;-12H0; 4 mM NahBPO;-2H,0; 9 mM NaCl; 1 mM KCI). Then, the cationic
exchange resin extraction was carried out by dogihg resin/g VSS and mixing the sample at
200 rpm for 2 hours at room temperatufe further centrifugation under the above-described
conditions produced a supernatant that was filténesligh 0.45 um membrane filters; the filtrate
was assumed to contain the bound fraction of ER®.bRse extraction, the sludge pellet was
resuspended with 10 mM NaCl solution and the pH adjssted to 10.5 using a 1N NaOH and
centrifuged for 1 h at 600 rpm at in the preserfcd.ogas. Then, the suspension was centrifuged
at 12000 rpm for 15 min at 4°C and filtered thro@gh5 pm membrane filters.

Both free and bound forms of EPS were analysedénspectrophotometer for determining
polysaccharide and protein contents. The polysamh@aoncentration in the extracted EPS was
measured according to DuBois et al. (1928)ng glucose as standard. Proteins were measured
according to the Frolund et al., (1995) methodlizinig bovine serum albumin as reference

protein

2.6.Estimation of the observed sludge yield and s@tdntion time

As suggested by Chon et al. (2011b), in order terdenate the sludge yield and the SRT, the
SBR and the ASSR were considered as a single ¢amib The Yy is the amount of sludge

generated per the amount of substrate removed,canlll be calculated by the ratio of the
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cumulative generated sludge and the cumulativewnad substrate. The cumulative generated

sludge consists of the increase in sludge in therebvolume itself(AX g,V srt AX ase¥ asds
and cumulative sludge wastage from SBR, ASSR afhaeet, including sludge samples collected

for analytical determinatioﬁz (XeprQpr wassd X 4@ nssrutX Q) B 1)

The cumulative consumed substrate, usually explesseCOD, is evaluated as the difference

between the mass of substrate influent and the mads substrate effluent
(Z(sm Qi — Sk QA ) (Chon et al. 2011b). Thus, theyyin the specific givertime can be
determined by Eq. (2):

— AX SBRVSBR +AX ASSF§/ASSR + Z (X SBRQSBRwasste +X ASSR(?ASSRwaste + Xeﬁ Qeff ) LAt
o Z (Slnf Qinf - Seff Qeff ) LAt (2)

where $¢and S are the substrate COD concentration of influent effluent (mg [*); Qi

and Qg are the flow rate of the influent and effluent ()dAXsgr, AXassr are the change of
sludge (g TSS 1) in SBR and ASSR; ¥, Vassrare the volumes of SBR and ASSR (L); aid
is the time (d). The ¥scan be graphically evaluated as the slope of tieati regression curve
obtained plotting the cumulative sludge generatdata against the cumulative consumed
substrate data obtained by experimental measurement

The SRT of the whole system could be defined asatie of the total mass of sludge inside the
system and the mass rate of sludge leaving oteosystem (Eq. 3)

X SBRVSBR +X ASSR\/ASSR

SRT=
X SBRQSBRwaste +X ASSRQASSRwaste +X eff Qeff (3)

where Xgr and Xassrare the sludge concentration in the SBR and inABER (g TSS L);
Vser Vassr are the volumes of SBR and ASSR (LXsRwaste Qassr waste andef are the flow rate

of wastage from SBR, wastage from ASSR and effl(ient’), respectively.

2.7.Chemical analysis

Total suspended solids (TSS), total chemical oxydgmand (COD) were measured according
to the Standard Methods (APHA, 2005). The samplee\iltered through 0.45 pum membrane
filters. The filtrate was analyzed Soluble COD (fOammonium nitrogen (N-NkJ, nitrate as
nitrogen (N-NQ), nitrite as nitrogen (N-N§), soluble phosphorous (P-FQ and Sulfate (S &

). N-NH,, N-NO,, N-NO5™ and P-P@ concentrations were determinate according to ARAIR
IRSA, 2003. Sulfate was analyzed by ion chromatagi@IONEX ICS-100) equipped with AS9-
HC column.
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3. Results and Discussion

3.1 Observed sludge yield and solid retention time

The Yops 0f the SBR-ASSR was determined as the slope ofiriear regression curve plotting
the cumulative sludge generation data against tineutative substrate consumption data, based
on the Equation (2). The ¥ of the SBR-ASSR under different percentage ofrattange rate
(volumetric rate) cycled in the ASSR, 10%, 20% 4086 during Phase |, Il and Il respectively,
was evaluated (Fig. 3). Thep¢during Phase I, Il and Il were 0.21 g TSS/g CO4 g TSS/g
COD and 0.12 g TSS/g COD, respectively. To assesgfficiency of the SBR-ASSR system in
terms of sludge reduction, thep¥values obtained in this study have to be comptrele Yo,sof

a conventional activated process.
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Fig. lll.3 Observed sludge yield in phase I, Il did

Thus, a CAS system having as influent wastewatdrimmculums the same characteristics of
those used for the experimental application, wasukkited with the ASM1 Model (WEST®
simulation). The Y¥ps of the reference system was found to be 0.36 g §SB0D. Compared to
this value, the ¥,sof the SBR-ASSR system was clearly reduced at #dbvel. For instance,
increasing the IR from 10%, to 20% up to 40%, tlhdge yield was 42%, 61% and 66% less than
the CAS reference system.

Thus, the best result was obtained when the IRegasl to 40% and the SRT equal to 2.5 d.
During all the experimental study there was no géudvithdrawal. The only portion of sludge
wasted was due to the amount of sludge taken falysis, which had been considered in the
determination of the s Results obtained were compared to those repantdiderature. The
sludge reduction obtained during Phase I, performigidl an IR of 10% and 10 d of HRT in the
ASSR, was quite similar to those reported in presistudies. The study performed by Chon and
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Park (2012) showed 43% of sludge reduction treatibgn wastewater. Chon et al. (2011a), Goel
and Noguera (2006) and Sun et al. (2010) obtaimedlas percentage, 49%, 37% and 53%,
respectively, treating synthetic wastewaters. White studies had been performed with an IR
equal to 20% and 5 d of HRT in the ASSR (PhasédHh,last phase (IR= 40% and HR¥x=2.5
d) could be compared to the study of Chon and Rafk,2). The Authors performed the ASSR
process with 2.5 d HRT in the ASSR and 10% of IRslédge reduction of 61% was obtained
increasing the temperature from 21 °C to 37°C. figh sludge reduction was attribute to the
high temperature. In our study the ASSR operate20aC. The obtained high sludge reduction
was related to the high percentage of biomass @ytdethe ASSR, that could enhance the
biological activity as much as an increase of dmperature.

The SRTs in the three Phases that were determsiad Equation (3). The SRT of Phase |, Il
and Il were found to be 47, 60 and 83 days, respdyg. These values are quite high because in
all phases there was not a regular wastage. Thensywas operated with minimized solids

wastage except for sampling.

3.2 Sludge decay: cryptic growth and organic matteruanalation

As recently reviewed by Ferrentino et al. (2016) sludge decay is one of the sludge
reduction mechanisms that has been quite frequentlposed in the ASSR processes . Sludge
decay could be defined as the solubilisation ofutal constituents of microorganisms. Low
molecular weight compounds are released into thedicausing an increase in the concentration
of organic matter and nutrients in the superngi@gfanic matter accumulation). Furthermore, the
released cellular constituents are used by miceyosgns for their metabolic function (cryptic
growth) (Mason et al. 1986; Chu et al. 2009a). @st this hypothesis, the concentrations of
ammonium nitrogen (Fig. 4a) and soluble COD (Fig) df the influent and the effluent of the
ASSR were monitored during all the experimentadlgtu

In our study, the concentration of the influent affluent NH,"-N in the ASSR reactor was
monitored. NH'-N is a conservative parameter in anaerobic canuiitithus, the NH-N released
from the solubilisation of organic nitrogen will kccumulated in the anaerobic reactor and
measured in its effluent. Figure 4a shows an irstngasolubilisation of organic nitrogen to bfH
N during the entire period of the research withréasing of the IR from 10% to 40%. In Phase |
starting from a NH-N concentration in the influent of about 10 mg fHNI/L, a value of 50 mg
NH,;"-N/L had been reached at the end of Phase I. Dirlvage I, the effluent concentration of
NH,"-N increased again up to 70mg NHN/L. A same increasing trend was repeated in PHhse

reaching a value of 90 mg NHN/L.
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Fig. lll.4 Profile of a) NH-N and b) soluble COD during the experimental stutlge open and solid symbols
represent the influent and effluent values of tI8SR, respectively.

Concerning the sCOD profile, it is not possible dbserve a net and clear increase of
solubilisation from phase | to Il (Fig. 4b). It important to underline that the released sCOD

could be both used by several microorganisms feir tinetabolic functions (cryptic growth) and

accumulated by some particular

aerobic/anaerobic conditions, such as TPAOs and ¥ AThose processes could lead to

underestimate the COD solubilisation evaluated bgmof the sCOD analysis.

The COD solubilisation measured was maximum ab#gnning of each phase. In the ASSR,
the average influent concentrations of soluble Gfdibing Phase |, Il and 11l were 21, 31 and 28
mg sCODIL, respectively, that reached an averafijgeet value of 55, 80 and 71 mg sCOD/L.
Even if it is no possible to observe a net incraafssolubilisation from phase I to Ill, in Phase I

and Il a slowly higher solubilisation of COD hasdm achieved.

microorganisms whiate continuously subject to
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Both the profile of SCOD and Nf¢onfirmed that under anaerobic conditions in the&SR3he
cell lysis mechanism occurred. Sludge could be dlyded, enhancing the solubilisation and
disintegration of the organic matter and nutriel&degradable compounds, released in the
ASSR, are substrate available for degradation, Ibotthe ASSR and in the water line where
aerobic and anoxic condition are carried out, eaimgnthe cryptic growth. The presence of the
ASSR integrated in the sludge recycle line allovetualge cycling under anaerobic/anoxic/aerobic
conditions. These mechanisms could enhance thgesldeicay and cell lysis, as also reported by
several studies, such as Wang et al. (2008), Chah €011), Novak et al. (2003), contributing

to sludge reduction process

3.3 Quantitative analysis of EPS

The increase of NH-N and sCOD could be associated to the releaseratkips and
polysaccharide, which are the major componentsR$8,kand could be used by bacteria as source
of carbon and energy for cell growth (Sheng ef@ll0). In our study, both the free-EPS (SMP)
and the bound — EPS (attached to the sludge flbes) been analysed for proteins and
polysaccharides at the end of each phases.

Concerning the concentration of SMP, our resultsr&d a strong increasing concentration of
both protein (Fig. 6 a) and polysaccharides (Fif),6passing from Phase | to Phase lll, possibly
because of the higher IR in the ASSR. This evideso®nsistent with the increase of NN and
sCOD concentrations detected in the ASSR effluehesg data support the observation already
reported in other studies (Novak el al 2007), tra¢ of the mechanisms for solids reduction by
the ASSR is the release of protein and polysacgbarmatter in liquid bulk of the anaerobic
bioreactor. In all the three Phases, the EPS of FAS&idge contained more proteins than
polysaccharides similar to previous work on ASSRq et al. 2011a).

However, as expected, the bound EPS in the ASSIR,®ER and BASE extracted, decreased
from Phase I to Il with the increasing of SMP centation in the bulk liquid from Phase I to Il
The increasing percentage of biomass cycled t&\BfeR caused the bound EPS destruction (Fig.
5).
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Fig. 1.5 EPS destruction Fhe destruction of F-bound and Abound floc and Ca2+ and Mg2- bound floc
mechanisms as reported in literature.

M

According toNovak et al. (200, different extracellular biopolymer fractions existfloc: (a)
lectindike proteins that are linked to polysaccharidesl dmidged by C** and Mg ?*, (b)
biopolymers that are bound to Fe anc Cations function as a “bridge” that connects neghj-
charged EPS and cells. In this stuCER and Basextraction were emplod to target and extract
the divalent cationsound EPS and aluminium and/or i-bound EPS, respectivelCER mainly
removes divalent cation (€aand M¢") from sludge and extracts divalent ca-associated EPS,
while base extraction hydrolyzes a largmount of aluminium and iron, releasing aluminiund.
iron-bound floc material@Chon et al. 2011. The concentrationsf proteins and polysaccharid

extracted from each phaaee slown in Figure 6.
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Fig. 111.6 a) Proteins and b) Polysaccharides extracted by &FBase methods for each experimental |

During Phase I, proteins and polysaccharides a®ebl linked within the sludge floc, as ¢
be seen from the high values of B- and CERextractable EPS. In Phase Il, the amoun
proteins EPRase extracted is quite similar to that of the pes Plase |, while the EF-CER

decreased.
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Thus, the increase in the amount of SMP in Phaseuld be associated to a decrease of EPS-
CER and, consequently to the release of divaletibres C&* and Mg, in solution. Concerning
the amount of polysaccharides in Phase Il, a dsergaboth EPS-Base and EPS-CER extracted is
shown. However, the decrease of the EPS-CER Idgjher than the EPS-Base, confirming that
the release of divalent cations is the main EP8w&sn mechanisms in Phase Il (IR=20% in the
ASSR) as compared to the release of Fe-and Al-edsdcEPS. This finding is in contrast with
literature, where usually this EPS destruction raedm has been observed in aerobic digestion,
rather than anaerobic digestion.

On the contrary, during Phase lll, when the maximiBnwas applied to the ASSR, while the
EPS-CER was almost similar to that of the previehase Il, the EPS — Base decreased, achieving
the lowest proteins and polysaccharides conceotrati the flocs. Thus, in Phase lll, the iron and
aluminum associated materials mainly accountedHerincrease of SMP. This means that the
degradation of iron and/or aluminium associatedenms could be somehow predominant than
the release of divalent cations in Phase Ill. Simiesults had been achieved by Chon et al.
(2011a), who showed that degradation of base-aatvtecEPS accounts for the lower sludge yield
in AS+ASSR.

3.4 The influence of slow growing bacteria

Several literature studies reported that sludgelinmycbetween different environmental
conditions could enhance the selection of slow gngunicroorganism. The aim of this paragraph
Is to focus the attention on phosphate accumulainggnisms (TPAO and DPAQO) and sulphate
reducing bacteria (SRB).

3.4.1. Phosphate accumulating organisms (TPAQO)
The PG, —P concentrations in the influent and effluentief ASSR were monitored (Fig. 7).
Results showed a gradually increasing of the phmsghconcentration in the ASSR effluent. The
average influent concentrations during Phase lardt Ill were 2.7, 3.3, 2.0 P- BgL,

respectively. The effluent concentrations reachades of 4.2, 15.4, 32.8 P- PgL.
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Fig. 1.7 Profile of P-PO3% removal. The open and solid symbols representirtfieent and effluent value:
respectively.

As data shows, during the three experimental phthgeelease of phosphate slowly incrd.
This evidence suggests that the increasing pememibiomass cycled thought the ASSR cc
enhance a microbial activity causing the selecbbphosphate accumulating organisms. Tt
bacteria are able to accumulate polyphosphateg-P) under aettlaic and anoxic conditions ar
release them under anaerobic condition. The preseh®ol-P bacteria in configurations tr
involved an ASSR has been noted in previous stiy(Chudoba et al. 1992; Goel and Nogu
2006). In a CAS-OSA systef@hudoba et al. (199 reported that Polf? bacteria were -60% of
the total bacteria population. Results reported atsincreas of orthophosphates concentratior
the biomass and an enhance in phosphorus remGoel and Noguera (20(, performing an
EBPRSBR system also noted an enrichment of slow growiagteria such as PAO a
fermenters due to sludge cycling under aerobic andrab& conditions

Due to the cycling between aerobic, anoxic and ratée conditions in the SE-ASSR carried
out in our study, both the presence of TPAO and ORYad been supposed. Thus, the incree
microbial activity of TPAO and DPAO during all tlegperimental study was evaluated with be
experiments performed at the end of each p
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Fig. 111.8 Batch test under anaerofderobic condition aPhase I; b) Phase Il and c) Phase Ill. The closeomen
symbols are the P-PO4®ncentration during anaerobic and aerobic phaspectively

Figure 8 showshe batch tesresults performed in order to evaludibe specificohosphorous
uptake rate (SPUR) of TPAO. Before to determine the SP:y, phosphate was induced be
releasedinder anaerobic condition fabout 2 hr. Results showé#tat SPUF: increased from an
initial value of 0.77 mg P&-P/ (g TSS h) in Phase | to 1 mg PQ*-P/(g TSS h) in Phase I
and up to 1.75 mg P&-P/ (@ TSS I) in Phase Il This results confirmed the growing activity ¢
the selection of PAO in the ASSR proces

In our study, we further evaluated ispecific phosphorous uptake rate (Skppao) of DPAO,
performing batch testat the encof each phases. As in the SPLRests,before determining ti
SPURypao phosphate was inducedbe releasednder anaerobic condition. AccordingLee and
Yun (2014) the major advantage of DPAOthe anoxic reduction of nitrate without the additiol
of external carbon energy for denitrificatic

In our study, lhe ability of the ASSR to select DPAO was confirm&de SPUlppao increased
from 0.11 mg PG¥-P/ (@ TSS ) in Phase I, to 0.89 mg ROP / (g TSS h)n Phase Il and to 1.64
mg PQ*-P / (g TSS h) irPhase lllIn terms of nitrate, the specifienitrificationrate (SDNR) of
DPAO ranges between 0.8dg NC3-N/ (g TSS h) in Phase | to @6ng NC3-N / (g TSS h) in
Phase III.

Figure 9 showsghe results of the SPlppao batch test. It is clearly olious that in anoxic
conditionsthe decrease of phosphate concentration is closkted tcthe presence of nitrate
the solution.Moreover, when all the phosphate is almost remottesl nitrate concentration d
not decreasdurther. During each tessCOD was evaluated and no differences betweer
beginning and the end of each test was found (datashow) confirming that nitrate reducti
could be ascribed to DPAO activi
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Data collected by aerabiand anoxic batch tests allowed the percentageR#O over the
TPAO to be calculated following the Equation (1able 3 indicates that at the beginning of
experimental study, the DPAO accounted for only Ii§%e TPAO, thus the IR equal to 10%
not affect significantly their selection. During & Il the percentage of DPAO increased u
63%. In Phase lll the fraction of DPAO presentha sludge was approximately equal to 949
the TPAO.

Tablelll-3. Fraction of DPAO and PAO during batch tests

Aerobic conditions Anoxic conditions
TSS Direction P uptake rate Direction P uptake rate DPAO
[g/L] parameter [mg P/g TSS h] parameter [mg P/g TSS h [%0]
8.48 0.108: 0.013 -0.0162 0.00z 15
Phase |
8.52 0.200( 0.020 -0.1266 0.01¢ 63
Phase I
8.86 0.257¢ 0.031 -0.2423 0.027 94
Phase llI

While the biomass yield of TPAO is 0.45 gVSS/g C(Henze et al. 200, the growth yield of
DPAO is about 70% lower than that of PAHu et al. 2002)reaching 0.13 gVSS/g COD. Thi
in our study, the selection of DPAO over the TPASamed by increasing the biomass cyclin

the ASSR, justified the low sludge production meadun Phase llI

3.4.2. Sulphate reducir bacteria (SRB)

The infuent and effluent S*,—S concentrations of the ASSR wexso monitored (Fig. 10).
The average sulphate influetiring Phase |, 1I, and 11l wel40.9, 45.8 and 48 mg SG»-SIL,
respectively. The effluent concentrations decreaaekieving valucof 28.3, 8.6 and 9 mg SG
4+~S/L
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Fig. 111.10 Profile of S@*S removal. The solid and open symbols represeatiifluent and effluent values,
respectively.

As Figure 10 shows, the reduction of the sulphatgcentration in the ASSR is quite stable
during all phases, achieved up to 80% sulfate reinafficiency. However, almost in
correspondence to day 40, sulphate in the ASSR measmore removed, because of an
accumulation of nitrate in the water line (averagiie 20 mg N@N/I) and thus in the sludge
cycled in the ASSR from the SBR. The biomass withigh nitrate concentration cycled to the
ASSR inhibited the activity of sulphate reducingctesia (SRB), because the anaerobic
environment changed in anoxic. When this problers sa@ved, the sulphate reduction restarted
again. In a CAS-ASSR configuration, the profilesofphate concentration could be considered as
a marker both of the microbiological activity cadiout by SRB and of the performance of the
water line. These microorganisms obtain energygfowth by oxidation of organic substrates, by
removing hydrogen atoms from organic molecule, bBgdusing sulphate, naturally present in
urban wastewaters, as the terminal electron accéptm et al. 1996). In the presence of sulphate
some SRB may break down volatile fatty acids (VE#ompletely to acetate (Lens et al. 1998).
Their role could be extremely important for othacmorganism such as TPAOs and DPAOSs that
could use acetate for their metabolic functions.

The growth yield of SRB is very low, about 0.2 g&/§ reduced sulphate or 0.1 g VSS/g COD
removed (Kleerebezem and Mendez, 2002; van denhBeftsal., 2007), leading to a low sludge
yield. Furthermore, it has been reported that thehsde produced by SRB can led to a change of
sludge floc structure due to specific reductiorref to FeS, contributing to cell lysis mechanisms

and dissolved extracellular polymeric substanc&S)Eelease (Nielsen and Keiding 1998).
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SRB has been widely studied for the treatment aodeimediation of acid mine drainage
(AMD) (Bai et al. 2013). However, the developmeiffitaorecently innovative process, called
SANI® (Sulfate reduction, Autotrophic denitrification aNitrification Integrated), has opened the
possibility of using SRB to remove organic matted do realize the autotrophic denitrification
using the dissolved sulphide generated from sulfatieiction. This process lead to low energy
consumption, small oxygen demand for COD removal aero sludge withdrawal (Lu et al.
2009).

4. Conclusions

The use of an ASSR involved in the returned sluidge of a CAS system has been widely
studied in literature. All the reduction mechanisimgestigated in our study have already been
presented in previously. The novelty of this papdo propose a new sludge reduction mechanism
which connects all the mechanisms proposed scfakpressed as follow.

By acting on the operative parameters IR and ttede® SRT of the ASSR, the solubilisation
of organic matter could be enhanced and a particuiarobial community structure could be
selected. Some microorganisms, such as SRB, imgltevesludge disintegration thanks to the
sulphide production. They further degrade the VRAompletely to acetate that could taken up
and internally stored by TPAO and DPAO in anaeraicditions releasing orto-phosphate. The
internally stored acetate can form long chain casbmolecules of PHA that could be used for
TPAO and DPAO energy generation and for the graithew cell.

Other heterotrophic microorganisms are not abigitze the acetate because of the absence of
an external electron acceptor donor (nitrate orgexry. Thus adequate environmental conditions
of the ASSR has to be ensured. Furthermore, theh\&RT of the system has to be high enough
to ensure the selection and growth of such micramaegn. Results of the present study show that
the DPAO population could significantly increaseept¥he TPAO, reaching half of the TPAO
population. When the sludge from ASSR is reciradab the CAS system, the DPAO contribute
to the denitrification process, with low specificogth yield as compared to the heterotrophic
microorganisms. One of main point of the procegsbesselection of DPAO and SRB due to their
very slow growth yield, obtaining a substantial uetion in the sludge production. This
mechanism is however related to the cell lysis BR& destructuration. We concluded that it is
not possible to define a unique sludge reductioohaeism as tried to do so far because several

mechanisms are involved and are all linked so bJasach other in order to reach the final aim.
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V. Chapter
Shift in microbial community structure
of anaerobic side-stream reactor In
response in changes to solid retention

time and interchange ratio

This chapter was based on:
Ferrentino R., Langone M., Gandolfi I., BertoldWi, Franzetti A., Andreottola G., 2016hift in microbial
community structure of anaerobic side-stream readto response in changes to solid retention timed an

interchange ratioSubmitted
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ABSTRACT

A laboratory scale sequencing batch reactor (SBRYnaerobic side-stream reactor (ASSR)
system was operated for 300 days under three diffevalues of anaerobic solid retention time
(SRTassr) and interchange ratio (IR) to investigate carl@omd nutrient removal efficiencies and
sludge reduction as compared with the microbial mamity structure of the ASSR. Under each
experimental phase, the SBR-ASSR system was effedatithe removal of COD, ammonia nitrogen
and phosphorous. The best carbon and nutrient relhefficiencies were obtained under the last
experimental phase when the SRdg was 2.5 days and IR equal to 40% (Phase Ill)hla phase,
the highest reduction of sludge production was albgerved (66%). Quantitative PCR analyses
encoding 16 rRNA gene revealed a wide diversityplylogenetic groups in each phase. However,
an increasing selection of fermenting bacteria abde release EPS, denitrifying phosphate
accumulating bacteria (DPAOs) and heterotrophidtdéying bacteria was observed from Phase | to
Phase Ill. Further, specific gPCR analyses targetpsiA gene showed an increase of sulphate
reducing bacteria (SRBs) in Phase Ill. The totainbar of Archaea was almost the same for each
experimental Phase. However, a shift from hydrogephic methanogens to methylotrophic and
acetoclastic methanogens was detected.

Keywords: Anaerobic side-stream reactor, microbial communitgmoval efficiency, g-PCR,
taxonomic identification

1. Introduction

The more stringent regulatory limits imposed torgaéee high environmental standards caused
an inevitable increasing of the production of escsltidge. The EU, the USA, and China each
produce 6—-11 million tons of sludge as dry soligs year; Australia produces 0.3 million tons
each year (Semblante et al. 2016). The handlirgtrirent and disposal of sewage sludge are
challenging waste management problems common ty m@mtries that could account for 25 -
65% of the total plant operating costs (Chon et 2011). In this view, the development of
technologies able to reduce the sludge productidthirwthe activated sludge (AS) process
inspired an overall rising interest, representirmyvadays one of the first priorities in waste
management hierarchy. Among all, the insertion rofaaaerobic side-stream reactor (ASSR) in
the return sludge line of a conventional activgteacess (CAS) could significantly enhance the

sludge reduction. Over the last two decades, mamgies demonstrated that the process can
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reduce the sludge yield {9 by up to 40% (Chudoba et al., 1992), 55% (Cheal.€2003; Saby
et al. 2003), 60% (Novak et al. 2007), 66% (Feinenet al. 2016c) as compared to a CAS
process.

In spite of the abundant literature on sludge rédogcthe complexity of the processes and
mechanisms leading to sludge reduction has notbgen fully understood. As reviewed by
(Ferrentino et al. 2016b), different mechanismsiavelved in sludge reduction in an ASSR. In
our previous study, we demonstrated that key opergtarameters are the anaerobic solid
retention time (SRAssg) and the interchange ratio (IR) (Ferrentino et2@l16c). Results further
showed the sludge reduction mechanism is baseldeosimultaneous occurrence of sludge decay,
cell lysis, EPS destructuration and selection ofvsgrowing bacteria such as sulphate reducing
bacteria (SRB), total phosphorous accumulating rosgas (TPAOs) and denitrifying phosphate
accumulating organisms (DPAOSs), which are a fractad TPAOs (Zhou et al. 2010). In
particular, the development of a specific microlmamnmunity in the ASSR seems to be of prime
importance for sludge reduction process (Chon.gt(dl1a).

In the literature, several papers investigated obied community in ASSR. . Chudoba et al.
(1992) was probably the first to find that 60% loé tmicrobial populations could be classified as
PAOSs, contrary to 10% in the activated sludge ftbenCAS system. The Authors showed that the
periodic passageway of facultative aerobic actvatadge microorganisms through the anaerobic
zone created conditions of uncoupled growth. Rirgter anaerobic conditions and in absence of
substrate, PAOs use ATP and polyphosphates ageesoiuenergy, then under aerobic conditions
and in presence of exogenous substrate, they debhuir energy reserves at the expense of
growth, resulting in a consecutive reduction ofiveted sludge production. This phenomenon
may be explained by the presence of uncouplingatdbolism and anabolism. Wang and Zhao
(2011) reported that most bacteria were phylogeakyi related to PAOs, denitrifying bacteria
and anaerobes. Chon et al. (2011a) showed about si&fiarity for microbial composition
between the SBR-ASSR system and an anaerobic eigéscently, Zhou et al., (2015a) showed
that the insertion of an ASSR could enhance thectieh of anaerobic bacteria such as
fermentative, hydrogenogenic and acidogenic bactbat are able to improve the biomass decay
and hydrolysis of particulate organic matters. Phaghors confirmed also the shift of the main
microbial populations from fast growers to slow\geos.

However, there is still insufficient literature ote correlation between the microbial
community in the ASSR and the different mechanigmslved in the sludge reduction process.

Further, up to now there is no information aboutvleochange of two main operative parameters,
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such as the SR§sg and the IR, could affect the microbial communitgusture of the ASSR
process.

Therefore, in this study a laboratory scale SBR-R3&actor was operated for 9 months under
different SRTssr and IR. Both the performances of the whole pracesserms of carbon and
nutrient removal, the sludge reduction efficiencasl the microbial community structure were

analysed.

2. Materials and Methods

2.1. System operation

The lab-scale system consisted of a sequencing baactor (SBR), as water line of a
wastewater treatment plant (WWTP), an anaerobie-sickam reactor (ASSR) where the settled
sludge was treated and a thickener (Fig. 1). Tass unit allowed both increasing biomass to
cycled back to the ASSR and completing nitrate nexh@n order to ensure a tightly anaerobic
environment in the ASSR. Reactors were made ofifleex Both the SBR and the ASSR had a
working liquid volume of 10 L, while the thicken& L. The SBR was equipped with a
mechanical stirrer and air sparging system. It afger with six cycles per day in alternate
nitrification/denitrification mode. The schematipeayating strategy is depicted in Fig. 1. The
dissolved oxygen (DO) in the aerobic phase was taiaied between 1-2 mgD. The ASSR was
covered with a plastic plate. It was equipped veitmechanical stirrer, and it was continuously
mixed. ORP and pH in the ASSR were monitored aftdriee to vary. The lab-scale system was
equipped with peristaltic pumps and digital timeFhe influent was first pumped into the SBR
from a storage tank for simultaneous carbon andemitremoval. Every SBR cycle, the settled
sludge was pumped to the thickener and after & lthilkkened sludge was cycled to the ASSR. At
the same time, an equal volume of sludge was cyictad the ASSR to the SBR. The entire
experimental period consisted of three differerdag@s that lasted for about 90 days each: i) 10%
sludge interchange rate and SRT in the ASSR o0fai8;di) 20% sludge interchange rate and SRT
in the ASSR of 5 days and iii) 40% sludge intergerate and SRT in the ASSR of 2.5 days.
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Fig. IV.1 Schematic diagrams of the experimentalp@nd time sequence in each SBR cycle

The SBR was inoculated with the activated sludgaiobd from the CAS of the WWTP of
Trento Nord (Italy) operated for nitrogen removethe ASSR was inoculated with the anaerobic

sludge obtained from the anaerobic sewage treattaektof the WWTP of Levico Terme (ltaly).
2.2.Characteristics of wastewater

The SBR was fed with the effluent of the primargisgentation tank of Trento Nord WWTP,
Italy. The characteristics and the chemical contmosiof the influent are described as follows:
pH, 7.4; COD, 244 mg/L; sCOD, 100 mg/L; NHN, 46 mg/L; NQ -N 1.18 mg/L; PG*-P 3.6
mg/L; TSS, 200 mg/L.
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2.3.Chemical analysis

Samples were taken three times a week. Total sdsgdesolids (TSS), total chemical oxygen
demand (COD) and nitrate as nitrogen ¢NR) were measured according to the Standard
Methods (APHA, 2005). Soluble COD (sCOD) was measuafter filtration on a 0.4pm
membrane. Ammonium nitrogen (IHN) and soluble phosphorous (PGP) were analyzed
according to APAT CNR IRSA, 2003. DO, pH and ORPraveneasured with three different
probes connected to a multimeter (Multimeter 44s@y).

2.4.Microbial community structure assessment

Samples of sludge for microbiological analyses warkected in duplicate at the end of each
experimental phase. Total DNA was extracted frofnriL of sludge using the FastDNA Spin for
Soil kit (MP Biomedicals, Solon, OH, USA) accorditg the manufacturer’s instructions. The
V5-V6 hypervariable regions of the bacterial 1638IARgene were PCR-amplified using 783F and
1046R primers (Huber et al. 2007; Wang and Qiar@20@hile the 1A_349F-IA_571R primer
pair was used for the amplification of a fragmehthe archaeal 16S rRNA gene (Gagliano et al.
2015). At the 5' end of each primer, a 6-bp barcede also included to allow sample pooling and
subsequent sequence sorting. All amplicons weraesegd by MiSeq lllumina (lllumina, Inc.,
San Diego, CA, USA) with a 250 bp x 2 paired-enatq@eol.

For Bacteria, 2 x 50 pL volume PCR reactions waesdogpmed with GoTaq® Green Master
Mix (Promega Corporation, Madison, WI, USA) andN! pf each primer. The cycling conditions
were: initial denaturation at 94 °C for 4 min; 28les at 94 °C for 50 s, 47 °C for 30 s, and 72 °C
for 30 s and a final extension at 72 °C for 5 nfar Archaea, 2 x 50 pL volume PCR reactions
were performed with Phusion® High-Fidelity DNA Polgrase (NEB Inc., Ipswich, MA, USA),
1x HF Buffer, 0.2 mM dNTP mix, 1.5 U of Phusion DNPolymerase, and 0.5 uM of each
primer. The cycling conditions were: initial denation at 98 °C for 30 s; 10 cycles at 98 °C for
10 s, 68 °C for 20 s, and 72 °C for 15 s; 30 cyeke88 °C for 10 s, 58 °C for 15 s, and 72 °C for
15 s and a final extension at 72 °C for 2 min (@agl et al. 2015). The amplicons were purified
with the Wizard® SV Gel and PCR Clean-up Systenoifiiga Corporation, Madison, WI, USA)
and purified DNA was quantified using Qubit® (Lifechnologies, Carlsbad, CA, USA). Groups
of 9 amplicons bearing different barcode pairs waoeled together to build a single library.
Further library preparation with the addition oarstlard Nextera indexes (lllumina, Inc., San
Diego, CA, USA) and sequencing were carried olaato Tecnologico Padano (Lodi, Italy).

Reads from sequencing were demultiplexed accotditige indexes and the barcodes.
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Uparse pipeline was used for the following elaborat (Edgar 2013). Forward and reverse
reads were merged with perfect overlapping andityufiltered with default parameters. For
Archaea the final 50 bp were removed from each teadllow using both reads. Suspected
chimeras and singletons sequences (i.e. sequepgearag only once in the whole data set) were
removed. OTUs were defined on the whole data sedtering the sequences at > 97% of
similarity and defining a representative sequermedach cluster. A subset of 5000 random
sequences for Bacteria and 10000 for Archaea wasechfrom each sample and the abundance of
each OTU was estimated by mapping the sequencesaabf sample against the representative
sequence of each OTU at 97% of similarity. Taxormatassification of the OTU representative
sequences was obtained by RDP classifier (Waab,&007).

2.5. Quantification of total Bacteria, total Archaea aBadilphate Reducing Bacteria (SRB)

Quantitative PCR (qPCR) was used to assess thalaboa of total Bacteria, total Archaea in
each experimental phase. Among Bacteria, spedfiCR) - analyses were performed to estimate
SRBs. For total Bacteria, a 466-bp fragment ofltheterial 16S rRNA gene (331-797 according
to Escherichia coliposition) was PCR-amplified with a universal primeet (Nadkarni et al.
2002). For total Archaea, a 417-bp fragment ofatehaeal 16S rRNA gene was amplified with
the primer pair Arch349F-Arch 806R (Takai and Hoski 2000). For SRB, a 396-bp fragment of
the adenosine 5-phosphosulphate reductagsAj gene was amplified with the primer pair
aps3F-aps2R (Christophersen et al. 2011). All P€&Rtions were performed in a total volume of
10 uL using the FluoCyclell Sybr reaction mix (EuroodprPero, ltaly) with 0.3:M of each
primer, and an Eco lllumina thermocycler (lllumin&nc., San Diego, CA, USA). The
amplifications were carried out under the followiognditions: 95 °C for 4 min, followed by 40
cycles of 95 °C for 15 s, annealing temperature8tbs and 72 °C for 30 s, with acquisition of the
fluorescence at the end of each 72 °C elongatiep. sthe annealing temperatures were set as
60°C, 54 °C and 55 °C for Bacteria, Archaea and SiBpectively. The fragments of interest
were amplified from reference straingsg¢herichia coliK-12 substr. DH10B for bacterial 16S
rRNA gene,Methanosarcina acetivoranS2A for archaeal 16S rRNA gene, aDésulfovibrio
vulgaris subsp.vulgaris DSM 644 foraprA) and cloned into the plasmid pGEM (Promega
Corporation, Madison, WI, USA) to prepare standaias calibration curves. Plasmids were
extracted from fresh cultures, and the concentmatb plasmidic DNA was measured with a
NanoDrop ND-1000 spectrophotometer (NanoDrop Telduies). Serial dilutions of the
plasmidic DNA were included in triplicate in eaaimrtogether with triplicates of the samples. For

calculation, the average number of 16S rRNA germeso(Bertolini et al. 2013) were used to
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estimate the abundances of total Bacteria and fotdilaea, while the average numberapfA
copies, was used to estimate the abundance of SRB.
3. Results

3.1 Performance of the system

The efficiency of the SBR-ASSR process in termsshfdge reduction, sCOD, ammonia
nitrogen (NH'-N), total nitrogen (TN) and orthophosphate (P®) removal in each

experimental phase was investigated.

3.1.1 Sludge reduction
In this study the observed sludge yield{¥ was calculated to evaluate the sludge production,
considering the SBR - ASSR system as a single @loatrit (Chon et al. (2011b). Thex¥ is the
amount of sludge generated per the amount of satbstemoved, and could be calculated by the

ratio of the cumulative generated sludge and timeutative consumed substrate Eq. (1).

— AX SBRVSBR +AX ASSRVASSR + Z (X SBRQSBRwasste +X ASSFQASSRwaste +X eff Qeff ) LAt
o Z (Slnf Qinf - Seﬁ Qeﬁ ) LAt (1)

where $¢ and S are the substrate COD concentration of influent effluent (mg [*); Qi
and Qg are the flow rate of the influent and effluentdt); AXsgr AXassr are the change of
sludge (g TSS 1) in SBR and ASSR; Mg, Vassrare the volumes of SBR and ASSR (L); aid
is the time (d). The ¥s can be graphically evaluated as the slope ofitleat regression curve
obtained plotting the cumulative sludge generatdata against the cumulative consumed
substrate data obtained by experimental measurement

The decrease of the SRsEr and the increase of the IR in the SBR-ASSR caaseduction of
the sludge production. The observed sludge yie¥is)(of Phase | (10 d SREsg IR 10%),
Phase Il (5 d SRaksk IR 20%), and Phase 11l (2.5 d SRER IR 40%) were 0.21 g TSS/g COD,
0.14 g TSS/g COD and 0.12 g TSS/g COD, respectivaynpared to the g¢s of a CAS process
(0.36 g TSS/ g COD), the SBR-ASSR system reducedltirdge production in each experimental

phase. A 66% percentage of sludge reduction was\ahin Phase lIl.

3.1.2 Removal of COD, ammonia nitrogen and orthophosghate
The experimental period covers 300 days of the SEISR operation. During this period,
concentration of sCOD, NfN, PQ*-P in the influent ranged in a wide range due te th
seasonal variability of the municipal WWTP. Thdueht and effluent profiles of sCOD, NHN,
TN, PQ*-P in the SBR-ASSR and removal efficiencies of pnecess, during each phase, are

reported in Figure 2.
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In the Phase | (10 d SRdsg IR 10%), a consistent average sCOD removal efiicy of
82.5% was observed. However, NHN, TN and PQ*-P average concentrations in the SBR
displayed very poor ammonia (61%), total nitrogé@%), and orthophosphate (41%) removal
efficiencies. The lowest ammonia, total nitroger amthophosphate removal efficiencies were
measured when low sCOD concentration was detegtéeeiinfluent.

With the aim of improving sludge production, we aEsed the SREsg from 10 to 5 d in
Phase Il, increasing the IR from 10 to 20%. Theaase of the system was positive both in terms
of sludge reduction an effluent quality. The systeraintained a good removal percentage of
organic matter (sCOD, 80%) while removed up to 7186% and 73% of ammonia,
orthophosphate and total nitrogen, respectivelyelvifie SRAssrwas further decreased to 2.5 d,
corresponding to IR of 40%, sCOD removal efficieringreased up to 86%. An increase of
ammonia, orthophosphate and total nitrogen reme¥ftiencies were measured, achieving
average values of 83%, and 63%, and 82% respectivedm Figure 2b, 2c, 2d, it can be clearly
seen that increasing NHN, PQ*-P and TN removal efficiencies were achieved aftafimation
of the biomass to the operating conditions. Furtiee, the TSS effluent concentration and the

sludge settling proprieties improved switching fr@mase | to Phase Il (data not showed).
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Fig. IV.2 Performance of the process in terms c2@D, b) NH, *-N ¢) PQ*-P d) TN removal
3.2 Bacteria, Archae and SRB total quantification

The gPCR results showed the abundance of totaleBacincreased in each experimental
phase. The average number of bacterial ribosonmexoop in Phase |, Il and Il was 4.82¢ +
0.71- 10® copies/mL, 1.22 10° + 0.17- 10’ copies/mL, and 2.3710° + 0.16- 10’ copies/mL,
respectively. Among bacteria, the abundance of $RBeased as well. The copy numbers of
aprA gene of SRB in the biomass enrichment were quedtifs 1.71 10 + 0.06- 10’ copies/mL,
3.59- 10" + 0.19- 10’ copies/mL, and 1.611C + 0.03- 1¢° copies/mL in Phase I, Il and lIl,
respectively. Finally, the qPCR results showed aieindance of total Archaea was almost
constant. The average number of archaeal ribosopsbns in Phase |, Il and Il was 4.980°
+0.12- 1¢ copies/mL, 6.75 10° + 0.13- 10° copies/mL, and 5.321C° + 0.16- 10° copies/mL,

respectively.

3.3 Bacterial taxonomic identification

The phylogenetic and taxonomic diversity of baetlecommunities in Phase |, Il and Il was
assessed through sequencing of the 16S rRNA gdresdquenced 16S rRNA gene fragments
were classified up to the lowest taxonomic levetsgiole. The values of relative abundance
indicate the percentage of one specific group d§ d¢e relation to the total bacterial 16 rRNA
gene copies.

Phylum level

Our results showed 20 bacterial phyla in the AS8Rnhss. The phylunProteobacteriawas
the most abundant in all samples, accounting fo8%2 40.2% and 43.9% of the total bacterial
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sequences, in Phase |, Il and lll, respectivelye $acond dominant phylum w8acteroidetes
accounting for 34.9% (Phase I), 38.0% (Phase It) 35.6% (Phase IllI) of the total bacterial
sequences. Other abundant phyla (abundance > Bdeast one sample) wefgmicutes(5.4 —
16.5%),Actinobacteria(0.7 — 5.1%)Chloroflexi (0.3 — 1.1%)]gnavibacteriae(2.0 — 2.7%) and
Verrucomicrobia(0.5 — 1.2%). In particulaActinobacteriaandVerrucomicrobiawere the major
phyla in the third phase, with low abundances @fitst and second phases. Others phyla detected
had lower relative abundances (< 0.5%).

Class level

Within Proteobacteriaphylum, Betaproteobacteriavas the most abundant class in all the
sample accounting for 16.8% (Phase 1), 18.0% (PHased 20.7% (Phase l1ll) of total bacterial
sequences. Other dominant classes weGammaproteobacteria (12.1 - 14.6%),
Alphaproteobacterig8.2 — 10.6%) an@®eltaproteobacterig0.4 — 2.3%). The relative abundance
of Betaproteobacteriaand Deltaproteobacteriancreased from the first to the third phase while
the relative abundance AfphaproteobacterimandGammaproteobacteridecreased.

In the phylum Bacteroidetes the two most abundant classes w&ghingobacteriiaand
Cytophagia.Data showed that the first increased from 7.5%9.18% and to 14.6% of the total
bacterial sequences in Phase |, Il and lll, respelgt The latter class decreased from 12.2%
(Phase 1), to 10.7% (Phase II) and to 6.0% (Phiseflthe total reads. Moreover, the relative
abundance dflavobacteriiadecreased from the first phase to the last oreguating for 6.2% in
Phase I, 5.9% in Phase Il and only 1.8% in Phase Il

Within the Firmicutesphylum, the dominant class wéasostridia, which decreased from 11%
(Phase 1), 8.8% (Phase Il) and 3.6% (Phase lltheftotal bacterial sequences. Furthermore, the
relative abundance of cladstinobacteriaincreased significantly from 0.3% in Phase | #804.in
Phase Ill. Other abundant classes wgraavibacteria(2.0 — 2.7%) andubdivision 3wvhich also

increased from Phase | to Phase 111(0.2 — 1.1%).
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Fig. IV.3 The relative abundance of the predominaantterial phylogenetic group at a) phylum b) clasd c)

genus level

Genus level

Analyses based on genus level allowed obtainingerdetailed information about the changes
in bacterial community structure along the différerperimental phases. Among the 202 genera
detected, 24 genera with a relative abundance abivim at least one sample were identified and
compared based on their relative abundance.

Two genera were detected belonging to Alghaproteobacterialass,Novosphingobiunand
RhodobacterThe first genus had a relative abundance acauyifdr 1.23% of the total bacterial
sequences in Phase | that decreased to 0.89% &8&00n Phase Il and Ill, respectively.
Rhodobactewas more abundant in Phase | (3.44%) and decraasetase Il (1.72%) and in
Phase Il (0.43%).

Within the classBetaproteobacteriaDenitratisomaand Georgfuchsiawere almost absent in
Phase | and Il while they reached a relative abooelaf 3.69% and 1.78%, respectively, in Phase
[ll. Variovorax also increasedrom the Phase | to Phase Ill. On the contrary, rblative
abundance oSimplicispira, Zoogloea and Acidovoraxongly decreased from Phase | to Phase
[ll. Other relevant genera in the cla3staproteobacteriavere Nitrosomonasvhich did not show
significant variation during the whole experimergaliod.

Within the classGammaproteobacteria, Steroidobacteas increased significantly, reaching a
relative abundance of 3.65% in PhaseAkiinetobacteandDokdonellawere other two abundant

genera that decreased from the Phase | to Phase llI
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Among the genera belonging to theSphingobacteriia class, Ferruginibacter
HaliscomenobactefTerrimonaswere relevant in Phase |, while decreasing in @las

Flavobacteriumwasthe most abundant generakiavobacteriaclassin Phase | (5.00%) and
in Phase 1l (4.00%), while strongly decreased m ltist Phase (0.42%). On the contrary, among
the genera belonging to tiBacteroidetephylum, Prolixibacter showed an increasing trend from
Phase | to Phase IIl.

Within the clas<Clostridia, the genu<lostridium Xlaccounted for 4.51%, 3.80% and 1.99%
of the total bacterial reads in Phase I, Il and réispectively. Similar t&Clostridium XI, other
genera belonging to the cla€dostridia, Fusibacterand Proteocatella decreased as well from
Phase | to Phase Ill.

Among the genera belonging to the claBacilli, only Trichococcuswas abundant.
Trichococcusvas one of the most abundant genera in Phase Il dndng the whole experiment
with a relative abundance of 4.48% and 5.28%, tsmdy. However, its relative abundance
strongly decreased in Phase Ill reaching a valuke2x%.

The genusGordonig was the only one abundant in the cldssinobacteria Its abundance
increased from 0.16% in Phase I, to 0.14% in PHam&d to 2.94% in Phase IlI.

Ignavibacteriumpelonging to the cladgnavibacterig accounted for 1.98%, 2.62% and 2.72%
of the total reads in Phase I, Il and 1ll, respesdti. Finally, the genuSubdivision 3belonging to
the classverrucomicrobia was also detected, accounting for a low percentdgotal bacterial

sequences in Phase | and Il, and increasing ineAHas

3.4 Archaeal taxonomic identification

Phylum level

At the phylum level, thé&curyarchaeotaaccounting for 94.2%, 98.9% and 99.6% of thel tota
archaeal community in Phase |, Il and Ill, respesi, consistently dominated the archaeal
community. Other archaeal phyla were detected withery low relative abundance, such as
Crenarchaeotd0 — 1.3%) and haumarchaeotf0.2 — 0.3%).

Classlevel

Within the phylum Euryarchaeota Methanobacteriawas the most abundant class, but it
decreased from 98.0%, to 82.8% and to 67.3% ofodad reads in Phase |, Il and IlI, respectively.
On the contrary, an increase of the abundant retevaf the classMethanomicrobiawas
measured, increasing from 1.3% (Phase I) to 16Bpage 1) of the total archaeal community.
The other classes detected had a lower relativendamece: Thermoprotei (0 — 1.3%) and
Nitrososphaerale§0.1 — 0.3%).

67



Genuslevel

Among Methanobacteriaclass, the genuSlethanobrevibactewas the most abundant in all
phases, although it decreased from 95.0% in Phtsd3.7%, in Phase Ill. On the contrary, the
relative abundance of the gerndsthanosphaerancreased from 1.6% and 1.9% of Phase | and II,
respectively, to 17.7% in Phase Methanobacteriunwas also detected, accounting for only 1.4
— 2.7%; a slight increase from Phase | to Phasgdt observed.

Among Methanomicrobia class, low relative abundances d¥lethanosarcina and
Methanosphaerulavere detected in Phase |, 0.4% and 0.5%, respsctiVhey increased from
Phase | to Phase Il, while slightly decreased iasehll, reaching 7.0% and 4.0%, respectively.
Other detected genera webethanolinea(0.2 — 1.5%), Methanosaeta(0.0 — 1.4%) and
Methanospirillum(0.1 — 2.1%), which slightly increased from PhatzPhase Ill.
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Fig. IV.4 The relative abundance of the predomirfsichaeal phylogenetic group at genus level

4. Discussion

4.1 Performance of the system

The general aim of the SBR-ASSR application in #tigly is the reduction of sewage sludge
production. However, the primary goal of a waste&wdreatment is to ensure that effluent
wastewater meets the regulatory limits. For thesoms the performance of the process in terms of
sCOD, NH*-N, TN, and P@-P removal is here investigated.

In this study, short SREsgrand high IR resulted in a high reduction of sluggeduction. As

reported in our previous research, a decreasdk@hssr and thus an increase of IR, caused an
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increasing solubilisation of organic matter in h8SR, related to sludge decay, cell lysis, EPS
destructuration, and a selection of specific slawwgng microorganisms, such as SRBs and
DPAOs over TPAOs (Ferrentino et al. 2016¢). DPA@s important both for sludge reduction,
because of their low growth yield, which is 70% &whan TPAO (Hu et al. 2002), and for
biological phosphate and nitrate removal processabise of DPAOs utilized NON as electron
acceptor for PG-P removal (Lee and Yun 2014). SRBs have also atifom of primary
importance for sludge reduction due to their lowdge yield (Kleerebezem and Mendez, 2002;
van den Bosch et al.,, 2007), contributing to cgdid mechanisms and dissolved EPS release
(Nielsen and Keiding 1998), and further incompheteéégrading complex carbon compounds to
acetate (Muyzer and Stams 2008a) which may be bgetPAOs. Thus, in the ASSR, under
anoxic conditions, hydrolysis and fermentation psses occur, while SRBs incompletely degrade
complex carbon compounds to acetate. Acetate rasjyebe taken up and stored by TPAOSs,
releasing orthophosphate in the solution. Themerobic and anoxic conditions of the SBR, the
internally stored acetate is used while consuminitate or oxygen for TPAOs maintenance
functions and for the growth of new cells. Hetesptric carbon oxidation, nitrification and
denitrification processes further occur in the SBR.

The best results in terms of carbon and nutriemorel were obtained in Phase Ill, when the
IR was the maximum (40%) and the SBdr was the minimum (2.5 d). In Phase Ill, sCOD,
NH,*-N, PQ>-P and TN, removal efficiencies were equal to 86P&%, 63%, and 83%
respectively.

In this study, the higher COD efficiencies in tHeaBe Il have been related to the improvement
of the hydrolysis and fermentation processes in ABSR, sludge decay, cell lysis and EPS
destructuration (Ferrentino et al. 2016c). Indeecteasing the IR, a higher biomass quantity was
subjected to anaerobic - aerobic/anoxic alternaiglitions.

The higher hydrolyzed and partially fermented skidbtained in the ASSR in Phase lll could
be easily degraded when it comes back to the SBRndmns of both aerobic heterotrophs and
denitrifiers microorganisms. Considering the ammaninitrogen, decreasing the SRdr the
removal efficiency in the SBR-ASSR system slowlgregased from 61% in Phase I, to 71% in
Phase I, and to 83% in Phase lll. Different exptaons could be addressed about the increasing
ammonium nitrogen removal. A higher removal peragatin Phase Ill could be due to the lower
inhibition effect of particulate organic matter oitrification (Figueroa and Silverstein, (1992). On
the contrary a higher ammonium removal percentagehiase Ill could be related to the lower
decay rate of nitrifying biomass under anaerobinditions as compared to the values under
aerobic and anoxic conditions (Zhou et al. 201%a)ally, the higher SRT of the whole SBR-
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ASSR system in Phase Il (83 d) than Phase | (44hd)Phase Il (60 d) could be also responsible
for the improvement of the NfF+N removal efficiency.

With reference to the orthophosphate, results stoveey low removal efficiency in Phase I,
which increased in Phase Il and lIll, reaching aigaf 63%. The increasing phosphorous removal
efficiency is concordant with the increasing saetecof DPAOs over TPAOSs.

Finally, the average removal efficiency of TN immsed during the experimental period,
reaching 83% in Phase lll. The higher TN removétieincy in Phase 1l was related to the higher
denitrification contribution in the SBR, due to bdteterotrophic denitrifiers, which had a higher
available sCOD from cell lysis and hydrolysis oftgailate organic substances in the ASSR, and
selected DPAOs, which contribute for nitrate remiaxgng the internal stored acetate.

Nevertheless, it should be noted that the sludgkedyfrom the ASSR to the SBR brought back
to the water line a considerable amount of sCODRN¥H and PQ* -P as consequence of
fermentation and cell lysis processes and TPAQsites, contributing to a sCOD, NAN and
PO,*-P overloading, which increased from Phase | tcsEHk.

The sCOD overloading was difficult to estimate, @D is not a conservative parameter.
Indeed, sCOD is consumed by several biologicalgsses both in the ASSR and in the SBR, e.g.
aerobic heterotrophs, denitrifiers microorganisiiRAO, DPAO and SRB.

On the contrary, the NN and PGQ* -P and TN were not consumed in ASSR, and
supplementary loads to the water line were estithdtee supplementary NHN load accounted
for 4.5%, 10% and 29% in Phase I, Il, and IlI, extjvely. The supplementary FO-P load was
6.5%, 29% and 38% in Phase |, Il, and lll, respetyi The supplementary TN load was 4.5%,
5.6% and 8% was in Phase |, I, and lll, respebtive

Considering the NK-N overloading, the real removal efficiencies irmsed up to 74%, 76%
and 90% in Phase I, Il and Ill, respectively. Sarli}, the real P§ -P removal efficiencies
increased up to 44%, 70% and 87% in Phase |, lllhnespectively. The removal efficiencies of

TN increased up to 71%, 76% and 88% in Phaseahdllll, respectively.

4.2 Microbial community

gPCR results showed significant increase in toéakeria abundance from Phase | to Phase II,
while a slight increase has been also detectedhasé® lll. Results of the bacterial taxonomic
identification reported the®roteobacteria Bacteroidetesand Firmicuteswere the most abundant
phyla in all experimental Phases. Previous litemtstudies reported that these phylogenetic
groups were ubiquitous in both laboratory-scale pitat-scale anaerobic bioreactors (Gao et al.

2010).Proteobacteriaare listed by several studies as the most abunpdhgiim in the community
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structure of several WWTPs (Wagner and Loy 200®l5at al. 2012; Zhang et al. 2012). In this
study, within the phyluniProteobacteriathe most abundant class wBstaproteobacteriavith a
relative abundance that increased from Phase | hasd® Ill. Several studies reported
Betaproteobacteriaas the major class in conventional anaerobic digefAD), membrane
bioreactor (MBR) and anaerobic dynamic membraneebcor (AnNDMBR) systems (Ma et al.,
2013; Nelson et al., 2011; Zhang et al., 2011)tHesmoreBetaproteobacteriatogether with
Gammaproteobacterjaabundant in each phase, were also able to chdspbhorous for energy in
enhanced biological phosphorous removal (EBPREsy$LV et al. 2014).

On the other handBacteroidetesre considered to potentially release EPS (Hah 015) in
the solutions. Within the phylunBacteroidetes,the relative abundance @phingobacteria
significantly increased from Phase | to PhaseTHese bacteria have the capability to produce
extracellular proteases (Zhou et al. 2015b) inéngathe release of soluble microbial products
(SMP) in the solutions. This result confirms théevant role of EPS destructuration, which has
been measured in our previous work (Ferrentino |et2@06b). The relative abundance of
Cytophagiathat use protein, N-acetylglucosamine, and chairg proficient in degrading part of
the high molecular mass fraction of organic matiems observed to decrease from Phase | to
Phase IlI.

While the relative abundances @foteobacterisaandBacteroidetesvere quite stable during all
the experimental Phases, the bacteria belongittgetphylumFirmicutesdecreased.

Firmicutes generally includes a great number of fatty acixisliaing bacteria capable of
degrading complex organic matter (Narihiro et &12). In our study the clasdostridia, which
included numerous bacteria that can efficientlyrddg complex organic matter and ferment lactic
or acetic acid to Hand CQ (Nelson et al., 20113ignificantly decreased as well. On the contrary,
Actinobacteria that were strongly related to the production obdpionic acid in anaerobic
environments (Jang et al., 2014), strongly increéasethe third Phase. According to Zhou et al.
(2015),Actinobacteriaclass could be responsible for the process ofdlysis and fermentation of
organic matter in the anaerobic tank and probalalygnl an important role in sludge reduction of
the ASSR system. Indeed, propionic acid is voldaley acids (VFA) that may be incompletely
degraded by SRB to acetate, which may be subsdgues¢d by phosphorous accumulating
organisms.

The classification at genus level clearly showednharease of relative abundance from Phase |
to Phase Il ofProlixibacter that consists of facultative anaerobes that camdat sugars by a
mixed acid fermentation pathway. On the contrafdyeotgenera responsible of hydrolysis and

fermentation decreased in Phase lll, suchF&ssobacterium, Clostridiaand Trichococcus.

71



Flavobacteriumare strictly aerobic bacteria but can also groweamizically when some growth
factors are provided and is able to hydrolyse waripolysaccharides (Bernardet et al. 1996).
Clostridia are versatile microorganisms capable of fermentiogiplex biopolymers such as
cellulose and various carbohydrates into acetatiyydite, carbon dioxide and hydrogen (Ghasimi
et al., 2015). Trichococcus are facultative anaerobic (Liu et al. 2002), slow growi
microorganisms found in anaerobic fermentationesystZhou et al. 2015b).

The genud/ariovoraxsp. increased from Phase | to Phase lll. It issknto have the ability to
metabolize sulphur compounds producing sulphiten(léa al. 2011). It is capable of using
glucose, benzoate, acetate, and salicylate asrcadwces if sulfate and vitamin B12 are supplied
(Young et al. 2006). Moreover, specific qPCR anedytargeting thapsAgene were performed
showing an increase of SRBs abundance from PhimsPhase Ill. Th@psAgene is involved in
the energy metabolism of SRBs and has been idenhifs reliable gene markers for SRB (Wagner
et al. 2005). SRB are anaerobic microorganismsubatsulphate as a terminal electron acceptor
for the degradation of complex organic compounasuRs showed that SRB abundance in Phase
[l was about 10-fold higher than that at the begig in Phase I, which indicates the important
role of SRB bacteria in enhancing the simultandmio®gical processes for sludge reduction in
ASSR.

Phosphate accumulating bacteria abundance incraaséds study. They may consist of
several diverse phylogenetic groups that vary andiffgrent treatment systems (Seviour and
Blackall 1999). In this studyGordonia was detected that are bacteria specialized in lipid
degradation in EBPR ecosystems (Krageland et 2007), and further in poly-P granules
accumulation (Wong et al. 2005; Beer et al. 20@)rdonia are characterized by a mycelial
growth and foaming abilities, causing settleabilgyoblems; several studies showed that its
abundance was slightly higher in denitrifying tharaerobic phosphorus removal sludge (Lv et al.
2014). Nevertheless, in our study, despite theeaging relative abundance @brdoniain Phase
11, this genus did not induce problems in sludgtleability. Furthermore, the relative abundance
of two main genera able to accumulate phosphatdy asAccumulibacterand Tetraspherawas
also detected (data not showed). The betaprotemiac Rhodocyclus-relatedCandidatus
‘Accumulibacter phosphatis’ (hereafteAccumulibacter and theActinobacterialgenus are
important PAOs in EBPR systems (Kong et al. 200bn ket al. 2010). However, both some
AccumulibacterandTetraspheraare also believed to be capable of denitrificgtimsing nitrate as
an electron acceptor for phosphorus uptake (Flowerd. 2009; Kristiansen et al. 2012). Thus,
both Accumulibacterand Tetraspheracan be classified as DPAOs. Despite the low redati

abundance, that was lower than 1%, results sholad increase in the Phase Ill confirming an
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improvement of their selection and growing. Furtiverobserved th&implicispiragenus, which
was isolated from activated sludge that performathaced biological phosphorus removal in a
sequencing batch reactor with sodium acetate asalleecarbon source (Lu et al. 2007), decreased
in our study.

Furthermore, our results showed an increasing t&hecf denitrifying bacteria from Phase | to
Phase Ill. Denitrifying bacteria such &enitratisoma, Georgfuchsiand Steroidobactemwere
detected and significantly increased from Phase Phase lll. The first represented a group of
denitrifying bacteria that were firstly isolatedin activated sludge of WWTPs (Fahrbach 2006).
Denitratisomaand Georgfuchsiawere both classified as chemoorganoheterotropéiatrifying
bacteria that can oxide different carbon source$ 13 exogenous organic materials, cell debris,
and metabolites to GOand reduce nitrate to nitrogen (Wang et al. 2085¢roidobactelis a
genus of denitrifying bacteria that exhibited austn of nitrate to dinitrogen monoxide and
further to dinitrogen without any intermediate amedation of nitrite (Fahrbach et al., 2008). On
the contraryRhodobacterthat is known to be capable of@ reduction (Song et al. 2014), and
Zoogloea able to to utilize organic electron donors arglce nitrate or nitrite to nitrogen (Han et
al. 2015), decreased from Phase | to Phase Ill.éd¥ewZoogloeais a genus of bacteria that are
commonly known for excreting high levels of EPSnastewater treatment systems (Norberg and
Enfors 1982). The decrease £dogloeaabundance from Phase | to Phase Il is in lindn hie
lower EPS content measured in the Phase 11l oAB8R in our previous study (Ferrentino et al.
2016¢). Furthermorelgnavibacteria which play a role in AnAOB (Anaerobic Ammonium
Oxidation Bacteria) (Zhang et al., 2014) slightigrieased in Phase llI.

The total number of Archaea was almost the samedoh experimental Phase. However, a
shift from hydrogenotrophic methanogens to methglaitic and acetoclastic methanogens was
detected Methanobrevibactethat is a hydrogenotrophic methanogen already fdunaeveral
studies in anaerobic digesters (Liu & Whitman, 2008as the most relevant genus and had a
decreasing trend from Phase | to Ill. On the copirdlethanosphera, Methanosarcirend
Methanosaetancreased from Phase | to IIMethanospheragenus is composed by obligate
methylotrophic and hydrogenotrophic methanogensialized to reduce methyl groups with.H
Their metabolism is restricted to methanol (Liu &Mvhan, 2008). The genidethanosarcinas
frequently present in methanogenic sludge. They tagether withMethanosaetathe only two
genera known to use acetate for methanogenesis.eWwwMethanosarcinacan also use
methanol, methylamine or Hnstead of acetatdlethanosaetaises only acetate. They carry out
an aceticlastic reaction that splits acetate, aidi the carboxyl-group to GCand reducing the
methyl group to CHl(Liu & Whitman, 2008)
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5. Conclusions

In this study, the performances, in terms of COD antrient removals, and the microbial
community structure of an ASSR in three differerperimental phases have been discussed.
Results showed that increasing SBsk and IR had positive effect on both sludge reductod
carbon and nutrients removal processes. Workir@Rahssg of 2.5 d and IR of 40%, a maximum
sludge reduction of 66% was achieved together higih COD, ammonia nitrogen phosphorous
and total nitrogen removal efficiencies, 88%, 9@%%, and 88% respectively. Concerning the
microbial community structure, a large diversity wiicrobial populations was detected. In
particular, our results showed an increasing seleaif fermenting bacteria able to release EPS,
sulphate-reducing bacteria, denitrifying phosplzsteumulating bacteria and denitrifying bacteria
as SRhssrdecreased from 10d to 2.5 d and the IR increased 10% to 40%.

74



V. Chapter
Temperature effects on PAO and
DPAOQO activity in Anaerobic

Side-Stream Reactor

75



Temperature effects on PAO and DPAO activity In
Anaerobic Side-Stream Reactor

Roberta Ferrenting Michela Langon®& Gianni Andreottol4

2 Department of Civil, Environmental and MechaniEaigineering, University of Trento, Trento, Italy

ABSTRACT

In this study, the effect of the temperature onaltophosphorous accumulating organisms
(TPAOs), both aerobic phosphorous accumulating mggas (PAOs) and anoxic denitrifying
phosphorous accumulating organisms (DPAOs) weresdtigated. Four different temperatures, 5,
10, 15 and 20°C were tested in batch assays usisglected biomass from an ASSR process
performed at lab-scale at room temperature. Bagskstwere carried out in anaerobic, aerobic and
anoxic conditions to evaluate the phosphorous seled TPAOS, the uptake of PAOs and the uptake
of DPAOs, respectively. Results showed that thesphorous release and uptake kinetics were
influenced from the variation of the temperaturdiiles temperature did not influence significantly
the anaerobic and the anoxic processes stoichigméirgeneral, decreasing the temperature, a
decreasing in the P-uptake and release rates wses\wul.

In anaerobic conditions, the P-release rate w@§,M.08, 0.20 and 0.30 mg PO-P/ (g TSS h)
at 5, 10, 15 and 20 °C, respectively. Under aercbmditions the P -uptake was 0.95, 1.47, 2.41 and
4.53 mg PQ* -P/ (g TSS h) at 5, 10, 15 and 20 °C, respectiviehanoxic conditions the P- uptake
was 0.24, 0.53, 1.55 and 3.01 mg/fOP/ (g TSS h) at 5, 10, 15 and 20 °C, respectivityhenius
temperature coefficient8 for anaerobic, aerobic and anoxic metabolism werand to be 1.114,
1.121 and 1.165, respectively. Results revealed EHAO activity was more affected by a lower
temperature than PAO activity as a higher Arrhemiosfficient was estimated.

Keywords:Anaerobic side-stream reactor, temperature, PACAOP

1. Introduction

Temperature is a very important parameter in wasiewtreatment because of its effect on
chemical reactions, on the physicochemical properof wastewater compounds and on the
reaction rates of biological processes such apHosphorous and nitrogen removal. Temperature
exerts several effects on biological reactionsjrifipencing the rates of enzymatically catalyzed
reactions and by affecting the rate of diffusionsabstrate to the cells (Grady et al. 1999). The
dependence of microbial activity on temperature to@ytrongly affected by the kind of bacteria
used. Any species’ response to temperature is ciesized by upper and lower limits of
temperature for growth (Morita 1975). In genertisiexpected that reaction rate coefficients of
biological process have temperature dependenciegshwtan be expressed by a simplified
Arrhenius equation (Gujer et al. 1995), increasiwgh temperature up to an optimum.
Temperatures below the optimum typically have aemsignificant effect on growth rate than
temperatures above the optimum (Mulkerrins et 8043. The reason for the upper limit of
temperature is relatively well understood, and itelated to the increasing rate of denaturation of

particular cell components as temperature riseh witnsequent disruption of cellular function.
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However, some degrees of adaptation are possibtdjrbited. The lower temperature limit for
growth is linked to a loss of efficiency of transpproteins embedded in the membrane, and thus
to a loss of affinity for substrates (Nedwell 1999)

The influence of the temperature on the biologuasphorus removal (BPR) process has been
studied in several publications since the 1980s there are conflicting reports that describe its
effects (Brdjanovic et al. 1997). Bacteria ableake up and store polyphosphate are predominant
microorganisms in an efficient enhanced biologmabsphorus removal (EBPR) process (Welles
et al. 2015). The EBPR system is based on enrichmokenotal polyphosphate-accumulating
organisms (TPAOSs) through recycling of the sludgawleen anaerobic and aerobic zones
(Toerien et al. 1990; Kortstee et al. 1994; Lealet2003). Usually, aerobic PAOs have been
identified in EBPR systems, capable to release giteie under anaerobic condition, while
consuming it under aerobic conditions. Recentlwas demonstrated that, not only under aerobic
conditions but also under anoxic conditions, weth nitrate as the electron acceptor, denitrifying
phosphorous accumulating organism (DPAQO) are capaisl polyphosphate accumulation
(Jargensen and Pauli 1995).

Thus, the following metabolic pathways have beemniidied (Mino et al. 1998): (i) under
anaerobic conditions, acetate or other low-moleewksight organic compounds are converted to
polyhydroxyalkanoates (PHASs), while intracelluldaored polyphosphate (Poly-P) and glycogen
are degraded, and phosphate, generated from PadégiRadation, is released into the bulk liquid;
(i) under aerobic or anoxic conditions, the stoRddAs are converted to glycogen, phosphate is
assimilated, and Poly-P is intracellular producesihg oxygen and nitrate/nitrite as electron
acceptor, respectively. Under aerobic or anoxiad@mns, bacterial growth and phosphate uptake
are regulated by the energy released from the bozak of PHAS.

Several studies reported that high temperaturdbgeimange between 20 — 37°C, could improve
the BPR efficiency (Yeoman et al. 1988; McClintostkkal. 1993; Converti et al. 1995). Others
reported that good or even comparatively betteerRewval efficiency could be reached at lower
temperature in the range between 5-15 °C (Florental. 1987). However, the effects of
temperature on the stoichiometry and kinetics ef Bf?R processes had not been studied in great
detail. To the best of our knowledge, up to nowltsson temperature effect on BPR are referred
the phosphorous release process in anaerobic mndihd the phosphorous uptake process in
aerobic conditions. On the contrary, studies oneffect of temperature on DPAOs activity are
missing.

Brdjanovic et al. (1997, 1998) suggested that thetrasting results obtained so far on the
temperature effects on BPR could be explained byte of different substances, activated sludge
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and measurements methods. The Authors, probablyhtoffirst time, studied the temperature
effects (over a range 5 — 30 °C) on stoichiometny kinetics of the process in the anaerobic and
aerobic phase of the BPR process under definitadatry conditions. Studying the convention of
phosphate, acetate and polyhydroxybutyrate (PHBntbst common type of PHA), they founded
that the stoichiometry of the anaerobic procesiteeto the P-release, was insensitive to
temperature changes while some effects on aerdbich®metry, relate to the P-uptake, were
observed. On the contrary, temperature had a stirdhgence on the kinetics of the processes
under anaerobic as well as under aerobic condittirns and 10°C an incomplete P-uptake was
observed in the aerobic phase, while a completpt&ka at 20 and 30°C was measured. Under
anaerobic conditions, phosphorous release activityeased from 5°C to 20°C, reaching a
maximum at 20°C. Based on these results, the Asithalculated the anaerobic and aerobic
temperature coefficien® from short-term steady state experiments that viered to be 1.055
and 1.065, respectively (Brdjanovic et al. 1998)..

Temperature coefficients obtained in the studyqreréd by Brdjanovic et al. (1998) were used
by Meijer (2004), in the range between 5 and 3@8&reate a new extended model for BPR, that
was a combination of the activated sludge model ngASM1) and the Delft University of
Technology EBPR model (TUDP). As reported by Hereteal. (2008), this model was
successfully applied for simulation of EBPRs syst€Brdjanovic et al. 2007; Pinzon et al. 2007)
and for developing an anaerobic and aerobic métabwdels that incorporated the carbon
source, temperature and pH dependences of TPAOs(gycbgen-accumulating organisms)
GAOs (Lopez-Vazquez et al., 2009a,). Results of gtudy showed that for high pH (7.5), and
temperature lower than 20°C TPAOs tended to bedtiminant microorganisms and, therefore,
beneficial for the BPR. Krishna and Van Loosdre@B0Q) investigated the effects of temperature
on the kinetics of PHB formation and consumptionairsequencing batch reactor (SBR) with
alternate anaerobic/aerobic phases. The authovgeshihat the accumulation of storage polymers
strongly depended on temperature, with less PHBidion at higher temperatures. According to
Mulkerrins et al. (2004), all these investigati@i®w to define clearly that phosphorous removal
could be negatively affected by low temperatures.

As recently demonstrated in (Ferrentino et al.,&20)1 BPR also plays an in important role in
the biological reduction of sludge production ire thctivated sludge - anaerobic side-stream
reactor (AS —ASSR) system, where a high percent#gsludge reduction (66%) has been
obtained by the implementation of a lab-scale ASSRoom temperature (20°C). A new sludge
reduction mechanism based on simultaneous biolbgrcaesses such as sludge decay, cell lysis,

EPS destructuration and the selection of a padiculicroorganisms such as sulphate reducing
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bacteria (SRBs), total phosphate accumulating asga (TPAOs) and denitrifying phosphate
accumulating organisms (DPAOSs), has been propdsedentino et al. 2016c¢). Even if the high
reduction of excess sludge was obtained as a catidainof mechanisms, the selection of TPAOs
and in particular of DPAOSs, characterized by lowvgh yield and involved in phosphorus and

nitrogen removal processes, is of primary impomanc

As recently reviewed by (Ferrentino et al. 2016byst of the literature studies on ASSR were
performed at controlled temperature ranging betwiger 20°C, and effects of temperature on the
ASSR has never been investigated. Thus, as oreeddely parameters is the biological activity of
TPAOs and DPAOSs, one of the main questions that mnisayis: how the temperature could affect
the activity of TPAOs and DPAOs? In this light, thiain goal of this study was to establish the
short term temperature effects on anaerobic, aeratd anoxic metabolisms of polyphosphate-
accumulating organisms. Four different temperatubeslO, 15 and 20°C were tested in batch
assays using a selected biomass from an ASSR prgoeormed at lab-scale at room

temperature.

2. Materials and methods

3.1Phosphate accumulating bacteria culture

A phosphate accumulating bacteria culture was dgeel in an ASSR, previously described by
the Authors (Ferrentino et al., 2016 a, 2016 che $olid retention time of the ASSR (SRR
was 2.5 d and the interchange ratio (IR) betweerStBR and the ASSR was 40%.

The ASSR having a working liquid volume of 10 lgewas completely mixed and equipped
with a mechanical stirrer. To ensure anaerobic tmm3$ the ASSR was covered with a plastic
plate. The lab-scale system operated at room textyerranged between 18 and 21°C. ORP and
pH in the ASSR were monitored and left free to vaitye characteristics of the ASSR biomass are
reported in Table 1.

Table 0-1. Characteristics of the biomass usedlsre

Parameter ASSR
Soluble COD 43 mg I
Ammonium Nitrogen 30 mg N-NH, L™
Nitrate 0.1 mgN-NQ L*
Soluble phosphorous 32 mg P-PG L™
Sulfate 13mg sQL*
Total suspended solids (TSS) 85¢glL?t
pH 7.4
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3.2Batch phosphate accumulating bacteria assay

The assays were performed in a double jacked ladrgraeactor with a maximal operating
volume of 2.0 L and a working volume of sludge @L1 each mixed with a magnetic stirred (150
rpm). The reactors were inoculated with the anderslbdge from an ASSR lab-scale plant where
phosphate accumulating organisms were previousliectld (Ferrentino et al., 2016c).
Concentration of the total suspended solid (TSShénbatch test reactor was approximately 8.5
gTSS/L. Each test lasted at least 12 hours, andag composed by three different phases:
anaerobic (240 min), aerobic (at least 240 mingl amoxic (at least for 240 min). The initial pH
value was that of the sludge in the ASSR, and efgu@l4. The final pH value of each phase was
always measured in order to check that it was rasiad in the optimal range for the biological
activity (7.0 - 7.5). The batch tests were sampéery 30 minutes. The samples were
immediately vacuum filtered on 0.45 pm membrarterl and analyzed. A summary of operative

conditions is reported in Table 2.

2.2.1. Anaerobic phase

The anaerobic phase was performed to evaluatethkrélease of phosphate by TPAOs, both
PAOs and DPAOs. Ngas was introduced to the reactor at the beginoinghe anaerobic
experiments. DO and ORP were continually monitoféitrate was also monitored during the
experiment to ensure that anaerobic conditions wegeent. Working temperatures in the batch
reactor (5, 10, 15 or 20 °C) were set 1 h befoeebginning of the test, in order to acclimatize th
biomass. After this period, acetate was added ¢obthich reactor as substrate for TPAOSs. In
accordance to the procedure proposed by Brdjarei\vat. (1997), the amount of acetate added to
the batch reactor was less, but not limiting, atdotemperature (from 350 mg COD/L at 20°C to
250 mg CODI/L at 5°C) in order to obtain a similaetate uptake at each temperature without
changing the duration of the anaerobic phase. At kikginning of the anaerobic phase a
concentration of 50 mg/L of sulphate was furthedeatlin order to enhance the activity of SRBs.
Anaerobic conditions were maintained for 240 mior Each temperature, the anaerobic phase

was double performed in two reactors (test A, B).

2.2.2. Aerobic phase
In the Test A, the aerobic phase was performedviduate the aerobic total phosphorous
uptake rate of TPAOs. Aerobic conditions were eedusy sparging air through the bulk liquid
using an aquarium air stones. The resulting DO eotnation was about 5.5 mg/Q. The aerobic
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phases was carried out until no further changesimentration of P§J-P could be observed and
lasted at least for 240 min.
2.2.3. Anoxic phase

In the Test B, the anoxic phase was performedderaio evaluate the denitrifying phosphorous
uptake rate of DPAOs. Anoxic conditions were oladily adding 30 mg NEN/L to the bulk
solution. DO and ORP were continually monitoredimyithe entire experimental test. The anoxic
phase was carried out until no further changeircentration of PEJ-P could be observed and
lasted at least for 240 min. other anaerobic reaatathe end of the anaerobic phase, the anoxic
phase was performed in order to evaluate the dgmt phosphorous uptake rate of DPAO.
Anoxic conditions were obtained adding 30 mgsNOL to the bulk solution. DO and ORP were
continually monitored during the entire experimémgat. The anoxic phases was carried out until

no further changes in concentration of,2® could be observed and lasted at least for 240 mi

Table 0-2. Batch tests: operative parameters

Test Phases

5°C

10°C

15°C

20°C

Test A Anaerobic

(TPAO) .
Aerobic

250 mg COD/L*
50 mg SQ-S/L*

5.5 mg Q/L

300 mg COD/L*
50 mg SQ-S/L*

5.5mg Q/L

325 mg COD/L*
50 mg SQ-S/L*

5.5 mg Q/L

350 mg COD/L*
50 mg SQ-S/L*

5.5 mg Q/L

Test B Anaerobic

(DPAOSs) .
Anoxic

250 mg COD/L*
50 mg SQ-S/L*

30 mg NQ-N/L

300 mg COD/L*
50 mg SQ-S/L*

30 mg NQ-N/L

325 mg COD/L*
50 mg SQ-S/L*

30 mg NQ-N/L

350 mg COD/L*
50 mg SQ-S/L*

30 mg NG-N/L

* After the first 60 min

3.3Chemical analysis

Total suspended solids (TSS), total chemical oxydgmand (COD) were measured according
to the Standard Methods (APHA, 2005). The samplee\iltered through 0.45 pum membrane
filters. The filtrate was analyzed for Soluble CQEZOD), ammonium nitrogen (NHN), nitrate
as nitrogen (N@ -N), soluble phosphorous (FOP) and Sulfate (S8-S). NH,*-N, NO5-N and
PO,>-P concentrations were determinate according toAIAENR IRSA, 2003). Sulfate were
analyzed by ion chromatograph (DIONEX ICS-100) pped with AS9-HC column. COD in the
form of sodium Acetate (C#€£OONa), Nitrate in the form of sodium nitrate (NafJ@nd

Sulphate in the form of Sulphuric Acid £§80;) were added at the required final concentration.
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3. Results and discussion

3.1Effect of temperature on P release

Under anaerobic conditions, TPAOs do not grow, siate acetic acids as PHB through the
cleavage of Poly-P with the associated releasehosghate in the bulk solution (Grady et al.
1999). Thus, the orthophosphates profiles in theeesbic phase have been related to the
anaerobic metabolism of TPAOs. The assays tedta@ffect of temperature on P- release lasted
for 5 hours in anaerobic conditions.

The final TSS of the biomass at 5, 10, 15 or 2v&S 8.5, 8.4, 8.5 and 8.4 g/L, respectively. Fig.
1 shows the distribution of orthophosphate, sCOBnduthe anaerobic period for all culture

series. Nitrate concentration was monitored duthmg entire experimental period and its value
was always equal to zero.

Looking at the graphs it becomes clear that bothRhrelease and the COD uptake changed
largely with a different temperature. In each asshg added acetate was partially consumed,
corresponding to sCOD removal efficiencies of 2%, 3% and 10% at 5, 10, 15 and 20°C,

respectively.
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Fig. 0.1 Temperature effects on P-release in ab&ephase: a) 5°C; b) 10°C; c) 15°C; d) 20°C

At 5°C (Fig. 1 a) and 10°C (Fig. 1 b) and the sped- release rates were very low and equal
to 0.06 mg PQ*> -P/(g TSS h) and 0.08 mg R®-P/(g TSS h), respectively. At 15°C (Fig. 1 c)
the specific P release rate increased up to 0.2C@g" -P/ (g TSS h), reaching the maximum
value of 0.30 mg P> -P/ (g TSS h) at 20°C. Thus, data showed that theld@se rate at 15, 10
and 5°C was 33, 73 and 81% lower than that measur2d°C, respectively.

Similarly, the rate of sCOD uptake was very lowhat 5 and 10°C, accounting for 0.23 mg
sCOD/ (gTSS h) and 0.27 mg sCOD/ (gTSS h), respaygtiThe rate of SCOD uptake increased
at 15 and 20°C, reaching values of 0.89 and 1.15@@D/ (gTSS h). The sCOD uptake rate at
15, 10 and 5°C was 23, 77 and 80% lower than tleaisored at 20°C, respectively.

COD consumption took into account both SRBs and Q®RActivities. The stoichiometric ratios
between the PO>-P released and the sCOD consumed at each expésintemperature were
listed in Table 3.

Table 0-3. Stoichiometric ratio R® -P release/sCOD uptake

Temperature [°C] 5 10 15 20
PO, * -P release/sCOD uptake  0.26 0.29 0.22 0.26

Smolders et al., (1994) obtained similar resultsafgludge from a MBR, where for 1 C-mol of
acetate 0.5 P-mol phosphate was released in afn@ewhditions, obtaining a RO -P/acetate
ratios of about 0.25. According to Brdjanovic e(H298), our results from short-term test showed
that the stoichiometry of the anaerobic phase \w&dively insensitive to temperature changes.

However, the stoichiometric ratios measured in #tigly were lower than values reported by
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Brdjanovic el at. (1998) who measured ;SOP/acetate ratios of about 0.4. The lower ratios
measured in our tests may be related to the additi@OD consumption by SRB.

Thus, sulphate concentration was monitored duriachebatch test as a marker of the SRBs
activity. Results from the short term experimerti®vged that low temperatures affected also
SRBs activity. The sulphate uptake rate was 0.0&,®.33 and 0.38 mg $&-S/ (gTSS h) at 5,
10, 15 and 20°C. For temperature equal to 20 af@,1the sulphate uptake differed only for 13%.
However, decreasing the temperature to 10 and €, percentage increased significantly
accounting for 55% and 87%, respectively.

Comparing these results of sulphate uptake witketrectly measured in the lab-scale ASSR at
20°C (Ferrentino et al. 2016a, 2016c), a highenedD.74 mg S©*-S/ (gTSS h)) was found in
the ASSR than the value obtained in the presedysiti20°C.

Currently, SRBs can be divided into two main group®se that degrade organic compounds
incompletely to acetate and those that degradenmrgampounds completely to carbon dioxide,
which commonly also use acetate as a growth subgtduyzer and Stams 2008b). In this study,
sodium acetate was selected as a carbonaceousaselliscause it is readily biodegradable by
most heterotrophic populations, among them TPAGevektheless, when the settled sludge is
recycled from the AS to the ASSR in the lab scdémty more complex volatile fatty acids could
be present, thus enhancing the activity of SRBs jastifying the higher sulphate uptake rate
(Ferrentino et al. 2016a, 2016c). Ammonia concéintmavas further monitored and was always
constant during the anaerobic phase in all batshyas Thus, unlike in the ASSR, these results
indicated that the sludge decay and EPS destraictunarocesses were negligible during the short

term experiments.

3.2 Effect of temperature on P uptake in aerobic phase

In the aerobic assays the orthophosphates praflede related to the aerobic metabolism of
TPAO. Under aerobic conditions, PAOs use the stétei@s as carbon and energy sources to
grow and to assimilate orthophosphates to syntegsity-P, using oxygen as electron acceptor.
In the aerobic conditions, our results showed tRR¥AO activity was influenced by the
temperature as well as in anaerobic conditionsrbatless significant way.

Figure 2 shows the aerobic phosphorous uptakeld, 3,5 and 20°C.

85



PO,3-P [mg/I]

2
Time [h]
—e—20°C ---¢---15°C —A—10°C —e—5°C

Fig. 0.2 Temperature effects in aerobic phase 40515 and 20 °C

The phosphorous uptake at 20 and 15°C had an expaingend. On the contrary, at 10 and
5°C the phosphorous uptake had a fairly lineardrdine specific P uptake rate was 4.53 mg PO
%_pP/ (g TSS h) at 20°C. At 15°C, the P uptake raterehsed down to 2.41 mg PO-P/ (g TSS
h). At 10°C and 5°C, the P uptake was 1.47 mg P®/ (g TSS h) and 0.95 mg P®-P/ (g TSS
h), respectively. A reduction of 48%, 67% and 79%swbserved at 15, 10 and 5°C, respectively.
After 3.5 h the same RG -P concentration of 3.0 mg R® -P /L was reached both at 20 and
15°C. On the contrary, at 10°C and 5°C, the fin@k P -P concentrations were higher, and equal
to 5.0 and 10.0 mg PG -P /L, respectively.

3.3 Effect of temperature on P uptake in anoxic phase

In anoxic environment the orthophosphates profild be associated to the anoxic
metabolism of DPAOs. Under anoxic conditions DPAIegrade stored PHB accumulated in the
previous anaerobic phase using nitrate, or evdgtogtfite, as electron acceptor. DPAOs produce
glycogen and take up phosphate from the mixed tiqlibe trends of the phosphorus uptake at
different temperatures showed that the anoxic DPA@tabolisms could be negatively affected
by the low temperature, more than the aerobic TRA€abolism. Figure 3 shows the anoxic
phosphorous uptake at 5, 10, 15 and 20°C. The anitiade was totally consumed only at 20°C.
At the other temperatures, the added nitrate wetgafp consumed up to 44%, 68% and 84% at 5,
10 and 15°C, respectively.
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Fig. 0.3 Temperature effects in anoxic phase &t°4); b) 10 °C; c) 15 °C; d) 20 °C

Our results showed that the anoxic P- uptake kingés influenced by the temperature. At 5
and 10°C the P- uptake was equal to 0.24 mg*R®/ (g TSS h) (Fig. 3 a) and 0.53 mg 4/ OP/
(g TSS h) (Fig. 3 b), respectively. At 15°C theuptake rate was 1.55 mg P®-P/ (g TSS h)
(Fig. 3 c), increasing up to 3.01 mg PO-P/ (g TSS h) at 20°C. Thus the P -uptake rate48as
82 an 92% lower than the value measured at 20°€.foAthe aerobic phase, the phosphorous
uptake at 20 and 15°C had an exponential trendhwitecame linear at 10 and 5°C.

The stoichiometric ratios between the ,SOP uptake and the NON consumed at each

experimental temperature were listed in Table 4.

Table 0-4. Stoichiometric ratio R® -P uptakeNOs-N consumed

Temperature [°C] 5 10 15 20
PO, * -P uptake/ NO; "-N consumed| 0.07| 0.10{ 0.19 0.29

On the contrary of the anaerobic phase, our reshttsved that the stoichiometry of the anoxic
metabolism was strongly influenced by temperaturanges. In particular, he R&-P uptake/

NOs-N consumed ratio became greater as the tempeilatusases.

3.4 Temperature coefficients

The temperature coefficieri was calculated for each reaction rate using teplgied
Arrhenius equation for the temperature dependefbg simplified Arrhenius expression was
used to describe the effect of the temperature loothphosphorus release and on sulphate

consumption in anaerobic tests, and on phosphgrtadke in aerobic and anoxic tests:
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[ [T T0) (1)

where T is the temperature in °G s the kinetic parameter (P release rate, P uptaieeor S

uptake rate) at temperature T, T20 is the referémmgerature (20°Cf,20 is the kinetic parameter

at temperature equal to 20°C, aflds the Arrhenius temperature coefficient.

From short term experiments, calculated temperatoedficients for the anaerobic, aerobic and
anoxic metabolisms of TPAOs were equal to 1.11#21 and 1.165, respectively. Brdjanovic et
al. (1997, 1998) for short-term steady state expenis, showed that temperature had a moderate
impact on the anaerobic P-release processtafie(71) and on the aerobic P-up-take process rate
(6=1.032). A strong temperature effect in this sthdg been evaluated on both the anaerobic P-
release process raté=(1.114) and on the aerobic P-up-take process fate.}21). However,
similarly to Brdjanovic et al. (1997, 1998), the@ac metabolisms of PAO was higher influenced
by temperature as compared to the anaerobic metabaf TPAOs. Concerning the anoxic
metabolism of DPAOSs, for the first time, our datewed that the DPAOs are more sensitive to
the temperature than PAO. Our results showed taipérature has a high impact on the
biological phosphorus removal.

On the contrary, temperature had a lower effecBBBs activity. The calculated temperature
coefficient for the sulphate reduction procesdmdnaerobic phase was 1.087.

In the present study, in anaerobic, aerobic andiarm@nditions lower temperature coefficients
have been founded than those of other biologicatgases involved in an AS-ASSR system. For
instance, the fermentation process and the sulpbédtection temperature coefficients were 1.070
(Henze et al. 2000) and 1.087, respectively. Thuszan be hypothesized the biological
phosphorus removal process as the limiting stepthef sludge reduction process at low

temperature.

4. Conclusions

Batch tests under anaerobic, anoxic and aerobisepivare performed at 20, 15, 10 and 5°C to
evaluate the stoichiometric and kinetic effectstltd temperature on phosphorous release and
uptake. The stoichiometry of the processes wasuated under anaerobic and anoxic conditions.
Results showed that the stoichiometry of the anmetabolism of DPAOs was strongly sensitive
to the temperature; on the contrary temperaturagdsg seem to have no negative effects on the
anaerobic metabolism of TPAOs. Concerning the lingtpects, anaerobic, aerobic and anoxic
metabolisms of phosphorous accumulating organissesnsto be significantly affected by low
temperatures. In particular, for temperature lotk&an 10°C the P- release rate in anaerobic
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condition and the uptake in aerobic and anoxic tmmdwas 73%, 67% and 82%, respectively,
lower than those at 20°C. These percentages iremteagen more with decreasing temperature
down to 5°C. Above all, the anoxic metabolism of A% highlighted the highest sensitivity to
the lowering temperature. Temperature had a loffecteon SRBs activity.

Given these results, the decrease in temperatuaggyncompromised the activities of TPAOs,
both PAOs and DPAOs and supposedly the efficienmfig¢be reduction of sludge in a AS-ASSR
process. However, the consequent negative effextalow temperatures in an ASSR could be
exceeded by increasing the concentration of biormatise ASSR, thus improving the P -release
and uptake. By performing a simple mathematicalation, results showed that down tol15 °C it
could be actually possible to enhance the P-relaagdeuptake of each phase by increasing the
biomass in the ASSR to about 16 g/L. At temperatuieever than 15°C, too high solid
concentrations should be needed, making the saolui easily applicable. Future studies directly
performed running an AS-ASSR at lower temperatamesnecessary to evaluate the long term
effect of temperature on TPAOs, both PAOs and DPA®RBSs, EPS destructuration and cell

lysis and thus in the sludge reduction process.
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Conclusions

The aim of the thesis was to fill the gap of untirding between the mechanisms behind
sludge minimisation and the proper operative caomust of the ASSR. An SBR-ASSR lab-scale
system was implemented and tested for about 308 idathree different conditions varying the
solid retention time (SRT) of the ASSR and thertttange rate (IR). Thus, three different phases
were considered: 10% sludge interchange rate andibfhe ASSR of 10 days; ii) 20% sludge
interchange rate and SRT in the ASSR of 5 daysigrD% sludge interchange rate and SRT in
the ASSR of 2.5 days.

The Yopscalculated in Phase |, Il and Ill were 0.21 g TSS@D, 0.14 g TSS/g COD and 0.12
g TSS/g COD, respectively. Comparing these valagkdse of a reference system, thgs%f the
SBR-ASSR system was clearly reduced at each IR.|&a instance, increasing the IR from
10%, to 20% up to 40%, the sludge yield was 42%p &hd 66% less than the CAS reference
system. The best result was obtained when the Reagaal to 40% and the SRT equal to 2.5 d.
To explain this good results, several mechanism® wensidered such as the sludge decay, the
EPS destructuration and the selection of slow gngwmicroorganism.

The profile of SCOD and NH-N in the ASSR confirmed that under anaerobic diom the
cell lysis mechanism occurred. Sludge could be dlyded, enhancing the solubilisation and
disintegration of the organic matter and nutriel@&degradable compounds, released in the
ASSR, are substrate available for degradation, Ibotthe ASSR and in the water line where
aerobic and anoxic conditions are carried out, echng the cryptic growth. The increase of
NH,;"-N and sCOD could be associated to the releaseodéips and polysaccharide, which are
the major components of EPS, and could be usedabtetia as source of carbon and energy for
cell growth. Both free-EPS (SMP) and bound — EPt&ached to the sludge flocs) had been
analysed for proteins and polysaccharides at tdeoéeach phase. Concerning the concentration
of SMP, our results showed a strong increasing eatnation of both protein and polysaccharides
passing from Phase | to Phase lll, possibly becatidee higher IR in the ASSR. On the contrary,
the bound EPS in the ASSR decreased from Phase Ill twith the increasing of SMP
concentration in the bulk liquid from Phase | tb Thus, the increasing percentage of biomass
cycled to the ASSR caused the bound EPS destrudiioncerning the role of slow growing
microorganism, total phosphate accumulating orgasis(TPAOSs), denitrifying phosphate
accumulating organisms (DPAOs) and sulphate redutiacteria (SRBs) were investigated.

During the three experimental phases the releaphasgphate slowly increased.
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This evidence suggests that the increasing pemerdé biomass cycled thought the ASSR
could enhance a microbial activity causing thecala of phosphate accumulating organisms.

These bacteria are able to accumulate polyphosph&ely-P) under aerobic and anoxic
conditions and release them under anaerobic condibue to the cycling between aerobic,
anoxic and anaerobic conditions in the SBR-ASSRiedhiout in our study, both the presence of
TPAOs and DPAOs had been supposed. Thus, the smegeenicrobial activity of TPAOs and
DPAOSs during all the experimental study was evadatith batch experiments performed at the
end of each phase. Results of the batch testsleelvtd®e ability of the ASSR to select DPAOs.
Passing from the first to the third Phase the peage of DPAOs over the TPAOs population
strongly increased, reaching in the last phase g% of TPAOs. Furthermore, the influent and
effluent SG4—S concentrations of the ASSR were also monitoretiaareduction of the sulphate
concentration quite stable during all phases wagmed. This evidence was probably related to a
microbial activity of SRB.

All these results have led to propose a new meshani sludge reduction which connects all
the mechanisms proposed so far as expressed aw.fdlhe anaerobic SRT and the IR could be
defined as two main operative parameters. Actinthem, the solubilization of the organic matter
could be enhanced and a particular microbial comiystructure could be selected. In the ASSR
several microorganisms were responsible of hydi®lgad fermentation reactions that could be
addressed to the enhance of the sludge decaytbedPS destruction. Others microorganisms
such as sulphate reducing bacteria (SRBs) coulgdpmonsible for the incomplete degradation of
complex organic molecules to acetate. This lasamiyby-product could be taken up by the
phosphate accumulating organism (TPAOs) and dbmitg phosphate accumulating organisms
(DPAO) in anaerobic conditions causing a releasphofsphate in the solution. Acetate could be
internally stored by TPAOs and DPAOs as a long rchaf carbon molecules of
polyhydroxyalkanoates (PHAs) and further used un@erobic and anoxic conditions,
respectively, for their maintenance functions artfe growth of new cells.

Our results showed that the variation of the arf@er8RT and IR could significantly affect the
selection of both TPAO and DPAO in the ASSR. At lamaerobic SRT and high IR, DPAOs
could reach up to 80-90% of the TPAOs populatidme importance of the selection of DPAOs
has always been linked to the possibility to camy both the biological removal of phosphorous
and nitrate because they use nitrate as electrogptar. Furthermore, they play a fundamental
role in the sludge reduction due to their low giowield that is about 70% lower than TPAOSs.
Thus, enhancing the selection of DPAO could sigaiftly increase the percentage of sludge

reduction.
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Even if the high reduction of excess sludge wasaiobt as a combination of mechanisms, the
selection of DPAOs over the TPAOs population ispofnary importance. One of the main
guestions that may arise is: how the temperatunédcaffect the activity of TPAOs and DPAOs?
Four different temperatures, 5, 10, 15 and 20°Gwested, Results showed that the stoichiometry
of the anoxic metabolism of DPAOs was strongly gsesto the temperature; on the contrary
temperature changes seem to have no negative sefiacthe anaerobic metabolism of TPAOSs.
Concerning the kinetic aspects, anaerobic, aerabit anoxic metabolisms of phosphorous
accumulating organisms seem to be significantlgcéd by low temperatures. In particular, for
temperature lower than 10°C the P- release rasma@robic conditions and the uptake in aerobic
and anoxic condition were 73%, 67% and 82%, respdyt lower than values measured at 20°C.
These percentages increased even more with deweasnperature down to 5°C. Above all, the
anoxic metabolism of DPAOs highlighted the highsshsitivity to the lowering temperature.
Thus, low temperature could significantly affeat gelection of DPAOs and TPAOs and then also
the efficiency of the process in terms of sludgduotion. However, down to 15 °C it could be
actually possible to enhance the P-release andeaiptaeach phase by increasing the biomass in
the ASSR to about 16 g/L. At temperatures lowentha°C, too high solid concentrations should
be needed, making the solution not easily applecall lower temperature effect on the SRBs
activity have been measured.

Concerning the performances of the entire SBR-AS$iem, under each experimental phase
the process was effective in the removal of SCOM, NH, *-N and PQ* -P. The best carbon and
nutrient removal was obtained under Phase Il neachn efficiency of 86%, 83%, 63% and 88%
for sCOD, NH *-N, PQ* -P and TN removal, respectively.

The g-PCR analyses encoding 16 rRNA gene revealddeadiversity of phylogenetic groups
in each phase. The qPCR results showed that thedabae of total Bacteria increased in each
experimental phase. An increasing selection of é&mmng bacteria able to release EPS,
denitrifying phosphate accumulating bacteria (DPA@sd heterotrophic denitrifying bacteria
was observed from Phase | to Phase Ill. FurtheeciBp gPCR analyses targetegsA gene
showed an increase of sulphate reducing bacteiBgp in Phase lll. The total nhumber of
Archaea was almost the same for each experimentalsé? However, a shift from
hydrogenotrophic methanogens to methylotrophicaredoclastic methanogens was detected.

Definitively, the present work allowed the definiti of the importance of DPAO selection over
the entire TPAO population in the sludge reducpoocess.

However, further study with a bigger pilot-scalestgyn to confirm the results and investigate

every single aspect would be most needed in oocdapply the process to full scale.
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Based on the results of this PhD Thesis, a patastmesented entitldelant and methods for
sludge reduction in wastewater treatment — UTN ersity of Trento) SystenThe invention
(UTN System) relates to systems and methods fotemaser treatment in general and particularly
to sludge treatment systems and methods that enahlmized sludge generation and reduction
of effluent nutrients. The UTN wastewater treatmehdnt/system comprises: a mainstream
reactor configured to perform alternate aerobic amakic phases (and optionally anaerobic) able
to perform nutrient and organic matter removalA&8ER in the returned sludge line configured to
treat a portion of the settled or thickened sluggwl configured to provide an anaerobic
environment; a controller that implements thedsgbo manage the whole WWTP, developing the
mechanisms of biological sludge reduction.
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