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EFFECT OF F/M RATIO ON SUBSTRATE STORAGE MECHANISM IN
ACTIVATED SLUDGE SYSTEMS

SUMMARY

The behavior of bacteria with respect to carbon source is the main subject in
activated sludge process. Storage of intracellular biopolymers is now recognized as a
significant auxiliary process during substrate utilization by microbial cultures.
Substrate is either directly introduced into the microbial growth mechanism, or it
may be diverted to storage. This mechanism is mainly observed under transient
feeding conditions, where sequential feast and famine phases trigger substrate
storage. Transient conditions are inherent characteristics of some of the biological
treatment schemes such as sequencing batch reactors, intermittent aeration, etc.;
they are also sustained in most experimental systems. Dynamic conditions sustained
in batch reactors approximate pulse feeding and induce a process physiological
adaptation for the microbial community, often leading to substrate storage.

The storage mechanism is often studied with simple, readily biodegradable substrates
like acetate or glucose, generating polyhydroxybutyrate (PHB) and glycogen as
storage products. Reported results suggest that up to 70% of the simple substrate
could be converted to storage products under pulse feeding. They also indicate that
the magnitude of storage is likely to exhibit significant variations depending on the
nature of substrate, the feeding regime and culture history — i.e. sludge age of the
microbial culture.

The aim of this study is to investigate the effect of F/M ratio on the formation of
storage polymers in aerobic conditions under pulse feeding. For this purpose, a
laboratory scale fill and draw parent reactor was established and operated at 2 days
of sludge age and under aerobic conditions as a control reactor for other experiments
which will be done to evaluate the effect of F/M ratio on storage response of
biomass. The experimental works covered (i) determination of the process
performance sustained at steady-state, (ii) respirometric tests, (iii) batch experiments,
(iv) evaluation of the stored amount of PHB.

Six different F/M ratios of 0.22, 0.38, 0.98, 1.80, 2.95, and 4.54 gCOD/gVSS were
tested by conducting batch tests. The biomass concentration of the control reactor
was stabilized approximately 255mgVSS/L, vyielding the F/M ratio of 0.98
gCOD/gVSS. This control reactore had COD removal efficiency of 0.87. The
maximum amount of stored PHB was 126 mgCOD/L (APHB) that is the 63% of the
feeded acetate. The effect of loading rate 1.80 gCOD/gVSS was investigated in a
batch reactor which was started with an initial VSS concentration of 255 mg/L and
460 mg/l COD was fed to the system by pulse feeding after the endogenous decay
level was observed. 47 % of the feeded substrate was converted to storage polymer
and 172 mgCOD/L PHB (APHB) was stored. This percentage was almost remain
constant for F/M ratios of 4.54 and 2.95gCOD/gVSS. The effect of a loading rate
lower than the control reactor, 0.38 gCOD/gVSS was investigated in a batch reactor
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that was started with an initial VSS concentration of 280 mg/L and 105 mg/L COD.
79 % of the feeded substrate was converted to storage polymer and 66 mgCOD/L
PHB (APHB) was stored. This percentage was almost remained constant for F/M
ratio of 0.22gCOD/gVSS. Shortly the stored substrate as PHB (APHB) decreased
from 393mgCOD/L to 37mgCOD/L while PHA/AcCOD ratio increased
0.39mgCOD/mgCOD to 0.65mgCOD/mgCOD together with the reduction of F/M
ratio.

In addition, respirometric analyses were performed to correctly evaluate
microorganism’s energy consumption and substrate utilization mechanism. The OUR
curves which were obtained from the respirometric analyses were used to model the
microorganisms metabolic mechanisms at different F/M ratios. The maximum
specific growth rate (un1) decreased from 4.6 day™ to 2 day™ and the maximum
storage rate of substrate (ksto) increased 9 day™ to 11 day™ and then 14 day™ in the
experiments with the reduction of F/M ratio. In addition, other Kkinetic and
stoichiometric parameters remain constant.

Experimental findings in this study have shown that the ratio of initial substrate to
biomass (So/Xp) was the key parameter for respirometric experiments directly
affecting the shape and the order of magnitude of the respirometric profile. The
experiments also shown that, the biomass is able to switch its substrate utilization
mechanism to growth or storage when it is subjected to unsteady feast conditions.
The fast growing systems (low sludge age) gives much faster response than that of
high sludge age. The results of this study indicates that, when the biomass face with
higher concentrations of substrate feeding than the study state conditions, it slows
down the storage mechanism and increases the growth rate. The enzymatic levels
controlling growth and storage kinetics could be the reason of the biomass response
in activated sludge systems.
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AKTIiF CAMUR SISTEMLERINDE F/M ORANININ SUBSTRAT
DEPOLAMA MEKANIZMASI UZERINE ETKIiSI

OZET

Aktif camur silirecinin ana konusu bakterilerin karbon kaynagma kars1 verdigi
tepkidir. Gilintimiizde hiicre i¢i biopolymer depolanmasi, mikrobial kiiltiirlerin
substrat gideriminde kullandig1 6nemli bir yardime siire¢ olarak kabul edilmektedir.
Hiicre igerisine alinan substrat direkt olarak bakterilerin ¢ogalma mekanizmasina
dahil olabilecegi gibi, depo maddesine de doniistiiriilebilir. Bu durum bakterinin
maruz kaldig1 kosullara gore farklilik gosterir. Substratin depolama maddesine
dontistirilmesi en ¢ok kesikli, diizensiz beslemeye tabi tutulan sistemlerde
gozlenmektedir. Bu tip besleme kosullarinda; aglik (famine) ve ziyafet (feast) olarak
adlandirilan iki ayr1 faz meydana gelmektedir. Aglik fazinda ortamda karbon kaynagi
bulunmazken; ziyafet fazinda ortamda karbon kaynagi mevcuttur. Bu faz ayrimi ve
ortamda devamli substrat bulunmayis1 bakterileri depolamaya ydnlendirmektedir.
Kesikli havalandirma, ardisik kesikli reaktorler, vb. bazi biyolojik aritma
sistemlerinin dogal 6zellikleri arasinda, depolanma siirecini ortaya ¢ikaran kesikli
kosullarin olusmasi yer almaktadir. Kesikli reaktérlerde meydana gelen dinamik
kosullar bakterileri fiziksel bir adaptasyon siirecine girmek zorunda birakmakta ve
bunu bir sonucu olarak da c¢ogunlukla karbon kaynaginin depolanmasi
gozlenmektedir.

Substrat depolama mekanizmasi ¢alismalari, cogunlukla asetat ve glikoz gibi; basit
ve kolay ayristirilabilen substratlar kullanilarak yapilmistir. Bu tip karbon
kaynaklarim kullanimi1 sonucu olusturulan depo maddeleri de polihydroksibiitrat
(PHB) ve glikojendir. Arastirma sonuglarina gdre anlik beslemeye tabi tutulan ve
basit substratlar ile beslenen sistemlerde ortamdan hiicre igerisine alinan Substratin
%70’1 depolanmaktadir. Ayrica depolanma miktar1 pek ¢ok faktore gore degiskenlik
gosterebilmektedir. Bunlar; beslenen karbon kaynaginin yapisi, beslenme sekli ve
mikrobial kiiltiiriin gegmisi ya da mikrobial kiiltliriin gamur yasi olarak siralanabilir.
Evsel atik su gibi kompleks substratlarin karisimindan olusan besleme kosullarinda
depo polimeri miktariin oldukg¢a diisiik olmasi beklenmektedir. Bunun nedeni
beslenen karbon kaynaginda yer alan, hiicre i¢i depo maddesine doniistiiriilebilen
hizl1 ve kolayca ayrigabilen karbon kaynagi miktarinin olduk¢a az olmasidir.

Aktif ¢amur sistemlerinde dinamik kosullarda 6nemli proseslerden biri de depolama
mekanizmasidir. Depolama mekanizmasinda, substrat giderim hizi kisa siirede artar
ve yeni maddeler iretilir. Her tiirlii yapitasi cogalma fazinda firetilirken, depolama
sirasinda sadece depo polimerleri sentezlenir. Bu durum farkli sitokiometrik ve
kinetik sabitlerin olusmasina sebep olur c¢iinkii depo polimerlerinin sentezi tiim
hiicrenin sentezine gore oldukca basit ve daha az bir fiziksel adaptasyon siireci
gerektirmektedir. Ayrica depolama ¢ogalmaya oranlar oldukca hizli gergeklesir.

Bu ¢aligmanin amaci aerobik kosullarda ve kesikli besleme uygulanarak farkli F/M
oranlarinin substrat depolama mekanizmasi {izerine etkisinin incelenmesidir. Bu
amacla, laboratuvar ol¢ekli doldur-bosalt bir ana reaktor kurulmus ve 2 ¢amur
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yasinda igletilmistir. Bu ana reaktor daha sonra F/M etkisi test etmek amaciyla
yapilacak olan kesikli reaktorlerdeki deneysel ¢alismalarda kullanilacak ¢amuru elde
etmek amaciyla kurulmustur. Deneysel ¢alismalarin kapsaminda; (i) karali dengeye
ulagan ana reaktor sisteminin performans analizi, (ii) kesikli reaktor deneyleri, (iii)
respirometric deneyler ve (iv) depolanan PHB miktarlarinin Olgiilmesi ile
degerlendirilmesi yer almaktadir.

Ana reaktordeki biokiitle konsantrasyonu yaklasik 255mgCOD/L’de sabitlenmis ve
F/M oran1 0.98 gCOD/gVSS olacak sekilde kararli dengeye ulasana kadar sistem
gozlemlenmistir. Ana reaktor sistemi kararli denge kosullarina ulastiktan sonra
uygun miktarlarda ¢amur alinarak 6 farkli F/M oraninin test edilecegi kesikli reaktor
deneyleri yapilmistir. Bu farkli F/M oranlar1 0.22, 0.38, 0.98, 1.80, 2.95 ve 4.54
gCOD/gVSS’dir. Kesikli reaktoérler COD giderim performanst ve PHB {iretim
kapasitesi acisindan gozlemlenmistir. Kontrol reaktoriiniin COD giderim performansi
%87’ dir.Maksimum depolanan substrat miktar1 126 mgCOD/L (APHB) olup bu da
sisteme beslenen substrat miktarimin % 63’iine denk gemektedir. Baslangic F/M
orani kontorl reaktoriine gore daha yiiksek bir seviyeye ¢ikarildiginda bu yiizdede bir
diistis gozlemlenmektedir. F/M oranm1 1.80 gCOD/gVSS olarak c¢alistirilan kesikli
reaktorde baslangic substrat mikatri 460 mgCOD/L ve baglangic biyokiitle
kosantrasyonu 255 mgVSS/L ‘dir. Beslenen Substratin %47’si depolanmig ve net
depolanan PHB miktar1 172 mgCOD/L (APHB) olarak hesaplanmistir. Yani F/M
oraninin artig1 beslenen substrat miktarinin depolamaya doniistiiriilen kisminda bir
azakmaya neden olmustur. Bu belirtilen %47 lik oran 4.54 ve 2.95 gCOD/gVSS
degerlerindeki F/M oranlarinda da sabit kalmis biiylik bir degisim gozlenmemistir.
Tam tersi olarak kontrol reaktdre gore daha diisiik bir F/M orani secildiginde ise
sonuglar tersi bri netice almistir. F/M oran1 0.38 gCOD/gVSS olan kesikli reaktorde,
66 mgCOD/L PHB (APHB) depolanmis ve bu oranin beslenen asetat miktarinin
%79 unu olusturdugu goézlemlenmistir. Bu yiizde F/M oran1 0.22 gVOD/gVSS olan
kesikli reaktorde de sabit kalmistir. Kisacasi F/M orami azaldik¢ca; PHB olarak
depolanan madde miktar1 (APHB) 393mgCOD/L den 37mgCOD/L’ye diiserken,
PHB/AcCOD orant 0.28mgCOD/mgCOD den 0.65mgCOD/mgCOD’ye
yiikselmistir.

Bu calisamalra ek olarak, respirometre kullanimi ile respirometrik deneyler de
yapilmistir. Bu deneylerin amact mikroorganizmalrin enerji tiikketimin ve substrat
giderim mekanizmalar1 dogru olark tespit etmektir. Ayrica respirometreden elde
edilen bakterilerin oksijen tiiketim hizlarmi (OUR) gosteren grafikler kullanilarak
farkli  F/M oranlarinda mikroorganizmalarin metabolik mekanizmalarinin
modellemesi de yapilmigtir. F/M orani azaldik¢a; makSimum ¢ogalma hizi (]HHl) 4.6
giin"'den 2 giin™’e diiserken, maksimum substrat depolama hizi ise 9giin™ den 11

giin™ ‘e ve son olarak da 14 giin™e yiikselmistir. Bununla beraber diger kinetik ve
sitokiometrik parametreler sabit kalmistir.

Bu caligmanin sonuglarina gore; baslangic substrat miktar1 ve biokiitle
konsantrasyonu arasindaki oran (So/Xo) respirometrik deneyler i¢in kilit bir
parametre olup direkt olarak oksijen tliketim hizi grafigini etkilemekte ve
respirometrik profilin diizen ve seklini degistirmektedir. Ayrica deneysel sonuclara
gore, biyokiitlenin diizensiz kesikli kosullara maruz birakildig: takdirde istedigi
sekilde depolama ya da biiylime yOniinde metabolizmasin1 degistirebilme yetisine
sahip oldugu sdylenebilir. Hizli ¢cogalan sistemlerde (diisiik ¢amur yasinda c¢alisan
sistemlerde) mikroorganizmlarin bu gibi degisken kosullara tepki vermesi daha
cabuk olmaktadir.

XXii



Bu c¢alismadan ortaya c¢ikan diger bir sonu¢ ise sOyle aciklanabilir:
Mikroorganizmalar alistig1 kosullara gore yiiksek konsantrasyonda substrat ile
karsilagtiginda, depolama mekanizmasinin yavaslatip ¢ogalmaya dogru yonelirken;
diisitk konsantrasyonda substrat ile karsilastiginda ise ¢ogalma mekanizmasinin
yavaglatip  metabolizmasini  depolama  yoniinde harekete  gecirmektedir.
Mikroorganizmanin bu tepkisi enzimatik seviyede kontrol edilen c¢ogalma ve
doplama mekanizmalarinda kullanilan enzim miktarlarindaki degisimlerden ileri
gelebilmektedir.

XXiil



XXIV



1. INTRODUCTION

1.1 Aim and Scope of the Study

Storage of intracellular biopolymers is now recognized as a significant auxiliary
process during substrate utilization by microbial cultures. Substrate is either directly
introduced into the microbial growth mechanism, or it may be diverted to storage.
This mechanism is mainly observed under transient feeding conditions, where
sequential feast and famine phases trigger substrate storage. Transient conditions are
inherent characteristics of some of the biological treatment schemes such as
sequencing batch reactors, intermittent aeration, etc.; they are also sustained in most
experimental systems. Batch reactors are often selected as the most suitable
experimental tool for investigating different aspects of substrate biodegradation,
mainly because they offer accurate evaluation of transient responses and resulting
concentration profiles of major parameters. Dynamic conditions sustained in batch
reactors approximate pulse feeding and induce a process physiological adaptation for

the microbial community, often leading to substrate storage.

The storage mechanism is often studied with simple, readily biodegradable substrates
like acetate or glucose, generating polyhydroxybutyrate (PHB) and glycogen as
storage products. Reported results suggest that up to 70% of the simple substrate
could be converted to storage products under pulse feeding. They also indicate that
the magnitude of storage is likely to exhibit significant variations depending on the
nature of substrate, the feeding regime and culture history — i.e. sludge age of the
microbial culture. Expected storage would be substantially lower in complex
substrate mixtures such as domestic sewage where only a small percent of the
organic matter consist of readily biodegradable compounds favoring formation of

intracellular biopolymers.

Disregarding storage in organic substrate removal, as generally adopted in traditional
studies and earlier activated sludge models involves a significant risk of eclipsing the

correct mechanism and may distort results of kinetic evaluation. Therefore, the



magnitude of overall storage and the composition of generated biopolymers need to
be assessed for each case.

In essence, storage results from an imbalance between removal of available substrate
and microbial growth potential while substrate may be removed, limitations on the
metabolic reactions leading to growth may prevent consumption of all energy and
divert a fraction of the substrate for generating intracellular biopolymers. In
biological systems, substrate loading or the food to microorganism (F/M) ratio
defines the stoichiometric balance between the growth rate and the amount of
substrate that should be available for maintaining the selected growth rate. This is
obviously an average value, defining in theory the balance for substrate utilization at
steady state. In real systems however, substrate feeding fluctuates with time around
the average level, causing perturbations of the substrate/growth balance. These
perturbations obviously affect substrate utilization dynamics and the storage
mechanism. In other words, the amount of storage products generated would also
exhibit a similar fluctuation along with the variable substrate feeding regime. This

information is needed for an accurate understanding of system operation.

In this context, the objective of the study was to evaluate the effect of substrate
loading on the generation storage biopolymers. For this purpose a continuously fed
fill and draw reactor was operated at steady state at a sludge age of 2days. A faster
growing microbial community and a low sludge age were selected to better evaluate
the growth requirements of the community compared with simultaneous storage.
Then a series of batch experiments were conducted with biomass taken from the fill
and draw reactor and therefore acclimated to fast growth conditions. One of the batch
reactors duplicated the substrate loading in the main reactor. The other were started
with a range of substrate loadings, i.e. different food to microorganism ratios both in
the lower and higher ranges with respect to the one representing the operating
conditions in the fill and draw reactor.

Acetate was selected as the sole organic carbon source, mainly because it is a well
known substrate for generating a typical storage product, namely
polyhydroxybutyrate, (PHB), and to be able to compare the results with previous
findings in similar studies. Batch reactors were basically monitored for the fate of
PHB and respirometric analyses yielding the corresponding oxygen uptake rate

(OUR) profiles. The experimental data obtained were used for the calibration of an
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appropriate model, yielding values of model coefficients associated with different

experimental conditions.

The aim of this study is to investigate the effect of F/M ratio on the formation of
storage polymers in aerobic conditions under pulse feeding. For this purpose, a
laboratory scale fill and draw parent reactor was established and operated at 2 days
of sludge age and under aerobic conditions as a control reactor for other experiments
which will be done to evaluate the effect of F/M ratio on storage response of
biomass. Six different F/M ratios were tested by conducting batch tests. Batch
reactors were monitored for COD removal efficiencies and PHB storage capacity. In
addition, respirometric analyses were performed to correctly evaluate
microorganism’s energy consumption and substrate utilization mechanism. The OUR
curves which were obtained from the respirometric analyses were used to model the

microorganisms metabolic mechanisms at different F/M ratios.






2. SUBSTRATE STORAGE PHENOMENA

2.1 Description of Storage Phenomena

It is generally assumed that carbon sources are used for growth and respiration
(Gujer and Henze, 1991), however accumulation of internal storage polymers was

observed in a number of studies (Van den Eynde et al., 1984).

Storage response has been usually associated with the highly dynamic feeding
conditions in activated sludge systems. Studies generally interpret a transient
substrate feeding regime in wastewater treatment processes, creating a sequence of
feast (presence of external substrate) and famine (absence of external substrate)
conditions, as the major factor for the generation of intracellular storage biopolymers
(Majone et al., 1999; Beun et al., 2000; Ciggin et al., 2011a, 2012). These concepts
were explained as when external carbon source is available only short periods,
microorganisms consume substrate and produce storage polymers in feast period
whereas no external substrate is found and consumption of stored polymer occurs for
growth in famine period (van Loosdrecht et al., 1997). If there were no external
substrate bacteria would undergo long starvation periods. In case of starvation by
substrate for a certain period, the amount of intracellular components especially the
enzymes and RNA that need for cell growth can decrease. After this period when
cells faced with substrate, most of the RNA and enzymes are induced and this
induction may cause to an imbalance between substrate uptake rate and growth rate.
Cell compensates this imbalance by storing the excess substrate as storage polymer.
Thus, storage occurs preferentially instead of cell growth because the amount of
enzymes required for storage is lower than the enzymes needed for growth at
maximum rate. Bacteria that own ability of storage have a competitive advantage
over the other bacteria without the capacity of storage of substrate. If bacteria cannot
store the substrate, extra energy is needed for rapid growth in feast period (van
Loosdrecht et al., 1997). Bacteria that can store substrate will be dominant since
more or less constant relatively low growth rate can be maintained and the viability

of the cells is conserved in case of external substrate depletion.



The presence and relative amount of the storage phenomena are dependent on the
type of the carbon source. Mainly three types of organic storage polymers were
reported as polyhydroxybutyrate (PHB), glycogen and lipids (Zevenhuisen and
Ebbnik, 1974). PHB is directly formed out of the central metabolite acetyl-
Coenzyme A (acetyl-CoA), while glycogen is formed when sugars are present in the
feed (Carta et. al., 2001). These polymers are energy and carbon storage materials
synthesized by numerous microorganisms. Lipids are usually accepted as structural
components of membranes as phospholipids and of cell walls as lipopolysaccharides,
so that present large amounts in all bacteria but do not function as carbon and energy
store.

Many substrates are degraded into acetyl-CoA as intermediate in the cell since
polyhydroxyalkanoates (PHAS) are directly formed from the central metabolite
acetyl-CoA (Anderson and Dawes, 1990; Doi, 1990). Storage polymers can
depolymerize and then metabolized as carbon and energy source if limited nutrient
was provided (Merrick and Doudoroff, 1964).

Recent studies with pure substrates and respirometer gave obvious results showing
the formation of storage polymers. Amount of oxygen utilized per amount of
substrate removed is lower in mixed cultures than the yield found in pure culture

studies, which indicates the presence of storage process.

2.2 Formation of Storage Polymers

Research results has clearly shown that when volatile fatty acids, i.e., acetate,
propionate, etc. are fed to an activated sludge system they are stored as
polyhydroxyalkanoates and when saccharides like glucose, maltose, starch, etc. are
fed, the storage polymers are glycogen or glycogen like sugars (Karahan et.al.,
2008). If the system is fed with only acetate, the PHA formed is mostly poly-p-
hydroxy-butyrate (PHB).

PHB is present as granules enclosed by a membrane in the cytoplasm of the cells.
The granules of PHB have typical diameters of 0.2 to 0.5 um. The composition of
PHB is shown in Figure 2.1. In addition, PHB is insoluble and relatively resistant to

hydrolytic degradation.
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Figure 2.1: The composition of PHB.

PHB formation occurs in a cyclic metabolic pathway as it shown in Figure 2.2.
Acetate molecule used in model pathway since it is one of the most known
compounds in wastewaters as substrate for cells. After bacteria intake acetate to the
cell, it is directly converted to acetyl-CoA and two molecules of produced acetyl-
CoA are condensed to form acetoacetyl-CoA and release a CoA. An enzyme called
3-ketothiolase catalyzes this condensation reaction. The acetoacetyl-CoA is reduced
to (R)-3-hydroxybutyryl-CoA. The enzyme acetoacetyl-CoA reductase, an NADPH
dependent enzyme is catalyzed this reduction reaction and PHB is formed from (R)-

3-hydroxybutyryl-CoA 3 molecules with release of a free CoA.

PHB degradation occurs while no excess external substrate is available for bacteria
as an energy and carbon source. PHB is converted to (D)-3-hydroxybutyrate by an
enzyme called PHB depolymerase. The enzyme (D)-3-hydroxybutyrate
dehydrogenase catalyzed the conversion reaction of (D)-3-hydroxybutyrate to
acetoacetate. Finally, acetoacetyl-CoA is formed by acetoacetyl-CoA synthetase.
Metabolic pathway involved in the synthesis and degradation of PHB require energy

and reducing power.

The regulation of PHA synthesis is controlled at enzymatic level and mainly depends
on the intracellular concentration of free CoA and acetyl-CoA. The production of
storage polymers is thought as serving a NADPH overflow mechanism to control the
redox state of heterotrophic cells during unbalanced growth conditions (Van Niel et
al,.1995).

When there is unfavorable unbalanced growth conditions the acetate that is taken
into the cell directly converted to acetyl-CoA but acetyl-CoA do not enter its usual

pathway the tricarboxylic acid (TCA) cycle to produce NADH,, ATP and to form



biomass. Instead of that, it is converted to PHB by the cyclic metabolic pathway that
is described above. The reason of this change in metabolic pathway in the cell is the
high concentration of NADH that is inhibit the generation of citrate synthase, one of

the key enzymes of TCA cycle, leading to an increase in the level of acetyl-CoA.

Acetate Acetyl-CoA Acetoacetyl-CoA

A C Acetyl-CoA
Citrate [zocitrate NAD* ATP J CoA
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NADH

Onaloacetate n-ketoghitarate 3-hvdroxybutyryl-CoA
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cvle c NAD* NADH
NADH NADH C NAD*
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FADH  FAD"

3-hvdroxybutrate

Figure 2.2: PHB production pathways in feast/famine conditions (adapted from
Salehizadeh and Van Loosdrecht, 2004.).

The increase in the concentration of acetyl-CoA drives the equilibrium reaction of 3-
ketothiolase into the direction of PHB synthesis. According to this opinion, PHB
synthesis process is controlled by citrate synthase since PHB accumulation is
improved by the metabolic flux of acetyl-CoA to the PHB synthesis (Henderson and
Jones, 1997).

Subsequently, PHB is accumulated in order to keep the concentration of
intermediates at a balanced level in the cells. Similarly, since increases of acetyl-
CoA lead to increase of ratio acetyl-CoA/free CoA, bacteria produce more anabolic
enzymes and then increase their growth rate which called growth response (Daigger
and Grady, 1982). If the period of excess external substrate avaliability is long
enough, the specific growth rate of the biomass will be increase to its maximum and

the PHB synthesis will slow down (Ciggin et al., 2011). On the contrary, if the period



of excess external substrate availability is faster than time need for the growth of
biomass, PHB synthesis rate will be increase while growth rate will not be affected.
For this reason, when bacteria cannot adapt the physiological state of the fast
availability of substrate, storage mechanism is used to keep growth rate constant with

time.

2.3 Storage in Activated Sludge Processes

The behavior of bacteria with respect to carbon source is the main subject in
activated sludge process. Bacteria store carbon source and then growth under
dynamic conditions while overall process is considered as steady state (Majone et al.,
1999).

Microorganism adapts its cell composition (RNA, protein etc.) to the environment
and reaches to a balanced growth, which shows that growth of cell is in optimum
level and no further adaptation occurs (Roels, 1983; Grady et al., 1996). If the culture
is adopted to grow under a substrate-limited condition, available protein synthesis of
the culture will not be enough to increase the growth rate when the limitation is
removed. Therefore, the protein synthesis and the specific growth rate will increase
only gradually. However, if the adaptation of the culture to the old environment is
not complete there will be an extra protein synthesis available so the culture will

increase its specific growth rate.

Storage process is very significant in activated sludge systems under dynamic
conditions. In storage response, substrate uptake rate increases quickly and new
solids are formed. While all components are formed during growth, mainly storage
polymers (generally polysaccharides and lipids) are formed during storage. This
leads to different kinetic and stoichiometric coefficients because synthesis of storage
polymers is simpler than that of the whole cell due to less physiological adaptation is

required and storage is faster than growth.
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3. ACTIVATED SLUDGE MODELLING WITH SUBSTRATE STORAGE

Models are essential to provide estimations of important but otherwise inaccessible
process/physiological parameters, or to support the design of control strategies. The
identification and interpretation of major biochemical reactions occurring in the
specific conditions can be achieved with a modeling approach. Storage process is a
major mechanism that occurs under unbalanced feeding conditions and it is
necessary to determine Kinetic parameters for accurate description of the process
exposed to new operational conditions or for accurate description of the new process

configuration (Van Loosdrecht and Heijnen, 2002).

Several metabolic models have proposed different dominant mechanisms like
enmeshment, sorption and accumulation instead of storage process. While these
models have shown that very little or no energy was required for these processes,
storage process requires significant amount of energy for removal of soluble

substrate.

Subsequently, Activated Sludge Model No.3, ASM3, was then proposed introducing
biochemical storage as the only way for the utilization of the readily biodegradable
substrate (Gujer et al.,2000). According to ASM3, biodegradable substrate is firstly
stored inside the cells and then storage products are reused for growth without
additional external substrate. However, biochemical models on pure substrates
showed that there was substantial evidence for simultaneous utilization of primary
substrate for growth and storage for pure cultures (van Aalst-van Leeuwen et al.,
1997) and for mixed cultures (Beun et al., 2000; Dricks et al., 2001). Therefore,
biochemical-modeling approaches accepted that growth on external substrate and
storage of external substrate occur simultaneously (Figure 3.1).

There have been three yield factors for simultaneous storage and growth, which are
the yield for growth of biomass on substrate (Ysx), the yield of storage on substrate
(Ysp) and the yield of growth on the stored substrate (Ypx). If there is no
simultaneous storage and growth, it is not necessary to define the yield for growth on

external substrate.
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Figure 3.1: Metabolic route of biomass (a) in ASM3 (b) in biochemical approach.

3.1 Metabolic Models for Substrate Storage

A metabolic model is based on the principles that the metabolism of organism is
composed of a limited number of metabolic pathways which result in more or less
constant energy requirement and ultimately constant stoichiometry (Roels, 1983).
Metabolic pathways are described with internal reactions that are combined with
reaction stoichiometry and degree of reduction balances to derive the linear equation

for description of involved metabolism.

van Aalst-van Leeuwen et al. (1997a) proposed a metabolic model in that acetate is
aerobically stored as PHB under dynamic conditions. This metabolic model reduces
the number of unknown parameters and describes the observed kinetics of PHB

formation and consumption by selected microorganism.

The substrate uptake rate will be larger than required for growth when carbon source
is given periodically. It was observed that the fast uptake of substrate results in the
formation of NADH; which is consumed by oxidative phosphorylation and leading
to ATP formation. If the energy needed for growth is limited, ATP will accumulate
which is lead to accumulation of NADH,. This explains that the production of a more
reduced storage polymer PHB (requires NADHS>) is more likely to be compared with

the production of glycogen (leads NADH, formation).

In the metabolic model proposed by van Aalst-van Leeuwen et al., (1997) acetate

limited continuous culture of Paracoccus pantotrophus sp. was used in order to
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observe the metabolism of a microorganism capable of producing and consuming
PHB which was described by seven internal reactions (Figure 3.2). Biomass is
assumed to contain two different parts as an active biomass compartment (1-fppg =
capable of production and growth) and PHB fraction (fpys = used as storage for

carbon and energy).

PHB
17 g
Acetate Acetyl-CoA Monomers Biomass
1] 14 1 13
NADH;
I3

ATP

Figure 3.2: Schematic representation of the metabolism of an organism capable of
forming and consuming PHB (van Aalst —van Leeuwen et al.,1997).

» Synthesis of acetyl-CoA from acetate, (r1): Acetate is taken into cell by
active transport, with the addition of one mole Pi to the acetate Acetyl-P
formed. At last, Acetyl-P converted to Acetyl-CoA and reaction is completed.

» Synthesis of biomass monomers from acetyl-CoA, (rz): Anabolism,
synthesis of active biomass, starts from the synthesis of monomers. This is
the first step of biomass formation.

» Polymerization of biomass precursors and maintenance, (rs): This is the
second and last step of biomass production process. Precursors are
polymerized into active biomass.

» Carbon source catabolism, (ry)

» Oxidative phosphorylation, (rs): ATP is produced from NADHs.

» Synthesis of the storage product PHB from acetyl-CoA, (rs): The substrate
is both used for the synthesis of biomass and PHB.

» Synthesis of acetyl CoA from PHB, (r7): In the absence of acetate, the

microorganisms utilize the intracellular accumulated PHB as carbon and
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energy source. The storage polymer is hydrolyzed and converted into Acetyl-
CoA.

The metabolic model results in two equations describing the conversion processes for
feast and famine phases. For the feast period, the linear equation is describing acetate
uptake, biomass growth, PHB production and maintenance are defined as below
(Equation 3.1).

1 1
(_rS) = ymax Tx + ymax Tp + mSCx (31)
SX SP

As similar, PHB consumption, biomass growth, and maintenance are expected with

the following equation for the famine period (Equation 3.2).

(=1p) = g T+ meCi (3.2)
Where,
Y = s (33)
Y = (3.4)
= (3.5)
ms = 23 (3.6)
e = Ta5-03 (3.7)

The linear equations contain two unknown parameters namely, the ratio between
ATP produced and electron transferred from NADH, to an electron acceptor (8) and
the ATP consumption due to maintenance processes (marp). Substition of ry = uCx,
rs=gs.Cx, rp=qp.Cx followed by division by biomass concentration, Cx gives the

following Equation (3.8)

( qS) Ymax 2 + —ax Ymax qp + mg (38)

From earlier experiments (Pot, 1995), it was observed that maximum vyield of
biomass on acetate, Y{3**= 0.45 [C-mol/C-mol] and maintenance coefficent for
growth on acetate mg =0.038 [C-mol/C-mol.h]. The P/O ratio, 6= 1.84
[molATP/moINADH,] and the ATP maintenance coefficient, marp =0.102
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[molATP/Cmol.h] were calculated by using the related equations and above values,
also these parameters are considered to be constant within the experimental range.
Maximum yield of PHB on acetate, YJp**= 0.648 [C-mol/C-mol] was found by using
the Equation 3.4. Substituting these yield coefficients in Equation 3.8 gives Equation
3.9

—qs=2.22 u+ 1.544 qp + 0.038 (3.9)

From the carbon balance and the degree of reduction balance relations for the
specific carbon dioxide production rate (gc) and for the specific oxygen consumption
rate (go) can be derived as a function of p and qp (Equation 3.10 and 3.11).

qc =(—qs) —n—qgp = 1.22 u + 0.544qp + 0.038 (3.10)
—(qo = 1.188 n + 0.419qp + 0.038 (3.11)

Stoichiometry of the kinetic model for the PHB consumption can be based upon
Equations (3.9-3.11).

Maximum yield of biomass on PHB, Ypi?* = 0.653 [C-mol/C-mol] and maintenance
coefficient for growth on PHB, mp =0.0131 [C-mol/C-mol.h] were calculated for the

famine phase. Below equations were derived by using these values:

(-0P) = 7 1+ (312)
—qp =1.532p +0.0131 (3.13)
gc =0.532 p+0.0131 (3.14)
(-qo) =0.693 n +0.0147 (3.15)

Stoichiometry of the kinetic model for the PHB consumption can be used upon
Equations (3.12-3.15).

It was observed from experimental and modeling results that, the substrate uptake
rate reaches its maximum value immediately after the pulse addition of acetate.
However, the growth rate is only influenced by maximal growth rate, and slowly
decreases during growth on PHB presumably being related to the reduction in PHB
amount (van Aalst- van Leeuwen et al., 1997). According to the standard theory, the
substrate uptake rate in a chemostat is found by the multiplication of the maximum
uptake rate and Monod factor for the substrate relationship. This is an evidence for
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that the organisms will induce a maximal level of substrate uptake enzymes, while
the enzyme system for cell growth will not be completely induced. So, even though
the cells are cultivated close to growth rate of zero, the maximum substrate uptake
activity will be maintained. Since the conditions are firmly different from a
chemostat in wastewater treatment processes under dynamic conditions, it can be
discussed that under such conditions microorganisms that have a fully induced
substrate uptake system, accumulate more substrate and out compete organisms that
do have lower substrate uptake rates.

The maximum substrate uptake rate of an organism is generally independent of the,
real growth rate of that organism (Roels, 1983). In the model of van Aalst-van
Leeuwen et al. (1997), it was proposed that PHB is generally used as a buffer for the
substrate taken up but not directly used for growth. The storage polymers can play a
significant role in microbial growth under unbalanced conditions (van Loosdrecht et
al., 1997).

3.2 Activated Sludge Model No: 3 (ASM3)

A new concept in activated sludge modeling based on storage phenomena of readily
biodegradable substrate Activated Sludge Model No.3 (ASM3) was proposed by
IWA Task Group to take into account the endogenous decay process. ASM3 assumes
that storage is the sole initial biochemical mechanism for the utilization of readily
biodegradable COD (Gujer et al., 2000). According to the new model approach, all
readily biodegradable COD (Ss) is initially converted to internal storage products
(Xst0), either directly or through preliminary hydrolysis, and growth occurs only at

the expense of stored polymers during the famine phase.

Components and processes similar to other activated sludge models, ASM3 contains
storage process and attain to estimate oxygen utilization, sludge production,
nitrification, and denitrification of the systems. The reaction Kinetics and
stoichiometry of ASM3 simplified for organic carbon removal is given in Table 3.1.
Whereas the quantification of the kinetic parameters for hydrolysis process, ASM3
simplified hydrolysis process with only one process independent of the electron
acceptor. The model has also included the differences in the decay rates of nitrifiers

under aerobic and anoxic conditions. In addition, ASM3 contains alkalinity and
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nitrogen limitations for growth of microorganisms with description of

ammonification Kinetics by assuming constant N and COD ratio.

The full ASM3 model accounts for the extince of two group of organisms
(heterotrophic and autotrophic organisms) and attempts to simultaneously describe
the sludge production, nitrification and denitrification processes, as well as the

storage of organic substrates, either through aerobic or anoxic storage of COD.

Table 3.1: Simplified ASM3 for organic carbon removal under aerobic conditions.

a) Components of the model
Component
Process So Ss XsToPHA XH
Storage of Ss -(1-Ysro) -1 YsTo
Growth on Xsto 1-Yy _ i 1
- v,
o -(1-fes - fex) -1
Endogenous respiration
Respiration of Xsto 1 1
b) Process rates of the model
Process Process rate
Ss
Storage of Ss ksto Ko 45, Xu
XSTO /XH
MH R+ Xoo /X H
Growth on Xsto sTO sro /X
. bH. Xu
Endogenous respiration
o bsto. Xsto
Respiration of Xsto

3.2.1 Components and processes of the model

ASMB3 includes seven soluble and six particulate components to characterize the
wastewater and activated sludge. The first soluble component is dissolved oxygen
(So) which can directly be measured. Dissolved oxygen consumption occurs during
the mechanisms of storage, growth, endogenous decay and respiration of storage
products. Inert soluble organics (S)), the second component of this new model, can
be formed by the hydrolysis of Xs, produced by endogenous decay of biomass and it
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is a part of the influent. S, and Ss are approximately equal to the total soluble COD
determined by filtration from 0.45pm membrane filters. The three nitrogen fractions;
ammonium plus ammonia nitrogen (Snn), dinitrogen (Sn.) and nitrite plus nitrate
nitrogen (Sno) are the other components of the model. In addition, alkalinity of the
wastewater (SaLk) iS used to approximate the conservation of ionic charge in

biological reactions.

Inert particulate organic matter (X;), slowly biodegradable substrate (Xs),
heterotrophic organisms (Xy), internal storage products (Xsto), autotrophic
organisms (Xa) and total suspended solids (Xrs) are the six particulate components
of the model. Inert particulate organics are a part of influent and can be produced by
endogenous respiration of biomass. Xs cannot be directly metabolized by the
biomass since it is not possible for high molecular weight molecules pass the cell
membrane before hydrolysis. Therefore, slowly biodegradable substrates must
undergo hydrolysis before it is used by the biomass. The products of the hydrolysis
are assumed to be readily biodegradable or soluble inert substrate. Hydrolysis does
not consume any electron acceptor in ASM3. Xsto consist of PHA, glycogen etc.,
which is only defined as a functional component required for modeling but is not
directly identifiable chemically. Autotrophic organisms are responsible from
nitrification process. They oxidized ammonium directly to nitrate; nitrite is not
considered in ASM3. Xys may be used for the modeling of volatile suspended solids

by some special ratios.
ASM3 integrated twelve processes that are summarized below:

e Hydrolysis: All of the slowly biodegradable substrates in the influent convert
to readily biodegradable substrate by hydrolysis process. This process does
not consume any electron acceptor.

e Aerobic storage of readily biodegradable substrate: In ASM3, it is
accepted that all readily biodegradable substrate first stored as Xsto and then
consumed for the generation of new biomass. This storage process needs
ATP that produced by oxidative phosphorylation.

e Anoxic storage of readily biodegradable substrate: This process is similar
to aerobic storage of readily biodegradable substrate but energy requirement

is less than the aerobic one and supplied by anoxic respiration. The process
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3.2.2

rate is naturally slower than the aerobic storage rate, since the amount of
denitrifiers is low.

Aerobic growth of heterotrophic organisms: It is assumed that the stored
products are the only substrate that used for the growth of heterotrophic
biomass. The energy required for this process is supplied by aerobic
respiration.

Anoxic growth of heterotrophic organisms: This process is identical with
aerobic growth but it is based on anoxic respiration.

Aerobic endogenous respiration: The all forms of biomass loss occur in this
process. The process consists of decay, endogenous respiration, lies,
maintenance, predation, motility and death of biomass.

Anoxic endogenous respiration: This process is similar to aerobic
endogenous respiration but occurs at a slower rate.

Aerobic respiration of storage products: Xsto decays together with
biomass like endogenous respiration.

Anoxic respiration of storage products: Denitrifying conditions are applied
for the similar process of aerobic respiration of storage products.

Aerobic growth of autotrophic organisms: Nitrifiers oxidized ammonium
directly to nitrate.

Aerobic endogenous respiration for autotrophic organisms: Apart from
description of nitrifies, it takes place similar to aerobic endogenous
respiration.

Anoxic endogenous respiration for autotrophic organisms: It is similar to

aerobic endogenous respiration for autotrophs, but it occurs at a slower rate.

Process stoichiometry

The net (true) yields of heterotrophic biomass (Xy) produced per unit of readily

biodegradable substrate removed in ASM3 is found from the equations below:

Ynet = Ysto- Yu (3.16)

Yno = Ysto,no- YHNO (3.17)

Table 3.2 shows all stoichiometric parameters of ASM3 with their units and typical

values. The composition of all organic fractions relative to Theoretical Oxygen
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Demand (ThOD) is assumed be unity. ThOD is conservative form of COD. In most
cases, ThOD of organic compounds may analytically be estimated by standard COD
analysis. ThOD effectively accounts for the electrons involved in the biological

redox processes.

The stoichiometry coefficient for Sy is the negative of the coefficient for Syox in any
denitrification process. The composition coefficients for ThOD for Sy, (-1.71g
ThOD /gN5), Snox (-4.57 gThOD/ gNO3-N) and S, (-1g ThOD/gO2) are negative
for electron donors corresponding to the redox reference for ThOD.

3.2.3 Process kinetics

In relation to removal of all soluble compounds, the kinetic expressions of ASM3
rely on switching functions, which are hyperbolic or saturation terms, Monod
equations, S/(Ks+S). Similarly, the switching functions are affected for particulate
compounds by the ratio of Xsto/Xy and Xs/Xy. The units and typical values at 10°C

and 20°C for these kinetic parameters are listed in Table 3.3.

Table 3.2: Typical stoichiometric paremeters of ASM3.

Symbol | Characterization Value Units

fqi Production of S; in hydrolysis 0 gCODs/gCODys
Ysto Aerobic yield of stored product per Ss 0.85 gCODxs70/gCODss
Ysto.no | Anoxic yield of stored product per Ss 0.80 gCODxs70/gCODss
Yy Aerobic yield of heterotrophic biomass 0.63 gCODxx/gCODxsT0
Yu no Anoxic yield of heterotrophic biomass 0.54 gCODxx/gCODxsT0
Ya Yield of autotrophic biomass per NOz-N 0.24 gCODxa/gNsnox
1% Production of S; in endogenous respiration 0.20 gCODy/gCODyxgm
In, si N content of S, 0.01 gN/gCODyg,

In, ss N content of Sg 0.03 gN/gCODs,

In, xi N content of X, 0.02 gN/gCODy

In, xs N content of Xg 0.04 gN/gCODxs

In, BM N content of biomass Xy, Xa 0.07 gN/gCODyxgm
Iss. xi Ss to COD ratio for X, 0.75 0Ss/gCODy;

Iss. xs Ss to COD ratio for Xg 0.75 gSs/gCODys

Iss, Bm Ss to COD ratio for biomass Xy, Xa 0.90 9Ss/gCODxgm
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Table 3.3: Typical values for kinetic parameters of ASMa3.

Symbol | Characterization Temperafure Units

10°C 20°C
K Hydrolysis rate constant 2 3 gCODxs/gCODxy.d™
Kx Hydrolysis saturation constant 1 1 gCODxs/gCODxy
ksto Storage rate constant 2.5 5 gCODss/gCODxy.d™
Mo Anoxic reduction function 0.6 0.6 -
Ko Saturation constant for Syo» 0.2 0.2 gO,/L
Kno Saturation constant for Syox 0.5 0.5 gNO3;'N/L
Ks Saturation constant for substrate Ss 2 2 gCODss/L
Ksto Saturation constant for Xsro 1 1 gCODxs10/gCODxH
UK Heterotrophic maximum growth rate of Xy 1 2 1/d
Knna Saturation constant for ammonium, Syug 0.01 0.01 gN/L
KaLk Saturation constant for alkalinity for Xy 0.1 0.1 gHCO;/L
bu, 02 Aerobic andogenous respiration rate of Xy 0.1 0.2 1/d
bh, no Anoxic andogenous respiration rate of Xy 005 0.1 1/d
bsto, 02 | Aerobic respiration rate of Xsro 0.1 0.2 1/d
bsto, no | AnoXic respiration rate of Xsro 0.05 0.1 1/d

3.2.4 ASM3 modification/ calibration studies

Krishna and van Loosdrecht (1999) have observed that ASM3 failed to model two

significant experimental observations: (i) the constancy of the growth rate of biomass

observed experimentally either in feast and famine phases and (ii) it required

prediction of higher levels of internal storage polymers than measured to fit the

oxygen consumption during feast and famine phases. Afterwards, to evaluate storage

mechanism and ASM3, Krishna and van Loosdrecht have proposed the first
modeling study, Activated Sludge Model for Growth and Storage (ASMG), with the

measurement the conversion of acetate, ammonium, oxygen, biomass and PHB at

different temperatures in laboratory SBR system. Matrix representation of this new

approach is shown in Table 3.4.
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Table 3.4: Matrix representation of simplified ASM3 (Krishna and van Loosdrecht, 1999).

Component

So SS X Xu Xsto0 Xrs Process rate
Process
Aerobic storage of | -(1-Ysro) -1 Ysto k Ss ¥
COD (PHB storage) STO k. 45,71
Aerobic growth on 1—-Yy 1

M2 Ks + S5 Ksro + Xoro /Xy 1
Aerobic endogenous -(1-f) fi -1 by Xu
respiration
Aerobic respiration -1 bsto. XH
of PHB
. _ S
Aerobic growth on 1=V, 1 1 Wy = X,
acetate Y Y Kg + Ss
H1 H1
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In ASMG, aerobic heterotrophic conversion is expected to simplify ASM3 and
acetate is chosen as the only carbon source. All expressions and parameters were
selected according to the description of Gujer et al., (1999), except the conversion
of particulate COD components to TSS and fraction of nitrogen in the biomass. As
a result, simplified ASM3 gives a reasonable description of the studied SBR
process, but the constancy of the growth rate of biomass observed experimentally

either in feast and famine phases cannot be described.

Orhon et al. (2009) also evaluated that modeling of peptone biodegradation with
simultaneous PHA storage was basically constructed on the same modified ASM1
template utilized in the earlier part of the experimental evaluation. The adopted
model structure (growth-storage model) included a new model component reflecting
the concentration of the storage products, Xpya and two new processes, namely
storage and growth on stored PHA, as given in matrix representation in Table 3.5.
The storage process was conventionally defined in terms of a similar Monod-type of
an expression where ksto denotes the maximum storage rate. In this study, peptone
was selected as carbon source because it is very similar to domestic swage in terms
of biodegradation characteristics. In addition, it contains a similar balance between
readily biodegradable COD and slowly biodegradable COD fractions. The kinetic

and stoichiometric parameters are given in Table 3.7.

Ciggin et al. (2011) proposed a new model for acetate utilization. The model
adopted for this study involved the basic template of ASMG and implemented for
evaluation the utilization mechanism of starch (Karahan et al.2006). This model is a
combination of ASM1 and ASM3 necessary for the removal selected readily
biodegradable substrate, acetate. Respiration of Xpyg as suggested in ASM3 was
also added to be compatible with the template of the ASM3 structure. Generation of
microbial products was also taking into account as part of endogenous respiration
with the simplifying assumption of decay-associated processes adopted in many
similar studies (Orhon et al., 1994). Switching functions of ammonia nitrogen,
dissolved oxygen and alkalinity were neglected in the rate expressions, because they
were maintained in excess of rate limiting levels in the SBR reactor fed with the
synthetic substrate feed solution. A matrix format of model components, processes
and processes’ rates are given in Table 3.6. The kinetic and stoichiometric

parameters for other related studies are given in Table 3.7.
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Table 3.5: Matrix representation of simplified ASM3 (Orhon et al., 2009).

Component
Soo Ss Sht Sho Xu XsT0 Xp Process rate
Process
Hydrolysis of Sy 1 -1
YETou o S/
h.KX + Sy /Xy !
Hydrolysis of SH2 1 -1 Su2/Xy
kpy ——————— Xy
Kyx + Suz/Xu
Storage of PHA -(1-Yst0) -1 1 Ysto Sg
STO K S, Xu
Growth on Xy 1-Yy, 1 Ss
2 R s
Growth on PHA 1-Yy -1 1 Usto- XsTO
7 Y
Decay of Xy -(1- fp) fr by XH
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Table 3.6: Matrix representation of the model structure for simultaneous growth and storage (Ciggin et al., 2011).

Component

Sac XpHB XH Sp Xp So Process rate
Process
Growth on Sac 1 1 1=y Sac

Yy Yy Ha Koy +Sac "
Storage of Spc -1 Ysto -(1-Ysto) . Sac X
1 1-Yy
Growth on PHB Yy 1 Yy s Ksi  _ Xens/Xu X,
Ks1 +Sac Ksto + Xpup /Xu

Endogenous -1 fES fex '(1'fES - fEX) bH. XH
respiration
Endogenous -1 -1 bsto. Xsto

respiration of X
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Table 3.7: Kinetic and stoichiometric parameters of ASM3 and modified ASM3.

Parameters Insel et. al, Ozkok Cokgoret.  Ciggin et Orhonet. Karahan Inselet. Karahan Karahan-Giil Krishna and van
2012 Palaetal., al, 2011 al. 2011 al, 2009 et.al, al, 2007 et.al, et.al, 2003 Loosdrecht, 1999
2012 2008 2006
Model Type Modified Modified Adopted Modified ASM3 Modified Proposed Modified ASM3 Modified ASM3 Modified
ASM3 ASM3 model ASM3 ASM3 Model ~ ASM3 ASM3 ASM3
SRT (day) 10 2 10 2 10 2 8 10 2 - 5 5 20 25
Carbon Source Acetate Peptone Peptone Acetate Peptone Acetate  Glucose  Starch Acetate Acetate
Khmax (1/day) 3.9 68 52 7.2 4.1 25 15 41 61 15.1 3 - 4 2
usto (1/day) 4.7 22 08 0.0 1.25 20 15 125 1.10 5 - 4 3& 3 4 35
1.8
Ks (mgCODI/L) 6 25 240 300 4.0 100 50 4 2.3 5 16 20 4 3 1 0.1
Ksto 1 5 05 00 0.41 05 05 - - 0.5 - 0.4 1 0.4 1 1
(mgCODI/L)
bH (1/day) 022 022 01 02 0.2 02 02 02 02 0.1 0.15 0.1 0.24 0.24 0.2 0.2
bSTO (1/day) - - - - - 01 01 - - 0.05 - 0.05 0.24 0.24 0.2 0.4
kSTO (1/day) 5.7 63 12 00 0.90 65 80 09 045 15 1.4 25 16 14 10 10
YH (mgCOD/ 066 066 06 06 0.60 07 07 06 06 - 0.47 0.79 - 0.65 - -
mgCOD)
YSTO (mgCOD/ | 0.80 0.80 0.8 0.0 0.8 08 08 08 08 0.76 0.9 0.91 0.80 0.8 - -
mgCOD)
kh (1/day) - - 52 40 4.34 - - 434 595 - - 30 - - - -
Kx (mg COD/ - - 015 015 0.03 - - 0.03 0.05 - - 0.15 - - - -
mgCOD)
fes 0.05 0.05 0.05 01 01 005 0.05 - 0.05 0.05 0.05 0.05 - -
fex 0.15 0.15 0.15 01 01 015 0.15 - 0.15 0.1 015  0.15 - -
SBR cycles 1 1 1 1 1 6 6 1 1 6 1 6 1 1 6 6

26



3.2.5 Effects of SRT on storage process

The type and the extent of storage response of a mixed microbial culture in an
activated sludge system can depend on the physiological state of any microorganism
in the consortium, which is also affected by the operating conditions, especially
sludge residence time (SRT) (Ciggm et al., 2011a). Although, ASM3 suggested the
default value of storage yield as 0.85 gCOD/g COD, extensive experimental studies
showed a large range of different storage yield values. Authors proposed different
yield values for the same substrate but at different SRTs. These yield values are
listed in Table 3.8.

Table 3.8: Storage yield (Ysto) values caluculated at different SRTSs.

Growth Conditions of Carbon

Reference Activated Sludge Source Ysto
SRT  Feed Composition (gCOD/gCOD)
(days) (Ratio, COD
based)
Beun et al.(2000) 3.8 Acetate Acetate 0.69
Beun et al.(2002) 2-20 Acetate Acetate 0.68
Carta et al.(2001) 6.1  Acetate + Glucose Acetate 0.6-0.7
(1:2) Glucose
Ciggimn et al (2011a) 2-8 Acetate Acetate
Dricks et al.(2001) 7.7 Glucose Glucose 0.91
Goel et al. (1998) 10 Acetate+ Glucose  Glucose 0.68
+ Peptone+ Yeast  Acetate 0.45
extract (2:1:1:1) Starch 0.36
Karahan et al. (2006) 10 Starch Starch 0.91
Krishna and van 2.5 Acetate Acetate 0.73
Loosdrecht (1999)
Martins et al. (2003) 7-10 Acetate Acetate 0.47-0.59
Van Aalst-van 0.5 Acetate Acetate 0.73

Leeuwen et al. (1997)
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The yield of PHB storage is directly calculated from the ratio between removal
substrate and produced PHB at feast phase (qs/-gs) (Dricks et al., 2001). The faster
substrate uptake rate has been usually interpreted as indirect evidence of more
relevant presence of a storage response in activated sludge process (van Loosdrecht
et al., 1997). In activated sludge system, the sludge age is the defining parameter for
culture history of the enriched microbial community (Frigon et al., 2006), and hence
it affects the metabolic activities of biomass related to growth and storage. The
longer the SRT value results with an slow growth rate of activated biomass that leads
to the conclusion amount of the maximum substrate uptake rate is higher than the
needed amount for average biomass growth rate, since a part of the uptaken substrate

is stored and the other part is directly used for growth.

Shortly, experiments showed that under the operating conditions with low SRT, high
growth rate of biomass, the substrate removal rate is higher at feast period when
external substrate is available with an extra concentration. The substrate uptake rate
is limited by the substrate concentration. Even though a linear relation exists between
substrate uptake rate and biomass growth in the systems where only biomass growth
is observed, more complicated relations are present between the substrate uptake
rate, biomass growth and PHB production.

Studies on the storage process with pure cultures at high specific growth rate- i.e.
low SRT- gave the result that storage was correlated with the fraction between the
substrate uptake rate and its utilization rate for growth (van Aalst-van Leeuwen et al,
1997). Under the operating conditions of a biomass culture with a growth rate close
to its maximum substrate uptake rate, storage was observed to be negligible; in this
range, the lower the SRT, the less substrate was converted into storage polymers (van
Loosdrecht and Heijnen 2002).

According to Beun et al. (2002), the ratio (ge/-gs) has a constant value for
dynamically fed mixed microbial culture systems operated at a sludge age higher
than 2 days (SRT>2d). This value is 0.6 Cmol/Cmol (0.68 mgCOD/mgCOD) under

aerobic conditions.

van Aalst- van Leeuwen et al. (1997) observed that faster growing organisms
accumulated less PHB. In addition to the observation, Majone et al. (2007) showed

that the overall transient response increased as SRT decreased in their pure culture
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study. van Loosdrecht and Heijnen (2002) made the same statement that the shorter
SRT, the higher growth rate and the less substrate is converted into storage polymers.
Krishna and van Loosdrecht (1999) reported the same result that the ratio of storage
to the overall substrate removal was reduced when the sludge age of an SBR was

lowered from 9.5 days to 3.8 days.

In a study done by Beun et al. (2000), they investigated storage in a SBR system
involving pulse feeding of acetate at three different sludge ages. For SRT of 3 days
PHB/acetate ratio was 0.46 mgCOD/ mgCOD and it increased to 0.69 mgCOD/
mgCOD for 10 days and 0.70 mgCOD/ mgCOD for 20 days. The reason for these
changes is the difference in specific growth rate between the feast and famine period
decreases with increasing the SRT. At lower SRT, the specific growth rate in the
feast phase is significantly increased relative to the specific growth rate in the famine
period. In addition, specific PHB production rates were almost constant at different
sludge ages. Higher substrate uptake rate was observed in the acclimated culture.

Ci1ggin et al. (2011b) presented that the sludge age induced a decreasing effect on the
storage of PHB when the system was operated at low sludge age. This study is
conducted by an SBR that is fed with acetate as sole carbon source under two
different sludge ages (2 and 8 days). PHB storage capacity of biomass is increased
when the system sludge age was lowered to 2 days. The authors were explained this
change, with a corresponding increase in the portion of acetate consumed for directly
growth process, probably because of the higher maximum growth rate obtained at
sludge age of 2 days.

In addition, Dricks et al. (2001), run batch experiments with pulse addition to
activated sludge taken from full-scale nutrient removal treatment plants. They found
that the rate of substrate utilization and PHB formation was much slower in real
wastewater treatment system. The experiments yielded a PHB/acetate ratio of 0.69
mgCOD/ mgCOD for the plant operated at SRT of 4 days and 0.73 mgCOD/
mgCOD for SRT of 21 days. According to the study, PHB degradation at the famine
phase depends on the amount of PHB present inside the cells at the end of the feast
period. They concluded that 90% of microbial growth occurs in the famine period on
stored PHB. The biomass with the SRT of 4 days was found to degrade PHB faster
than the sludge with the SRT of 10 days.
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3.2.6 Effect of feeding pattern on storage process

The feeding pattern affects occurrence of storage and release of metabolic
intermediates through the selection of microbial species and the regulation of enzyme
synthesis (Daigger and Grady, 1982). The intermittent feeding regime gives
favorable conditions for microorganisms capable of storing and releasing metabolic
intermediates, which hereby can take up available external substrate very fast and
utilize it to gain balance growth. In addition, these microorganisms will have a
competitive advantage in an environment where the feast and famine phases present,

and thus they will be selected.

When the excess external substrate is available for a long period (under continuous
feeding), the specific growth rate of biomass will be increased and the synthesis rate
of storage polymer will be decreased. However, no competitive advantage is
associated with the ability to form storage products or the release of metabolic
intermediates, when feeding is continuous. Consequently, biosynthesis of storage
products and release of metabolic intermediates are more likely to occur when the
excess external substrate present for short period of time (pulse feeding). Therefore,
high storage capacity has been observed in pulse fed activated sludge systems.
Dionisi et al. (2001) proposed that the feast period should be no more than 25-30%

of overall reaction period in order to have a strong storage response.

A study conducted by Majone et al (1996), to investigate the conversion of substrates
to storage polymer under continuous feeding. In this study, two parallel continuously
stirred reactors (CSTR) were operated at the SRT of 3 days with the continuously
and intermittently acetate addition. Although, two different dominant microbial
groups were observed as a result, significant amount of PHB storage observed in
both feeding regimes. The observation of the study shows that the storage of PHB is
in general the prevailing mechanism of substrate removal; even the dominant groups
are change according the feeding pattern of the system. The microbial groups were
named filamentous bacteria in continuously fed CSTR and floc forming bacteria in
pulse fed (2 min.) CSTR. Baccari et al. (1998) was also studied the storage capability
of the filamentous bacteria under pulse feeding. The two studies were explained the

important role of the initial inoculum on the microbial composition.
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Studies on the storage process with mixed cultures confirmed that the ability of
microorganisms to easily and fastly increase their substrate removal rate and shift it
toward more storage give them a competitive advantage. van Loosdrecht et al. (1997)
tested pulse feeding of acetate on the system previously operated at steady state with
continuous feeding and observed immediate PHA formation. Besides, several pure
culture studies were also conducted and all of the studies reached the same results
that more or less strong dynamic conditions affect the storage response of biomass,
even if all of the operating conditions, e.g. organic loading rate and culture residence
time, are the same in the system. Also, short term and long term effects to different
feeding patterns was evaluated by several authors. It is easy to observe a short term
dynamic effect of a system by a single substrate addition with pulse feeding to a
culture that previously adapted to growth under continuously feeding. Martins et al.
(2004) has conducted a study in a continuously fed SBR under anoxic conditions and
observed PHA storage when pulse feeding applied in a single cycle. Another study
conducted by Ciggin et al (2011b) showed that when the feeding pattern change from
continuous to pulse just for one cycle typical feast and famine conditions were
created and more PHA storage was observed. On the contrary, when the biomass
acclimated to pulse feeding was disturbed by using continuous feeding, a decrease in
PHA concentration was observed although the culture was simultaneously using
acetate. The reason of this behavior can be explained that the specific substrate
uptake rate is high during the feast phase as well as PHA consumption is fast during
the famine phase because the biomass is likely to be acclimated pulse feeding.

Clearly, the effect of intermittent conditions on the physiological state and related
transient response of single microorganisms can be different from species to species
(Majone and Tandoi, 2002). Other pure culture studies have shown that the role of
storage (rate and yield) is also depending on operating conditions (organic loading
rate and culture residence time), even with well adapted microorganisms (Dionisi et
al., 2005; Majone et al., 2007).

The observed vyields and rates for the biomass acclimated under different feeding
length are shown in Table 3.9. As shown in Table 3.9, periodically fed systems
typically have faster substrate uptake rate and higher observed yields than the

systems fed with continuously.
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Table 3.9: The rates and yields obtained from different feeding patterns.

) Y
SRT Feeding/Cycle Gs 4 STO
References ) :
(days) Length (min/min)
(mgCOD/gCOD.h) (gCOD/gCOD)
) 3 2/360 740-920 510-610 0.69
Beccari et al.,
1998 3.8 3/240 538 210 0.38
9.5 3/240 362 210 0.57
Beun et al., 2000
19.8 3/240 311 179 0.56
Krishna and van
Loosdrecht, 1999 25 55/240 203 112 0.55
) continuous 200-260 n.r. 0.35
Majone et al.,
1996 3
2/240 700-800 420-640 0.6-0.8
Beun et al.,2002 4 3/240 715 421 0.56
. 6.9 3/240 361 156 0.47
Martins et al.,
2
003 10.4 90/240 655 327 0.59
) 3/240 529 371 -
Martins et al.,
2010 10
50/240 79 11 -

Conversely, Majone et al. (1996) and van Loosdrecht et al. (1997) have shown that

the storage response is the main mechanism for both long and short fed sludge.

Carbon limited systems were also shown storage response (van Aalst-van Leeuwen
et al. 1997; Krishna and Loosdrecht, 1999). The production of PHB even under

carbon limited chemostat could be an indication of that the storage response is an

instrict part of microbial growth physiology (van Aalst-van Leeuwen et al., 1997).
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4. MATERIALS AND METHODS

To investigate the effect of F/M ratio on storage potential of microorganisms under
aerobic conditions, experimental studies start up with acclimation period of parent
reactors and continued with two sets of experimental runs. For this purpose, two lab-
scales fill and draw reactors were set-up as parent reactors for the acclimation period
of activated sludge.

Biomass was acclimated to pulse feeding pattern under aerobic conditions and
carbon source was added to systems once a day. Acetate was chosen as sole carbon
source for parent reactors and acclimation period was continued until steady state
conditions were reached. After steady state conditions were established, activated
sludge culture was taken to perform respirometric tests and batch experiments to

evaluate the effect of F/M ratio on storage mechanism of microorganisms.

Hence, a set of experimental runs were conducted to observation of storage behavior
of microorganisms in different F/M ratios, in addition to experiments conducted
during steady state operation of parent reactors. In addition, respirometric
experiments were conducted to see oxygen uptake rate profiles of biomass at
different initial COD concentrations (different F/M ratios) for model evaluation of
substrate storage mechanism in batch tests and parent reactors. The measurements of
these samples gave information about the substrate removal performances, acetate
uptake rates and storage stoichiometry and Kkinetics of the system for each feeding

period.

4.1 Reactor Set-up

The experiments were started with the set-up of the parent reactors. Parent reactors
were inoculated with activated sludge taken from another study, which acclimated to
anaerobic-aerobic conditions to remove excess phosphorus. Reactors had working
volume of 4L and operated at a sludge age of 2 days (Figure 4.1). As sole carbon
source acetate was chosen, because of its representativeness of readily biodegradable

substrates. The initial carbon source concentration was selected as 250 mg CODI/L,
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pH was kept in the range of 6.0-8.0, suitable for biological activity and the
temperature was maintained at 20 £ 1°C during the operation of parent reactors.
Reactors were continuously aerated with the help of air diffusers and the oxygen
concentration in the reactor kept above 2 mg/L to maintain aerobic conditions. Two
mechanic stirrers were also provided with the reactor in order established well-mixed
liquor in the system. During each daily feeding period, reactors were decanted until 2
L, according to selected sludge age, while reactor mixing was continued. Reactors
were operated until steady state conditions, which was monitored by suspended
solids (SS), volatile suspended solids (VSS) and chemical oxygen demand (COD)
measurements. At the steady state, biomass concentration of the reactor was

stabilized approximately 255mg VSS/L.

Figure 4.1: Laboratory scale parent reactors.

The substrate feed was prepared by diluting a stock solution of sodium acetate
trihydrate (CH3COONa) in distilled water. Additionally for the nutrient requirements
of activated sludge macro and micronutrients solutions, namely Solution A and
Solution B (O’Connor, 1972) were prepared and fed with carbon source. Besides
supplying essential nutrients for biomass, these nutrient solutions also provide
enough buffer capacity to the reactor so that pH is kept around 7.0. The composition
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of these solutions is given in Table 4.1. In the reactor, the amount of Solution A and
Solution B were adjusted to supply 10mL of solution for 1000mg COD/L of carbon
source (O’Connor, 1972).

Table 4.1: Composition of nutrient solutions.

Solution Component Amount of
Component (g/L)
NH,CI 120
Solution A KH,PO,4 160
K;HPO, 320
MgS0O,.7H,0 15
CaCl,.7H,0 2.65
Solution B FeSO,4.7H,0 0.5
ZnS0,4.7H,0 0.5
MnSQO,4.H,0O 0.41

4.2 Experimental Procedure

After sludge reached steady state conditions, 2L activated sludge taken from the
mixed liquor to conduct batch tests. The batch reactor was initially operated at an
idle period for 10 minutes and then fed according to selected initial acetate COD
concentration that will determine the F/M ratio. The batch experiments are
summarized in Table 4.2. The reactors were monitored with measurements of COD,
acetate, PHB, SS and VSS. Since the formation of PHB from the central metabolite
acetyl-CoA, is the main storage polymer, PHA measurements mainly consisted of
PHB, and therefore the results of experiments in fact represent PHB storage

compound.

Respirometric analyses were also conducted to understand the change in respiration
capacities of activated sludge at different F/M ratios. Oxygen uptake rate (OUR)
profiles should be comprehended for the evaluation of substrate removal
mechanisms. Experiments representing the same conditions with batch tests were
conducted in a respirometer. In these experiments, biomass is left for half hour in
endogenous decay phase then the selected initial acetate concentration added to the

respirometer tank. The respirometric analyses were continued until the supplied
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carbon source was totally depleted. The OUR profiles, VSS, SS, soluble COD and
PHA measurements obtained from these experiments were used for the modeling of

activated sludge system.

Table 4.2: Summary of experimental setup.

Acetate Biomass So/Xo

RUNS

mgCOD/L mgVSS/L gCOD/gVSS

Run1
(control) 250 255 0.98
Run 2 460 255 1.80
Run 3 105 280 0.38
Run 4 57 255 0.22
Run 5 650 220 2.95
Run 6 1000 220 454

In this study, OUR measurements were performed with an Applitek RA-Combo-
1000 (Applitek Co., Nazareth, Belgium) continuous respirometer with PC connection
(Figure 4.2). During each experiment, 1.04 g Allyl Thio Urea (ATU) (Formula
2533TM, Hach Company) was added to the OUR reactors as a nitrification inhibitor
to prevent any possible interference induced by nitrification. The respirometer used
in the experiments involved a continuous flow-through measurement using the
dissolved oxygen concentration in the liquid phase to calculate the respiration rate of
the activated sludge (Spanjers et al, 1996). In principle, the activated sludge was
continuously transferred to the respirometer with a peristaltic pump. After passing
through the respirometer vessel (0.75 L), where the dissolved oxygen at the inlet and
outlet was measured by a single dissolved oxygen (DO) probe, the sample returned
to the OUR reactor. Hereby the activated sludge was continuously recirculated. Due
to the use of a single DO-electrode, the measuring frequency was limited by the
response rate of the DO-electrode (Spanjers et al, 1996).
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4.3 Analytical Procedure

Volatile suspended solids (VSS), suspended solids (SS), COD and pH analysis were
performed in order to control and monitor reactor operation. In the experiments, pH
was kept in the range of 7.0-8.0, suitable for biological activity. Temperature of all
experiments was maintained 20°C £+ 1 and minimum dissolved oxygen concentration
of 2 mg/L was supplied in the system. During the experiments, an Orion 520 pH
meter was used for pH measurements and before each usage of the device, the
pHmeter was calibrated. SS and VSS analysis were performed as described in
Standard Methods (APHA). SS and VSS measurement were carried out after
filtration of the sample from Millipore AP40 glass fiber filters with an effective por
size of approximately 1.2um. Samples, which were taken for soluble COD
measurements, were filtered through polyvinylidene fluoride (PVDF) syringe filters.
COD measurements were performed as described in the 1ISO 6060 Method (ISO
6060, 1989).

Figure 4.2: Applitek RA-Combo-1000 continuous respirometer.

Samples for PHA analysis were taken into 30 ml centrifuge tubes and containing 3-4
drops of formaldehyde for preventing the biological activity. The PHA content of the
washed (K-P buffer solution) and freez dried biomass was subjected to extraction,
hydrolization, and esterification in a mixture of hydrochloric acid, 1-propanol, and
dichloroethane at 100°C (Beun et al., 2000; Ciggmn et al., 2009). The resulting
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organic phase was extracted with water to remove free acids. The extracted
propylesters were analyzed by gas chromatograph (Agilent 6890N) equipped with a
flame-ionisation detector and capillary column (INNOWAX 19095N-123) where
benzoic acid was used as an internal standard for the determination of PHB and PHV
contents. The injection split (2:1 ratio) temperature and the FID detector temperature
were 50°C and 250°C, respectively. Helium was used as the carrier gas. In the
detector, the hydrogen flow was set as 30mL/min, airflow to 400mL/min, and the
make-up flow (helium) to 25mL/min. The oven temperature was started at 90°C and
kept at this temperature for 0.10 minutes. Then oven temperature was gradually
increased to 150°C, kept at this temperature for 5 minutes, and increased to 210°C

for 5 minutes.

Acetate samples were also analyzed by gas chromatograph (Agilent 6890N)
equipped with a flame-ionisation detector and capillary column (DB-FFAP 125-
3232). 1.6 mL of acetate samples filtered through 0.22um PVDF syringe filters were
transferred into a gas chromatography vial and 0.2mL of 10M phosphoric acid
(H3PO,4) was added to each vial. For the acetate analysis, the temperature of the
injection port and detector were 230°C and 250°C, respectively. The sample is
injected with splitless injection. The oven temperature reached 100°C in first 5
minutes and then 160°C; it was kept at this temperature for 5 minutes and fixed at
230°C in 3 minutes. Helium was the carrier gas at 45mL/min. In addition, hydrogen

gas was used at 40mL/min flow rate.
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5. RESULTS AND DISCUSSION

5.1 Acclimation Studies of Control Reactor

A laboratory-scale fill and draw reactor, namely “parent reactor” a net volume of 4L
was operated at sludge age of 2 days with the initial carbon source concentration of
approximately 250mgCOD/L. Acetate representing readily biodegradable substrate
was chosen as sole carbon source. pH was kept in the range of 7.0-8.0, suitable for
biological activity and the temperature was maintained at 20 £ 1°C during the
operation of reactor. At steady state conditions, biomass concentration of reactor was
stabilized approximately 255 mg VSS/L, vyielding the S¢/Xo ratio of
0.98mgCOD/mgVSS.

In summary, the parent reactor characteristics at steady state conditions were given in
Table 5.1. The SS, VSS, VSS/SS ratio, and effluent COD of the control reactor were
monitored. Reactor monitoring data can be seen in Figure 5.1, Figure 5.2, and
Figure5.3.

Table 5.1: Steady state characteristics of the control reactor.

sS VSS  VSSISS  SyX, COP COD Removal
Carbon inf. eff.  efficiency
Source
mgSS/L  mgVSS/L - mgCOD/ mg/L mg/L %
mgVSS
Acetate 320 255 0.85 0.98 250 32 87

5.2 Experimental Results

5.2.1 Evaluation of control experiment in the parent rector

The first run of the experimental setup was performed with using the acetate as sole
carbon source and biomass taken from the parent reactor in order to investigate the
biomass behavior under steady state conditions. Respirometric test was started with

the approximately same loading ratio (S¢/Xp) with control reactor. For this reason
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VSS and substrate concentrations were diluted by 1/2 ratio. After observation of the
endogenous decay level in terms of straight line, the acetate was added to OUR

reactor of respirometry as carbon source.
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Figure 5.1: SS and VSS results of the control reactor.
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Figure 5.3: Influent and effluent soluble COD concentrations of the control reactor.
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Figure 5.4: OUR profile of the control experiment (Runl).

The oxygen utilization rate (OUR) curve obtained from biodegradation of acetate
was used as control for evaluating the F/M ratio effect on biomass storage response
(Figure 5.4). In the other words, the impact was interpreted by changes inflicted by
F/M ratio on the shape of the initial OUR profile obtained in the control test
conducted at the same F/M ratio. The OUR, defined as the rate of oxygen utilization
in biochemical processes in the activated sludge models, is the change observed in
the dissolved oxygen concentration (So) in time due to biochemical transformations.
Thus, OUR is an overall process rate reflecting the cumulative impact of all
oxygen/energy consuming reactions. The OUR curve obtained from the
biodegradation reaction of acetate in Run 1 is shown in Figure 5.4. The maximum
oxygen uptake rate of the biomass gave the first peak around 43 mg/L.h in 120 min.,
which is due to readily biodegradable COD component in the system. The area under
the OUR curve has shown that the total oxygen consumption for defined period (i.e.

one minute).

The COD removal efficiency of biomass in Run 1 is shown in Figure 5.5, which
indicates removal of all influent acetate in the control reactor during a period. The
organic substrate (acetate) used in experiments is by nature totally biodegradable;
this is one of the main reasons for its selection and recommendation as the standard
substrate for biodegradation experiments. Because the biodegradable substrate in the

control reactor was completely depleted after the OUR profile dropped to the initial
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endogenous respiration level. The COD in the reactor first reach the level at the
endogenous decay phase with the degradation of the total acetate but a little increase

observed after that because of the synthesized inert microbial products.
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Figure 5.5: Soluble COD profile of the control experiment (Runl).

The substrate storage response of biomass in Run 1 is shown in Figure 5.6, which
indicates storage of acetate as PHB in the control reactor during a period. As an
initial PHB content 12 mgCOD/L, PHB was measured at the beginning of the
experiment and with acetate addition to the system this level was started to increase
by time. The maximum PHB storage was observed around 110 mgCOD/L in 120

min.
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Figure 5.6: PHB profile of the control experiment (Run 1).
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5.2.2 Evaluation of batch experiments

These experiments were conducted to determine the different F/M ratio effects on
substrate storage on the activated sludge. For this purpose, after observing the
response of biomass under steady state conditions in the control experiment,
additional 5 runs were conducted under different F/M ratios. OUR measurements
were started with same initial X, amount but after observation of the endogenous
decay level in terms of straight line, the acetate was added to the systems in different
concentrations to create different initial loading ratios (So¢/Xo).The OUR tests were
conducted with 5 different F/M ratios; 1.80, 0.38, 0.22, 2.95 and 4.54 gCOD/gVSS.

The effect of loading rate 1.80 gCOD/gVSS was investigated in Figure 5.7. Run2
was started with an initial VSS concentration of 255 mg/L and 460 mg/l COD was
fed to the system by pulse feeding after the endogenous decay level was observed.

The OUR curve reaches a maximum level of 74mg/L.h in 140 minutes.

Addition of different concentration of acetate to the system changes the PHB storage
amount. The stored amount of PHB was increased but the amount of acetate that
used for storage is lower than the amount in the system fed with 250mgCOD/L.
Figure 5.8 shows the stored PHB amount in the system fed with initial acetate
concentration of 460mgCOD/L. The PHB concentration at the begging was
12mgCOD/L and it increases up to 143mgCOD/L in 150 minutes, with the storage of

added substrate.

OUR profile of 105 mgCOD/L acetate feed was displayed in Figure 5.9. Run3 was
started with an initial VSS concentration of 280mg/L. The F/M ratio for this system
was 0.38gCOD/gVSS, lower than the control experiment Runl. The OUR curve
reaches a maximum level of 44mg/L.h in 38 minutes. The substrate storage as PHB
is shown in Figure 5.10. This loading rate had a positive effect on the percentage of
acetate that converted to PHB. Even the amount of stored PHB is lower than the
control experiment because the available substrate is low; the amount of acetate that
is used for growth is lower than Runl the control reactor that had a higher loading
rate (0.98gCOD/gVSS). The PHB concentration at the begging was 10mgCOD/L
and it increases up to 70mgCOD/L in 30 minutes, with the storage of added

substrate.
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Figure 5.8: PHB profile of the experimental Run2.
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Figure 5.10: PHB profile of experiment Run3.

Loading rate of 0.22 gCOD/gVSS was tested in Run4 with an initial biomass
concentration of 255mgVSS/L. Run4 was carried out addition of 57 mgCOD/L
acetate to the system. The OUR curve of experiment is shown in Figure 5.11. The
maximum point of the OUR curve is 36mg/L.h. This peak level was reached at 26
minutes. PHB storage amount is shown in Figure 5.12. The lower the F/M ratio from
0.38 to 0.22 increased the amount of acetate converted to PHB. The maximum PHB

storage amount is 44mgCOD/L in the experiment Run 4 and observed at 15minutes.
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Figure 5.12: PHB profile of experiment Run4.
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The effect of loading rate 2.95 gCOD/gVSS was investigated in Figure 5.13. Run5
was started with an initial VSS concentration of 220 mg/L and 650 mg/l COD was
fed to the system by pulse feeding after the endogenous decay level was observed.
The OUR curve reaches a maximum level of 64mg/L.h in 218 minutes. PHB storage
amount of biomass at the F/M ratio of 2.95 gCOD/gVSS is shown in Figure 5.14.
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Figure 5.13: OUR profile of experiment Run5.
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Figure 5.14: PHB profile of experiment Runb.

Loading rate of 4.54 gCOD/gVSS was tested in Run6 with an initial biomass
concentration of 220mgVSS/L. Run4 was carried out addition of 1000mgCOD/L
acetate to the system. The OUR curve of experiment is shown in Figure 5.15. The
maximum point of the OUR curve is 36mg/L.h. This peak level was reached at 26

minutes. PHB storage amount is shown in Figure 5.16.
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Figure 5.16: PHB profile of experiment Runeé.

The summary of experimental results is shown in Table 5.2. Evaluated of the stored
substrate as PHB (APHB) and the PHB/AcCOD ratio in the experiments, APHB
decreased from 393mgCOD/L to 37mgCOD/L while PHB/AcCOD ratio increased
0.39mgCOD/mgCOD to 0.65mgCOD/mgCOD together with the reduction of F/M

ratio.
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Table 5.2 : Summary of experimental results.

Initial .. Acetate
Acetate I_nltlal E/M APHB PHB/ Acetate to
Biomass AcCOD | to PHB
RUNS | COD Storage
gCOD/ | mgcoD/ | mgCcOD/ | mgCOD/
mg/L | mgVSS/L gVss L mgCOD L %
Run 6 1000 220 454 393 0.39 491 49
Run 5 650 220 2.95 246 0.38 307.5 47
Run 2 460 255 1.80 172 0.37 215 47
Runl | o5, 255 098 | 126 050 | 1575 63
(control)
Run 3 105 280 0.38 66 0.63 82.5 79
Run 4 57 255 0.22 37 0.65 46 81

Beun et al. (2000) investigated storage in a SBR system involving pulse feeding of
acetate at three different sludge ages (Ox). For Ox of 3 days PHB/acetate ratio was
0.46 mgCOD/mgCOD and it increased to 0.69 mgCOD/mgCOD for 10 days and
0.70 mgCOD/mgCOD for 20 days. Majone et al., (1996) has demonstrated that the
feeding regime had a significant influence on the magnitude of storage. They
conducted batch experiments using two parallel CSTR systems sustained at a sludge
age of 3 days, one with continuous and the other with intermittent feeding , While the
PHB/acetate ratio was only 0.37 mgCOD/mgCOD for continuous CSTR biomass, it
went up to 0.78 mgCOD/mgCOD for the intermittent CSTR. Beun et al. (2001)
performed a study with an SBR under pulse feeding of acetate at ©x of 4 days and
found a PHB /acetate ratio of 0.7mgCOD/mgCOD that confirming the previous
results. They also investigate the fate of PHB storage under pulse feeding of 8 times
higher acetate addition. This time the PHB/acetate ratio was increased to
0.76mgCOD/mgCOD. Carta et al (2001) run an experiment with five time higher
feeding than the control experiment. They found out that the PHB/acetate ratio was
increased to 0.79 mgCOD/mgCOD. According to these results, it is clear to say that

the observations of this study are not similar to the ones in literature. In this study,
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when the biomass faces with higher concentrations of substrate feeding than the
study state conditions, it slows down the storage mechanism and increases the
growth rate.

5.3 Modelling of Experimental Results

Modeling is now regarded as a useful instrument for understanding and interpreting
biodegradation and related mechanisms of substrate utilization. Recent models
structured for this purpose operate with two major conceptual developments. (i) they
use chemical oxygen demand (COD) and the organic carbon parameter and include
COD fractions with different biodegradation characteristics based on the pioneering
works of Dold et al. (1980) and Ekama et al. (1986); (ii) they incorporate dissolved
oxygen concentration (SO) as a significant model component which allow to

calibrate and evaluate oxygen uptake rate profiles (Cokgor et al, 2011).

Modeling consist of analyzing and calibrating the OUR and PHB profiles. In this
content, a mechanistic model involving model components and Kkinetic and
stoichiometric parameters was developed for acetate utilization. Modified ASM3
model was used for this study. The model structure involved four model components,
namely readily biodegradable COD, Ss; active heterotrophic biomass, Xy; storage
products, Xsto and dissolved oxygen, So. Generation of residual microbial products
(Xp) as a decay-associated process is implicitly involved in the model by means of
the coefficient fp that acts as a correcting factor for oxygen consumption due to
endogenous respiration. The model structure consists of four microbial processes:
growth on Ss; growth on stored PHB and decay of Xy by means of endogenous
respiration (Orhon et al, 2009). The growth process associated with Xy was defined
as conventionally adopted Monod type equations. Both endogenous respiration
mechanisms were described as first-degree reactions with respect to biomass
concentrations. The storage process was defined in terms of a similar Monod type of
an expression where ksto denotes the maximum storage rate (Karahan et al, 2006).

The matrix representation of modified ASM3 structure was indicated in Table 5.3.
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Table 5.3:Matrix representation of modified ASM3 model structure.

Component
Sos Ss Xu XsT0 Xp Process rate
Process
S fPHA k % x
torage o -(1- - —
g (1 YSTO) 1 YSTO STO KS + SS H
=y 1 Ss
Growth of Xy Yy Y, 1 R Xy
_ 1 X
Growthon PHA | _ 1= Y 1 usm-% Xy
Yy Yy sto T Xsro
Decay of XH -(1- fp) -1 fp bH”XH

Kinetic and stoichiometric parameters for the modified ASM3 model were estimated
using the AQUASIM simulation program (Reichert et al, 1998). In addition,
modeling study was also performed for parameter estimation. The parameter
estimation study provided a basis for observing the change in the kinetic parameters

of activated sludge while adapting to different conditions (Insel et al, 2012).

Model simulation results for OUR profile and PHB data of control experiment
(Runl) were shown in Figure 5.17 and Figure 5.18, respectively. The initial biomass
concentration was determined as 255mgVSS/L and acetate concentration was
250mgCOD/L. The F/M ratio was 0.98mgCOD/mgVSS. The calibration of initial
endogenous respiration part of the OUR curve yielded an endogenous decay
coefficient, by of 0.22day”. According to simulation results, the model was
calibrated with a maximum specific growth rate, phmax Of 2day™. The model
calibration was performed with the assumption of yield coefficient, Yy of 0.66
mgcellCOD/mgCOD and a storage vyield coefficient, Ysro of 0.80
mgcellCOD/mgCOD (Yavasbay, 2010). The storage yield coefficient, Ysto of 0.80
mgcellCOD/mgCOD was used in the studies of Insel et al. (2012), Cokgor et.al
(2011), Ciggin et al. (2012), and Karahan-Giil et. al (2003). The coefficient of
residual products generation, fp was selected as 0.20 in the all experiments (Orhon et
al. 2009).
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Figure 5.17: Model simulation of OUR profile for Runl.
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Figure 5.18: Model simulation of PHB data for Run1.
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Model simulation results showed that the half saturation constant for growth (Ks)
was found as 5mgCOD/L with the F/M ratio of 0.98gCOD/gVSS under 2 days of
sludge age. In another study conducted by Insel et al. (2012), the Ks value was
decreased from 25 to 6mg COD/L with the increasing the sludge age (SRT) from 2 to
10 days. Ciggin et al. (2012) stated that the reducing the sludge age from 8 to 2 days
increased the half saturation constant for growth (Ks) from 5 to 10mg CODJL. In
another study, this value was found 5mgCOD/L by Karahan et al (2008).

Simulation results reflected the PHA storage, yielding with a ksto value of 11day™.
Almost similar results were found in another study conducted by Krishna and van
Loosdrecht (1999) with a SBR system of 6 cycles under the sludge age of 2.5 days.
They found ksto of 10day'1, both for ASM3 and for modified ASM3 models. For all
experimental runs, the half saturation constant for storage, Ksto was obtained as
0.54mgCOD/L. This value was nearly similar to the results that observed in another
study done by Ciggin et al. (2012). They found the Ksto value of 0.5mgCODI/L.

After control experiment’s simulation, three different experimental runs were
conducted to observe the effect of F/M ratio on storage mechanism’s kinetic and
stoichiometric parameters. Model simulation was applied to F/M ratios of 1.80, 0.38,
and 0.22. Model simulation results of OUR profile and PHA data for Run 2 (F/M
ratio of 1.80gCOD/gVSS) was shown in Figure 5.19 and Figure 5.20, respectively.
According to Run 2, half saturation constant of growth and half saturation constant
for storage were not change and the values were 5mg COD/L and 0.54mg COD/L,
respectively. In addition, the maximum growth rate on storage products, psto of 4.8
day™ and the maximum decay rate, by of 0.22 day™ were remain constant. On the
other hand, the maximum specific growth rate on external substrate, py was 4.6 day™
whereas it was 2.0 dayin the control experiment. In the Run1, the substrate storage
rate, ksto was also changed. It was decreased from 11day™ to 9 day™ while F/M ratio

increased.

Model simulation results of OUR profile and PHB data for Run 3 (F/M ratio
0.38gCOD/gVSS) were displayed in Figure 5.21 and Figure 5.22, respectively. Run
3 modeling results showed that Ks, Ksto, usto, un and by values were remain as
same in the control experiment. Only the maximum substrate storage rate, ksto was
changed with the effect of low F/M ratio than control experiment. The ksto value

was measured as 14day™ that was higher than the control experiment ksro of 11day™.
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The maximum growth rate of biomass was remain constant with the value of 2.0day’

according to control experiment but it was different from the Run 1 psto of 4.6day'1.
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Figure 5.19: Model simulation of OUR profile for Run2.
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Figure 5.20: Model simulation of PHB data for Run2.
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Figure 5.22: Model simulation of PHB data for Run3.
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Figure 5.23 and Figure 5.24 were illustrated the model simulation results of OUR
profile and PHB data for Run 4. In the Run 4 (F/M ratio 0.22) again Ks, Ksto, isto,
uy and by values were remain as same in the control experiment. Only the maximum
substrate storage rate, ksto was changed with the effect of low F/M ratio than control
experiment. On the other hand as it observed also in Run 3 the Ksro value was
increased with the decreased in F/M ratio. It increased up to 14 day™ like in the
Run3.
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Figure 5.23: Model simulation of OUR profile for Run4.
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Figure 5.24: Model simulation of PHB data for Run4.
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Table 5.4: Results of model calibration for the different So/Xg ratios experiments.

Model Parameter Unit So/Xo (gCOD/gVSS)

Run 1 Run 2 Run 3 Run 4

1.80 0.98 0.38 0.22
fiyy 1/day 4.6 2.0 2.0 2.0
K, mg COD/L 5 5 5 5
Kero 1/day 9 11 14 14
fsto 1/day 4.8 4.8 48 4.8
Ksro mg COD/L 0.54 0.54 0.54 0.54
b, 1/day 0.22 0.22 0.22 0.22
Yy, g COD/g COD 0.66 0.66 0.66 0.66
Ysro g COD/g COD 0.8 0.8 0.8 0.8
fes - 0.08 0.08 0.08 0.08
fe, - 0.15 0.15 0.15 0.15
State variables Units
Total biomass mg VSS/L 255 255 280 255
X,y mg COD/L 200 200 220 200
Activity % 55 55 55 55
X0 mg COD/L 12 12 12 10
S, mg COD/L 460 250 105 57

The model simulation results based on modified ASM3 were given in Table 5.4 in
details. Evaluated of the maximum specific growth rate (uni) and the maximum
storage rate of substrate (ksto) in the experiments, pp; decreased from 4.6 day™ to 2
day™ while ksto increased 9 day™ to 11 day™ and then 14 day™ together with the
reduction of F/M ratio. Insel et al (2012), observed the similar results like this study.
They worked with low sludge age (SRT of 2days) and lower the F/M ratio from
0.71gCOD/gVSS to 0.49gCOD/gVSS; pp1 decreased from 7.1 day™ to 6.8 day™
while ksto increased 4.2 day™ to 6.3 day™ and then 14 day™. According to Grady et
al. (1996) the maximum specific growth rate (uni), IS closely related to the r-RNA
level of the cell as it controls the protein synthesis mechanism. As related to this

subject, Insel et al. (2012) argued that the biomass is able to increase its primary
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growth metabolism and reduce its maximum storage rate when it is subjected to
temporal feast conditions (high substrate concentration). In addition, the culture
history (sludge age, dilution rate etc.) which regulates the biochemical mechanisms
within the cell is likely to effect the growth Kkinetics (Orhon et al, 2009).
Furthermore, a recent study has shown that substrate utilization highly influenced by
the total enzyme level, which regulates the protein synthesis and substrate
transforming, and the r-RNA level (Lavallée et al, 2005).
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6. CONCULUSION

The objective of this study was to evaluate the effect of substrate loading on the
generation of storage biopolymers. For this purpose, this research focused on PHB
that represent the storage polymer. A faster growing microbial community and a low
sludge were selected to better evaluate the growth requirements of the community
compared with simultaneous storage. Then a series of batch experiments were
conducted with biomass taken from the fill and draw reactor and therefore
acclimated to fast growth conditions. Six different initial substrate concentrations
were applied to same initial biomass concentration for the investigation of the effect
of F/M ratio on substrate storage in SBR. Respirometric tests were also performed
for the assessment of the substrate biodegradation and PHB storage behavior of the

biomass.

The maximum specific growth rate (un2) decreased from 4.6 day™ to 2 day™ and the
maximum storage rate of substrate (ksto) increased 9 day™ to 11 day™ and then 14
day™ in the experiments with the reduction of F/M ratio. In addition, other kinetic
and stoichiometric parameters remain constant.

The stored substrate as PHB (APHB) decreased from 393mgCOD/L to 37mgCOD/L
while PHB/AcCOD ratio increased 0.39mgCOD/mgCOD to 0.65mgCOD/mgCOD
together with the reduction of F/M ratio. The estimated results were not similar with
the observed results in the literature. Beun et al. (2000) investigated storage in a SBR
system involving pulse feeding of acetate at three different sludge ages (Ox).
PHB/acetate ratio increased from 0.46mgCOD/mgCOD to 0.69 mgCOD/mgCOD
and then 0.70 mgCOD/mgCOD for increasing ©Ox values. Carta et al (2001) run an
experiment with five time higher feeding than the control experiment. They found
out that the PHB/acetate ratio was increased to 0.79 mgCOD/mgCOD.

Experimental findings in this study have shown that the ratio of initial substrate to
biomass (So/Xo) was the key parameter for respirometric experiments directly
affecting the shape and the order of magnitude of the respirometric profile. The

experiments also shown that, the biomass is able to switch its substrate utilization
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mechanism to growth or storage when it is subjected to unsteady feast conditions.
The fast growing systems (low sludge age) gives much faster response than that of
high sludge age. The results of this study indicates that, when the biomass face with
higher concentrations of substrate feeding than the study state conditions, it slows
down the storage mechanism and increases the growth rate. The enzymatic levels
controlling growth and storage kinetics could be the reason of the biomass response

in activated sludge systems.
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