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Abstract

Anaerobic digestion (AD) is widely used in wastewater treatment plants for stabilisation of
primary and waste actived sludges. Increasingly energy prices as well as stringent environmental and
public health regulations ensure the ongoing popularity of anaerobic digestion. Reduction of volatile
solids, methane production and pathogen reduction are the major objetavasimbic digestion.

Phased anaerobic digestion is a promising technology that may allow improved volatile solids destruction

and methane gas production.

In AD models, microbiallymediated processes are described by functiogatyped
microorganismslgnoring the presence of functionafijfferent species in the separate phases may
influence the output of AD modelin@he objective of this research was to thoroughly investigate the
kinetics of hydrolysis, acetogenesis (i.e., propionate oxidation) atlsamogenesis (i.e., acetoclastic) in
phased anaerobic digestion systems. Usidgreaturing gradient gel electrophoresis (DG&E€Ehnique,

bacterial and archaeabmmunitiesvere compargto complemenkinetics studies.

Four phased digesters includifgesophilic-Mesophilic ThermophilicMesophilig
ThermophilicThermophilicandMesophilic Thermophilicwere employed to investigate the influence of
phase separation and temperature on the microbial activity of the digestion systems. Two more digesters
were ugd as control, one at mesophilic %®5(C1) and one at thermophilic 86 (C2) temperatures. The
HRTs in the firstphase, seconphase and singlghase digesters were approximately 3.5, 14, and 17
days, respectively. All the digesters were fed a mixtupgiofiary and secondary sludges. Following
achievement of steaebtate in the digesters, a series of batch experiments were condudted tff
study the impact of the digester conditions on the kinetics of almevtioned processes. A Monoge
eguationwvas used to study the kinetics of acetoclastic methanogens and POB in the digesters, while a

first-order model was used for the investigation of hydrolysis kinetics.

Application of an elevated temperature {85 in the firstphase was fount beeffective in
enhancing solubilisation of particulate organics. This improvement was more sigrfificaiitogen
containing material (28%gscompared to the PCOD removal (5%) when the M1 and T1 digesters were
compared. Among all the configurations, the higlR&SOD removal was achieved in the T1T2 system
(pvae<0.05). In contrast to the solubilisation efficiencies, the mesophilic digesters (C1, M1M2 and
T1M3) outperformed the thermophilic digesters (C2, T1T2 and M1T3) in COD removal. The highest



COD removal wasbtained in the T1M3 digestion system, indicatir@@D removal efficiency of
50.7+2.1%.

TheDGGEfingerprints from digesters demonstrated tligesterparameters (i.e., phase
separation and temperature) influenced the structure of the bacterial asebhodmmunies. This
resuledin distinct clustering oDGGE profilesfrom the F-phase digestemscompared to the"2phase
digesters anttom the mesophilic digesteescompared to the thermophilic ones.

Based on the bi&inetic parameters estimakéor the various digesters and analysis of the
confidence regions of the kinetic setsfland K), the batch experiment studies revealed that the kinetic
characteristics of the acetoclastic methanoged> OB developed in the heavily loaded digesténd (
and T2 were different from those species developed in the remaining mesophilic digesters (M2, M3 and
C1). As with the results from the mesophilic digesters, a similar observation was made for the
thermophilic digesters. Thepecies ohcetoclastianettanogens and POBIthin the T1 digester had
greater kaxand K values in comparison to the values of the T3 and C2 digesters. However,-the bio
kinetic parameters of the T2 digester showed a confidence region that overlapped with both the T1 and T3
digestes. The acetatend propionateoncentratioain the digesters supported these results. The acetate
and propionateoncentratioain the M1 digesterwere, respectively338+48and 219+1MgCODIL,
while those of the M2, M3 and C1 digesters were less thangd0 as COD. The acetasad propionate
concentratioawere, respectivel\872+38and 1220+66n T1 digester, wheredheir concentrations
ranged 1484 and 209309 mg/L as COD in the T2, T3 and C2 digesters. In addition, the Dfe&Hts

displayed furtler evidence on the differingicrobial communityin the £- and 2*phase digesters.

Two first-orderhydrolysismodels (singleand dualpathway were employed to study the
hydrolysisprocessn the phased and singhtage digesters. The results demorettgéhat the dual
pathway hydrolysis model better fit the particulate COD solubilisation as compared to thepathglay
model. The slowly (9 and rapidly (k) hydrolysable fractions of the raw sludgere36% and 25%
respectively A comparison ofhe estimated coefficients for the mesophilic digesters revealed that the
hydrolysis coefficients (both g sand Kayq,) of the M1 digester were greater than those of the M2 and
M3 digestersin the thermophilic digesters it was observed that theKalue of the T1 digester differed
from those of the T2, T3 and C2 digesters; whereas, the hydrolysis rate of slowly hydrolysable matter
(i.e., Knya9 did not differ significantly among these digestdiiseinfluence ofthefacultative bacteria
thatoriginated from the WAS fraction of the raw sludgad/orthe presence of hydrolytic biomass with

different enzymatic systesimay havecontributed tahe different hydrolysis rates in the M1 and T1
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digesters from the corresponding mesophilic (i.e, M2 and M8 )laermophilic (i.e., T2 and T3)'2
phase digesters.
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Chapter 1

Introduction

1.1 Statement of Problem

An inherent byproduct of wastewater treatment operations is a highly putrescible material which
is produced from the removal of settleable organics (primary sludge) and/or bacterial cells (waste
activated sludge). Handling and processing of sludge is a complex and costly operation in wastewater
treatment facilities (Metcalf and Eddy, 2003). Anaerobieslimpn is the most widely used process for
stabilisation and treatment of sludge. Because of its low energy requirements, reductreofigsion,
possibility for energy recovery and production of a safe to handle residue, anaerobic digestion is a highly

sustainable process (Ramirez et al., 2009).

Traditionally, mesophilic singlstage digesters have been employed in wastewater treatment facilities
for sludge digestion. However, use of advanced digestion technologies is increasingly taken into account
to enhance sludge stabilisation and production of pathogen free biosolids. Some examples of these
technologies include twphase (Ghosh, 1987) and temperature phased anaerobic digestion (Han et al.,
1997). Several studies have shown better volatile solidetied in phased anaerobic digestion systems
as compared tsinglestage digesters (Zahller et al., 2007; Gioannis et al., 2008). Phased digestion
systems have been evaluated to determine the optimum operating conditions in terms of HRT,
temperature, orgamloading, configuration and pH in each phase. Most of the studies have focused on
comparing the performance of phased digestion systems with that ofstiagéedigesters through the
modification of the abovenentioned parameterBrevious studiebaveindicated improved treatment
performance in terms of biogas production and volatile solids reduction for phased digestion systems
(Skiadas et al., 2005; Watts et al., 2006; Bolzonella et al., 2007; Nges and Liu, 2009). However, fewer
attempts have been matb look into underlying mechanisms resulting in improved performance of
phased digestion systerds improved understanding athe phenomena taking place in each stage of the

phased digestion system®uld bevaluable inprocesoptimizationand design fothese systems.

Anaerobic digestion is a complex process in which several groups of microorganisms with different
growth rates and sensitivity amvironmental conditions are involve@ujer and Zehnder (1983)
suggested a sigtep reaction scheme for dadation of particulate organic matter. However, more steps

may be considered for anaerobic conversion presaskh as homoacetogenesis in which acetate may be
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oxidized or produced depending og pértial pressure (Kotsyurbenko, 2005; Gavala and Lyberatos
2001). Among these processes, 5 major groups of microorganisms may be recognized including
hydrolytic bacteria that convert macromolecules organics into soluble polymers and monomers;
acidogenic bacteria which convert monomers into volatile fatty a¢iga) acetogens that produce
acetate and Hrom VFA; and finally acetoclastic and hydrogenotrophic methanogens that generate
methane from either acetate oy (3otemann et al., 2005).

Mathematical models are useful tools for comprehensive study of naiteamlogy and major
events taking place in anaerobic digestion praag$salyuzhnyi et al., 1998). In many anaerobic
digestion models such as ADM1 (Batstone et al., 2002), microorganisms as an integral part of the models
are grouped according to theimiction intheanaerobic degradation of organic matter. In addition, it is
assumed that the species within each group have the same characteristics. ADM1 is a mechanistic model
and has been widely used for modeling and simulation of anaerobic digediiiffiereint wastes (Feng et
al., 2006; Schoen et al., 2009). Even though this model has successfully been employed to simulate the
behaviour of phased anaerobic digesters (Blumensaat and Keller, 2005; Parker, 2005), it still needs to be
optimized for robusinodeling of these systems. The simplistic assumption of lack of diversity in the
characteristics of the species within the microbial groups may lead tooovwerderestimation of the
model outputvhencompared to observed data. Each of the atmoestionel microbial groups involves a
variety of microorganisms performing a similar task. However, their characteristics (such as toxicity level

tolerance, growth rates, tolerance to environmental changes) would not necessarily be the same.

Due to the limitatioa of culturebased techniques, the knowledge about anaerobic digestion
microbiologyhas historicallybeelimited (Amann et al., 1995). Advances in moleculacnabiological
technigques offer the opportunity analyze and understand the microbial ecologgnaterobic digestion.
Molecular methods have demonstrated new levels of diversity within the microbial populations present in
anaerobic digesters (Zumstein et al., 2000). In this regard, microbial ecology and functional difersity
methanogens have bedndiedmore than the other group§organisms that are active in anaerobic
digestion(i.e, acidogens, acetogens). There is strong evidence available indicating the existence of two
different subgroups of acetoclastic methanogens in anaerobic digeseserabstudies have
demonstrated the dominance of the signawingMethanosaeta st low concentration of acetate (or
long HRTSs), while proliferation of the fagrowingMethanosarcina spat high levels of acetate (or short
HRTs) (Raskin et al., 199B84cHugh et al., 2003; Vavalin et al., 2008; Karakat et al., 2010). Similar to

the observations made for methanogens, recent studies indicate the presence of diffgrenfpsudf
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propionate oxidizing bacteria (POB). The species of the g&rtmophoba&r andSmithella spLR

were reported to dominate at low concentrations-2065mM) of propionate or low dilution rates (0-01
0.08 d"); while, the species d?elotomaculunandSmithella spSR were highly active at high propionate
levels (>15mM) or hightilution rates (0.3 (Liu et al., 1999; Shigematsu et al., 2006; Ariesyady et al.,
2007).

It is well documented that the diversity of microbial species in aerobic or anaerobic treatment
processes imfluenced bythe composition of influent substra)vironmental conditions such as pH and
temperature and operational conditions such as HRT, feeding pattern, substrate concentration and organic
loading (Yuan and Blackall, 2002; Wilderer et al., 2002). Phased anaerobic digestion systems are
typically opeanted at differing organic load, pH, temperature and kR8ach phase. Hence, it would be
likely that kineticallydifferent species within a similar functional growpuld dominate in separate
phases. This may lead to inconsistency between predictingsuajuge model and experimental results. In

addition, design, evaluation and optimization of a phased anaerobic digestion system will be unrealistic.

To this point, no attempts have been made to comprehensively investigate the microbial ecology
of various cafigurations of phased digestion systeifise knetics of hydrolysis, propionate oxidizing
bacteria and acetoclastic methanogens have not been evaluated in each stage of the phased digestion
systems. Information on the bacterial and archaeal structueeglofstage is not available. In addition,
thefate ofbacterial and archaeal biomass which are presasithierthe influent raw sludge or the first
stageeffluent in subsequent digesters have not been establiBhedse ofArrheniustype relationship
for temperature correction of biokineparametersas beensed in ADM1 (Batstone et al., 2002)
however they haveot been assessed for phased digestion systieenatedht different temperatures in

theseparate phases.

1.2 Objectives

The primary objectivefahis research was to improttee modeling of phased anaerobic
digestion systems. The achievement of the primary objective relied on the accomplishment of the

following secondary objectives.

1. To compare the efficiency of organic and proteimtaining natter removal in phased and single

stage digesters

2. To identify the structuresf thebacterial and archaeal communities usrRCRbased DGGE

finger printing technique for comparison with kinetic studies results
3



3. To determine biological activity ofcatoclastic methanogens through estimation of their bio
kinetic parameters using elie batch experiments

4, To determine biological activity of propionate oxidizing bacteria through estimation of their bio
kinetic parameters using efhe batch expements

5. To assess hydrolysis rate through estimation of hydrolysis kinetic parameters udiimg lodftch

experiments

6. To evaluate the feasibility of applying Arrhenitype relationships in phased anaerobic digestion

systems for temperatut®rrectionof the parameters estimated in the specific objectives 3



Chapter 2

Literature Review

2.1 Anaerobic digestion modeling

Anaerobic digestion has been used as the most common method of sludge digestion and is an
effective way for production of an ergy-rich biogas (Ch)). In spite of the wide spread application of
sewage sludge anaerobic digestion, its design, operation and maintenance is still largely based on
experience and empirical designs (Sotemann et al., 2@db)stantial advances have beexdein
understanding the fundamentals of anaerobic digestion, resulting in successful implementation of

numerous fulscale sewage sludge digesters.

Mathematical modelling of anaerobic digestion of sewage sludge is of great interest because
modelling andsimulating a system is much faster and less expensive in comparison with performing
laboratory experiments. Also, modelling provides a valuable tool for the comprehensive study of
microbial ecology and gives expression of conceptual ideas to explainithpmaomena of interest
occurring withintheanaerobic digestion procei&otemann et al., 2003)sing modelling, the
parameters that significantly influence the process can be identifidtband this cagive guidance for
the establishment of desigriteria. It also helps to find possible causes for system malfunction and to
recommend remedial measu(Eslyuzhnyi et al., 1998)Despite the application of anaerobic digestion
modelling and intensive research, the microbial ecology of sewage sludgedigemains largely a
blackbox. This is largely due to the complex dynamics of biological, chemical and physieatlstans

with inter-relatiorshipsamong them.

Depending on the purpose of model application, anaerobic models can be divided into two
categories: simplified and complex modélfie early modeléGraefand Andrews197; Hill and Barth,
1977 and the models that are developed to control and monitor anaerobic di(igstaesd et al., 2001,
Mata-Alvarez, 1987 have considered two key midrial populations of acidogens and methanogens. In
more complicated and detailed models, several additional microbial populations and substrates have been
included(Batstone et al., 2002; Batstone et al., 1997; Costello et al.).T=94 models describingith
detail all the known processes of anaerobic digestion are generally difficult to use for process control,
however, they are appropriate for identification and better understanding of the major mechanisms

occurring in anaerobic digestion and for stoefighe microbial ecology of digesters.
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Considerable variations in conceptual schemes of the biological processes of anaerobic digestion
of sewage sludge can be found in the literature, ranging from aste@eeaction (hydrolysis,
acidogenesis and metiagenesisjGraefand Andrews197) to the sixstep reaction scheme
recommended by Gujer and Zehnder (1983). In the later scheme, three main components of organic
matter (proteins, carbohydrates and lipids) are separately hydrolyzed by extracellulagseimgm
soluble end products (Figugel). These hydrolysis products are small enough to be transported across
the cell membranes of microorganisms. These soluble products are fermented or anaerobically oxidized to
short chain fatty acids, alcohol, G, and ammonia. The intermediate products such as propionate,
butyrate, valerate, etc. which are produced in hydrolysis are converted to acetate, G0 via a
process called acetogenesis. Finally, methanogenesis occurs through two separate protésses, tha
cleavage of acetate called acetoclastic methanogenesis, and reduction of hydrogen watle@O
hydrogenotrophic methanogenesis. This biological reaction scheme can be simplified for modelling of

sewage sludge digestion due to the following reagédotemann et al., 20D5

A Due to the difficulty in analysing sewage sludge for its main components, for simplification,
hydrolysis of sewage sludge can be considered a single process in which biodegradable particulate
organic matter are solubilized togrobially-usable and fermentable material. This is reasonable because

in acidogenesis three organic groups of hydrolysis (simple sugars, amino acids and long chain fatty acids)
are finally fermented to essentially similar end products, namely volatijedfaitls. Thus, recognition of

three separate hydrolysis products and anaerobic oxidation of long chaircidétare not needed

(Figure 2.1)

A Products of acidogenesis are influenced bypé#ttial pressure innaerobic digestiogystens.

Under low H partial pressure conditions acetate, £0d H are generated, while at high partial pressure
of Hy, acetate together with other higher volatile fatty acids; &@ H are produced. Due to generation
of low concentrations of butyrate and higher short cfatiy acids from sewage sludge digestion, only

propionate is considered as the only short chaiy & in this reaction scheme (Figure 2.2)
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Figure 2.1. Anaerobic digestion d complex organic matter such as sewage sludge proposed by
Gujer and Zehnder (1983)
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Figure 2.2. Anaerobic digestion of sewage sludge proposed by Sotemann et al. (2005)

Using the revised reaction sahe, the hydrolysis process and three biological processes (acidogenesis,
acetogenesis and methanogenesis) that are mediated by the four microbial populations and their

corresponding kinetic models are discussed below.



2.1.1. Biological processes and microbiagiroups of anaerobic digestion model

2.1.1.1 Hydrolysis

The hydrolysis process is an extracellular and partlybiological process during which
complex particulate organic matter is converted to readily biodegradable matter which can pass the cell
membrane. Thigacilitates modelling othe complex hydrolysis step by considering a lumped kinetic for
all steps of lysis, neenzymatic decay, phase separation and physical breakdown (e.g. shearing). During
the hydrolysis step inert particulate and soluble materéatjanerated.

Hydrolysis and solubilization of particulate organic matter is influenced by several parameters
such as: pH, hydrolytic bacteria concentration, adsorption of enzymes to particles, particle size,
temperature, etc, and as a result, it is oftificdlt to model the hydrolysis step by reliable kinetics. First
order kinetics, whiclaredependent only on the biodegradable substrate concentiaigbypically
assumed for the hydrolysis stdpavlostathis and Girald@omez, 1991; Gujer and Zehnd&883;

Eastman and Ferguson, 1981)

Mya = Kn[ Syl (2.1)
where, fyq is hydrolysis rate; Kis first order hydrolysis kinetic rate constant; #8g}) is biodegradable

particulate organic matter concentration.

However, as mentioned abovdedst the hydrolytic bacteria concentration plays an important
role that should be included in the kinetic model. Thus, a number of kinetic models have been used to
describe the hydrolysis process considering the hydrolytic or acidogenic bacteria ctiooefiliasov

and Argaman (1995) included the biomass concentration in the first order kinetic model.

Myd = KnlSpll Xacial (2.2)

where,(Xa4.ig) is the active biomass of acidogenic bacteria.
Vavalin et al. (1996) proposétbntois kinetics for modkhg of hydrolysis of activated sludge.

Besides acidogenic concentration, they considered the availability of substrate for biomass in their model.

syl
maxHyd [Xacid]
rHyd = [Sop] [xacid] (2-3)

,Hyd
S [Xacid]




where, KnaxnyalS maximum specific hydrolysis rate constant; ang,kis half saturation constant for

hydrolysis.

Comparing a number of hydrolysis kinetic models, Vavalin et al. (1996) and Sotemann et al.
(2005) found that a first order model was as effective aslgrslightly poorer than the more complex
surfacerelated modls such as Contois. Thus, using simple first order kinetics, whichdesen
supported by experimental observations, is reasonableddelting hydrolysis proces8étstone et al.,
20@).

The hydrolysis constant of the biodegradable particulate COD % 85d a pH range of 5.14 to
6.67has been reported to be in the rafgkl-0.20d™ (Eastman and Ferguson, 198%jegrist et al.
(2002) reported disintegration rate constants of 0.25 and G.40 thesophilic (35C) and thermophilic
(55°C) anaerobidigesters fed with primary sludge, respectively. As can be seen from the reported

hydrolysis rate constants, pH and temperature can considerably influence the rate constant.

Most data concerning hydrolysis kinetic constants have been reported forptiagéedigesters.
Regarding phased digesters, the different conditions of the first and second reaetot baen taken
into account. The temperature dependendbeadfiydrolysis process is typically addressedany
Arrheniustype relationshipBatstoneet al., 2002 Hydrolysis process may be a Hitaiting step in
sewage sludge anaerobic digestion and does not reach completion within the normal range of the
hydraulic reteribn time (Sotemann et al., 2009)here is a lack of data regarding hydrolysisekics for
phased digestion systems. In temperature phased reactors difterémces irremperaturdetween
phass or different pHvaluesin two-phase reactors with similar temperature, the hydrolysismaydbe
different in each phase. Moreover, inrpary sludgefed phased digesters, duethe different nature of
the substrate entering the first and the second reactor, a different hydrolysis rate may be applied because
the substrate entering the second reactor would be slowly hydrolysable madtiutazhof microbial

biomass.

2.1.1.2 Fermentation and Acidogenesis

Acidogenesis is a microbial process in which reduced organic matter such as VFA are produced
without an additioal electron donor or acceptor (Gujer and Zender, 1E3&)ng the acidogenesis pte
the solubilized and monomeric organic matter is mainly converted to VFA and alcohols by a diverse
group of bacteria and to a lesser extanprotozoa, fungi and yeastBogrien and Haitigh, 1969; Gavala

et al., 2003)A large variety of acidogens haleen isolated witiElostridium sp, Streptococcus spnd
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Bacillus sp.asthe prevalent species (Holmes and Freischel, 198f&rspecies hydrogen transfer (a
symbiosis between hydrogen producing organisms and hydrogenotrophic methanogens), pH, HRT and
previous acclimation of the inoculum have been reported to influence thectioydpathway of
acidogenesisHarper and Pdand, 1986; Gavala et al., 2003)

As described in the modified reaction scheme, the acidogenesis praygessaity modelled
accordirg to the partial pressure of hydrogen. The soluble fermentable organic matter produced via the
hydrolysis process is utilized by acidogenic organisms and acetaadlCQ are produced. Under high
partial pressure of Kthe acidogenic reaction produgeepionatdn addition tothe products mentioned.
This process is mostly modelled using Mdrype kinetics Costello et al., 1991; Siegrist dt,d993;
Sotemann et al., 2008jcluding inhibition functions due totpartial pressure and piHinder condibns

of low H; partial pressurghesubstrate utilization rat@aybeformulated as equation 2.4.

[S] Kinz | (2.4)

r = ) .
su,acid kmaxamd Ks,acid+[SF] acid KI,H2 +[H2] pH

where, &, a¢igiS readily fermentable substrate) 8tilization rate by acidogenic organisms {&measured
as (Sie-con VFA); Suiocop is soluble biodegradable chemical oxygen demangd);kqiis max.
substrate utilization rate by acidogenic organigi®s;is soluble fermentable substrate; kqis half
saturation of acidogenic organisms,;xis biomass of acidogéc organisms; K4, is hydrogen ion

inhibition constant; and, is pH inhibition function.

For the production of propionic acid under high partial pressure,dhkl substrate utilization rate by the

acidogensanbe formulated as equation 2.5.

H §

I'suacid = kmaxacid ﬁ Xacidfﬁ%' pH (2.9)

Generally, a temperature correction correlatias beemmployedo model temperatureffects

in singlephase digesters and only one sdbiofkinetic parameters is used for mesophilic and
thermophilic conditions. This assumptibas been recommended foodellingof anaerobic phased
digesters $iegrist et al., 202; Blumensaat and Keller, 200®pplication of current anaeraobic digestion
models to twephase digesters (Siegrist et al., 2002) showed a deviation in predicting caticestof
VFA, especially propionate, under different HRHowever,in addition to temperature other parameters
such as substrate concentration and pH may infludgrgcmicrobial groups in the separate stage of phased

digestion systesmt is welkdocumengd that different environmental conditiorsnstimulate theyrowth
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of different groug of organisms with distict values of kinetic constariti¢yes and Hall1981;

Zoetemeyer et al., 1982a&Ithough with available molecular probes the presence of a nesobial

group of acidogens cannot be distinguished, kinetic investigations using mathematical models enable us
to study whether a different group of acidogens dominates under different conditions of each reactor of
phased digesters. If this holds trueyduld be required to use different kinetic constants for acidogens in
each reactor.

As in all microbialy-mediated reactionshe performance of treatment system alwayi depend
on thequantityof viable and active cells and a wbllanced ecology. Wing modelling of a twgphase
digester, Batstone et al. (200@portedaninconsistency between gas flows and reactor load. Simulation
of gas flowswith high loading waseported to belose to experimental values, while the model under
predictedperformanceduring low load period€On the basis ah mass balana@n carbon and nitrogen
over the reactor, they attributed the higher gas flows to the entrance and degradation of upstream reactor
biomass. On the other hand, having compared experimental datd@ge obtained through simulation
of temperaturghased anaerobic digesters, Parker (2005) found an-pretiction of VFA
concentration in the effluent of the second reactor. It wassl tioait further investigation is needed
because assuming that therhass leaving the upstream digesters to remain active in a different
temperature may result in ovprediction of biomass activity in the downstream digesters. Therefore, to
improve modelling of phased digesters, it is of interest to know the fate a€ithmgenic biomass within

the downstream reactors of anaerobic sewage sludge digesters.

2.1.1.3 Acetogenesis

Within the diverse group of anaerobic acidogens, acétateng baceria are referred tasacetogens
(Gavala et al., 2003Ywo mechanisms are suggestedacetogenesis: acetogenic hydrogenation and
acetogenic dehydrogenation. In the former,@ad H are converted to acetate by homoacetogenic
bacteria. In anaeraobic digestion, acetogenic dehydrogenation is the main mechanism during which VFAs
are oxidizel anaerobically to acetate by OPRA. In acetogenic dehydrogenation, short chain fatty acids are
anaerobically oxidized mainly to acetate, resulting in the reduction of protons and formation of hydrogen.
OPRA can only use protons as an electron acceptoh. ¢digcentrations of hydrogen inhibit the process
as these oxidations became endergonic. Moreover, due to the reduced energy yield to OPRA, they cannot
dispose of their electronsrtugh forming reduced products (Dolfing, 1988pme known mesophilic

obligate proton reducing acetogens are presented in Table 2.1.
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Table 2-1. Currently known mesophilic obligate proton reducing acetogen$OPRA) (Dolfing, 1988

Organisms Co-culture with Source Substrate
Syntrophobcter wolinii | Desulfovibrio G11, or Sludge Digester Propionic acid

M. hungatei JF1 + D. G11
Syntrophomonas wolfei| Desulfovibrio G11, Sludge digester, rumen | Monocarboxylic

M. hungatei JF1 Aquatic sediments saturated fatty acids
Syntrophus buswellii Desulbvibrio G11, Sludge Digester, Benzoic acid

M. hungatei JF1 + D. G11| Aquatic sediments
Clostridium bryantii Desulfovibrio E70, Sludge Digester, Monocarboxylic

M. hungatei M1h Marine sediments saturated fatty acids
Strain Gra | val Desulfovibrio E70 Aquatic sediments Isovaleric acid

Most digestion models consider butyric acid as an acidogenesis product in andigregiion of
organic matter@ostello et al., 1991; Angelidaki €t,a1999; Batstone et al., 2002owever, due to low
concentrations of bytate in sewage sludge digesti@ofemann et al., 2005; Siegrist f 2002) only
propionatehas typically been employed in models of #tetogenesis process. As with acidogens,
Monodtype kinetics are often used to describe propionate conversiaretpgans. Since this reaction is
thermodynamically feasible only atow partial pressure of ;la norcompetitive function i®ften
incorporated into the Monetype equation. Also, pH can influence acetogenic organisms at low and high
values, thus a pHhhibition is considered in Monod equation.

[Spro] R L PR

r =k — X, j1l- —=—jl 2.6
su, pro maxpro Ks,pr0+[spro] pro% KI,H2 +[H2],l{]J pH ( )

where, g, ,r0iS propionate utilization ratenk proiS max. substrate utilization rate by propionate
utilizing organisms(S;.) is propionate concentrationJ§.is halfsatuation of propionatautilizing
organisms; X, is biomass of propionatatilizing organisms; I, is hydrogen ion inhibition constant;

and | is pH inhibition function.

In phased anaerobic digestion, the reacioeseparated to providenhanceanvironnents for
acidogens and methanogens. Due to the different environmental (e.g., pH and temperature) and
operational (e.g., HRT) conditions, it is likely that a different population of propiontliging
organisms with distinct kinies will proliferate ineach phase (Heyes and Hall, 1981)is assumption
couldbe further supported using molecular techniques to investigate the microbial communities of each
reactor. Moreover, using quantitative molecular toolsay bepossible to study the relative quipand

activity of this significant microbial grouim theanaerobic digestion process.
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2.1.1.4 Methanogenesis

Methanogenesis is the final step in most anaerobic environifz@ntier, 1993. Methanogens
can use a limited number of simple compounds composed nebsilygle or two-carbon substrates. The
most versatility has been observed in some straifetiianosarcinavhich are able to use seven
substrate¢Zinder, 1993. Methanogens are classified into 5 orders within the kingdom Archaeobacteria,
includingMethanobacterialesMethanococcaledMethanomicrobialesMethanosarcinalesand
MethanopyralesAccording to the metabolic pathways they can be categorized into three groups
including: acetoclastic methanogens; methylotrophic methanogens; and hydrogenabethhicogens
(Boone et al., 1993 urrently there are probesvailable for identificatiorof the first four orders which
might bepresent in sewage sludge digesters (Raskin et al., 1994a)

Most methane produced in anaerobic digesters comes from adetatsge by acetoclastic
methanogendHerry, 1993; Chynoweth and Mah, 1971; Smith arahML966) However, due to the
lower growth rate of acetoclastic methanogassompared to hydrogenotrophic methanogens, the
methane produced in anaerobic digesterdnigalow residence times may not be domauhby the
acetoclastic pathway-érry, 1993; Zider and Koch, 1984)n addition to the acetoclastic and hydrogen
utilizing methanogens, the acetabdadizing organisms have mostly been reported in thermophilic
anarobic reactorgZinder and Koch, 1984; Peterson and Ahring, 1991; Griffin et al.,)1888vever,
literature information is scarce and needs further investigations to reveal under which circumstances (e.qg.,
what HRT and acetate concentration) this pathmay be employed by methanogens in anaerobic

digesters.

Only two genera of acetoclastic methanogens are known to use aldetttanosarcinand
MethanosaetaThe former generally grows faster and canaeseral substrates (Ferry, 1993)
Methanosaeta sjis dominant undetong HRTSs that argypically employed foroperationof anaerobic
digesters. The lower saturation constantg f&vourMethanosaeta st higher hydraulic retention times
(Zinder et al., 1984

The study of the ecology of methanogeneasier as compared to other microbial groups
involved in anaerobic digestide.g., fermetative and acetogenic organisimdiie to fewer species of this
microbial group and welllefined reactions. Several studies have been performed on the wariatio
acetoclastic methanogengifder et al., 1984; Chartrain and K, 1986; Raskin et al., 1994a)
according to operational conditions (e.g., HRT or organic loading) and configuration (e.g., suspended

attacheegrowth) of anaerobic digesters.
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Generallytwo subprocesses are considered for modellinthefmethane production process,
namely, acetoclastic and hydrogenotrophic methanogenesis. Acetoclastic methanogenesis is the process
whereby acetic acid is converted to methane angdD@® growth of acetoastic methanogens takes
place. As with acidogenesis and acetogenesis, the acetate utilizatiortyjiteaiy modelled using a
Monodtype equation. Methanogens dastidiouseorganisms and are very sensitive to pH changes.
Thus, inhibition functios areoftenemployed in the Monatpe equation. The pH inhibition function for
the hydrogenotrophic methanogens is less severe than that for the acetoclastic methanogens because they
need to regulate the level of End allow the generation of methane at Idswvalues(Costello et al.,

1997). Acetate and Hutilization rates are modelled using equations 2.7 and 2.8, respectively.

_ [Si]

=k —ae X, |
I'suac = Kmaxac Ks,ac +[S.] ac' pH (2.7)
Faun, =K _ Sl ” 2.8)

X
" Koao * Sl

where, g, acand kg n2iS acetate and hydrogen utilization satknax acand knax n2iS Max. acetate and
hydrogen utilization rates constantg; &d $, are acetate and hydrogen concentratiogg;dfd K,
are halfsaturation constants for acetate and hydrogesand X,, are biomass concentration of

acetoclatic and hydrogenotrophic methanogens.

As mentioned above, the main methane production pathway in sewage sludge digesters is acetate
cleavage which is performed by two major acetoclastic methanogens, nktatidgnosarcinand
MethanosaetaThere is suffiient information in the literature that shows that depending on acetate
concentrations in sewage sludge digesters, one of these spifictisminate in a digestéZinder et al.,

1984; Chartrain and Zaiis, 1986; McMahon et al., 2004his suggestthatit may bedesireabléo use

two distinct kinetic constants for modelling of acetate utilization at low and high concentrations of
acetate. Due to lower growth rateMéthanosaeta splower biomass that is predictable by using

equation 2.7 is produced &maerobic digesters. There are quantitative molecular techniques such as FISH
and quantitative redalme PCR which can be used to determine the relative concentration of acetoclastic
methanogens using specificoup probegRaskin et al., 1994aSimultareous use of modelling and

molecular techniquamayhelp to study the validity of the results predictedhigdeling.
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2.2 Phase Separation

The advantages of phase separation have been addressed as early as 1958 by Babbit and
Baumann (1958). Thagportedthatthe negative effects of thgroducts of the acidogenesis process,
which canhave inhibitory effects on the progress of the later processes, can be solved by using two or
more separate stages. Therefore, the environment in the first neaaldrfavour acidgens, while the
second reactaranbe controlled to enhance the proliferation of methanogens, which would receive the
products of the first phase. The physiology, nutrient requirements, metabolic characteristics and
sensitivity to environmental factors ageeatly different for acid formers and methane fornjBhland
and Ghosh, 19j1Based on these differences, Pohland and Ghosh (1971) suggespdthsemnaerobic
digesters.

Phase separation in twihase digesters is based on the difference in thefispg@wth rates of
acidogens and methanogens. For example, the maximum specific growth rates reported for acidogenic
bacteria are-B d*, while those of methanegic organisms are 6@®5 d* (Henze et al.1995) Ghosh
and Pohland (1974) reported elimtion of the methanogenic organisms from an-atigse digester at
HRTs of 11-14 h, using glucose adfeed substrate. The maximum specific growth rate for acidogens and
methanogens were 1.25 and 0.T4espectively. Kisaalita et al. (1989) found th&F$ of 30, 6.66 and
2.5 h were the critical HRTs for acetoclastic methanogens, hydrogenotrophic methanogens and
acidogenic bacteria, respectivelhe literature reveals thatwide range of HRhave been employed

the first and second reactors of tphase digestion (Table 2.2).

The temperaturphased anaerobic digestion (TPAD) process is also a phased digestion system
andtypically consists of a thermophilic first phase digesigeratedn series with a msophilic second
phase digesteSgchmit and El§, 2@1; Han and Dague, 1997he main difference between the two
phase and temperatypbased processes is that methanogenesis is often inhibited in the first phase of a
two-phase system; while in temperatypgased systems the thermophilic first staftenomaintains
methanogenesis. A large amount of VFA and other reduced comploaveldeen reported to be
produced in the first phase of each system. In the first phase of temp@taaes systems a significant
portion of the generated VFA and other reeld compounds are converted to methane and carbon dioxide
and the remaining is converted in the second phase, while iphase anaerobic digestion this
conversion is fulfilled in the methane reactor due to the low pH and short HRT kept in the first phase

Typical HRT values used in temperatyngased digesters are presented in Table 2.2.
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Several researchers have reported better performance and improvements in operational stability in
two-phase anaerobic digestePofland and Ghosh, 1971; Ghosh 1978; @afel.,1979; Massay and
Pohland, 1978)Phased digestion allows enhanced metabolic and kinetic capabilities for acidogenic and
methanogenic organisms due to the presence of optimum environmental (such as temperature, pH) and
operational (such as HRT,ganic loading rates) conditions for each group. For instance, using the most
probable number (MPN) method, Zhang and Noike (1991) reported an equal number of acido§enic (10
10° MPN/mL) and acetogenic (30" MPN/mL) bacteria in singleand twephase arerobic digesters.
However, due to higher specific VFA production rates (mg &@1a/gVSS/d) in the first reactor et
two-phase digesters compared to singlephasesustemthey concluded that phase separation could
encourage the acidogeto grow atther maximum capacity. Cohen et al. (1980) also reported a higher
maximum specific sludge load (g COD/g biomass/day) for apiase system than that for a single
phase digester. In addition, they found that although overloadephage digesters producedael
fatty acids, they were immediately converted after cessation of the glucose supply. In thphsisgle
reactor, the accumulation of acetic and propionic acids were observed and interruption of glucose supply
resulted only in acetate turnover, whilepionate lingered in the system. It seems that in theptwse
digestion, the OPRA and hydrogenotrophic methanogens allowed the system to recover following glucose
cessation, while in the singfghase digester, the high hydrogen concentration did nGHRA resume
their activities; thus, propionate remained in the system, while acetoclastic methanogens could reduce the

acetate level.

Most research on twphase digestiohasbeen focused atie configuration operational
strategies and amenability fefedsubstrate to phased digesti@hpsh, 1987; Fox arféohland, 1994;
Han et al., 1997)Regarding modelling of twphase digester, one set of kinetic constants is usually used
to model the biological processtaking place in each reactor (Batstond.e2800) and in temperature
phased digesters, changes in the rates of biological processes due to temperature intypasdyare

corrected usinghe Arrhenius equationSiegrist et b, 2002; Batstone et al., 2002)

K, = K™ ™2 (2.9)
where, K is rate constant at temperaturg K, is rate constant at temperaturg T and A i s:
_Ea
f =eRil2 (2.10)
where,Ei s activation energy; R is universal gas cons

treatment processes rasdeto 1.1(Metcalf and Eddy, 2003
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Table 2-2. Hydraulic retention times (HRT) reported in first (R1) and second (R2) reactors of
phased anaerobic digestion

Substrate T (°C) Configuration| HRT in | HRTin | Reference

R1 |R2 R1(day) | R 2(day)

Two-phase digestion
Glucose 37 37 $ 0.47 6.47 Ghosh et al., 1975
CMR 12

35 35 2 13 Ghosh, 1987

55 55

35 35 2 13
PS+WAS” 35 55 CMR

55 55

35 35 0.9 2.1

55 55
PS+WAS 37 50 Hybrid® 2 8 Chang et al., 1989
WAS 38 36 CMR 3.1 9.1 Ghosh et al., 1995
PS+WAS 35 35 CMR 2-2.7 10 Bhattacharya et al., 1996
Soft drink waste | 35 35| Hybrid®* [2.2 5.2 Ghosh et al., 1985
Starch 35 35 CMR 0.352 |1.48 Zhang and Noike, 1991
Dairy wastewater 34 34 [ Hybrid®®* |05 1.5 Ince and Ince, 2000

Temperaturgohased digestion

PS 55 35 CMR 3.5 6.7-10 Han and Dague, 1997

37 62 1 14 Cheunbarn and Pagillg
PS+WAS 62 37 CMR 2000
PS+WAS 55 35 CMR 7.4 12.6 \zlggtljemurgh and Ellis,
PS+ODMSW"~ 55 35 CMR 5 10 Schmitand Ellis, 2001
Dog food gg gg Batch 2 18 Speece et al., 2005

" Primary sludge® Waste activated sludge’ Organic fraction of municipal solid waste; $ Completeixed reactor®
Completelymixed reactor and fixefilm reactor;** completelymixed reactor and uffow anaerobic filter

As already mentioned about propionatéizing acetogens and acetoclastic methanogens,
dominance of a group of the organisms with distinct biokinetic parameters may occur under different
operational condibns. Also, assumption of degradation of hydrohgt@idogenic biomass or, in contrast,
survival of these organisms in downstream reaatayg result irerrors whenpredicting methane gas
production or VFA concentrations. Finally, the influence of phaggestion on the biodegradability of
digesting sludge and the rate of hydrolysis praegsahich may havdifferent characteristiin theacid

and mebanephase, need further study
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2.3  Factors affecting microbial consortia in anaerobic sewage sludge digesters

Several factors that can influence the microbial groups in anaerobic didesterseen
addressed in the literature. Hydraulic retention time, temperature, sgpdrtibl pressure in digestetbe
source of inoculum, substrate composition and ordaaiding are the factors that may influence the
microbial ecology of sewage sludge digesters. As mentioned above, in anaerobic modelling, the effect of
pH and H concentration, whiclsanhave inhibitory effects osome ofthe anaerobic microbial groups
andthe thermodynamics of the reactions, gpacally taken into account by incorporation of inhibition
functions in model§Siegrist et al., 2002; Batstoneadt, 2003. The lection of inoculum containing
largenumbes of methanogens and acetogé€Bfod et al., 2001; McMahon et al., 200Which have low
growth rateshas been reportdd reduce the statp period of digestsy but inthelong-termhadno
impact on the microbial ecology of digesters since the microbial species proliferate deperitiaéeed
composition and operational conditions of the digggtengastitkul and Mavinic, 1994; Harper and
Pohland, 198p growth rates of the organisms present, resilience to any toxic/inhibitor products in the
influent or within the digester and operatal changes applied to the digegieelbes et al., 2001;
Briones and Raskin, 20D30f the operational parameters, HRT and temperature are discussed in more
detail since theynayhave morénfluencethe microbial ecology and dominance of microbial spetie

the first and second reactors of phased digesters.

2.3.1 Hydraulic retention time (HRT)

Hydraulic retention time is one of the vital parameters impacting on population dynamics in
anaerobic sludge digesters. In addition, kinetic parameters due to prigifefibew species and wash
out phenomena are also influenced by HEfMang and Noike, 1991This parameter has been used to
separate acid and methane phases in digesters. Several studies have examined the effect of HRT on the
kinetics of each phase, dijer performance and to a limited extent the microbial ecology of the sludge

digesters.

HRT may influence the dominant species in anaerobic sludge digesters. Organisms with low
generation times (high specific growth rates) and high saturation constliriie dominanatlow HRTS,
while those with low specific growth rates and low saturation constants would proldelatg HRTSs.

For example, it has been reported tMa&thanosarcina spgrow rapidly with low ks and proliferate at
low HRTs, whileMetharosaeta sp(formerly Methanothrix sp.predominate at long HRTs due to their
slower growth rates and highsKZinder et al., 1984; Chartrain and Zeikus, 1986 regards to

propionate oxidizing bacteria, a similar conclusion was reported by Heyes ar{i9838l). They found
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two distinct groups of propionate oxidizing acetogens with different kinetic properties. Those with a
higher specific growth rate of 0.05 And K of 330 mg/L were dominant in a digester wéthelatively
low HRT (8.2 days), while thether sukgroup with a specific growth rate of 0.0054dnd Ks of 11

mg/L proliferated at a higher HRT (14.5 dayBhey found thatheslow growing propionate oxidizers
were more sensitive to pektremeshanthe fast growing ones.

Using the most prolide number (MPN) method, Zhang and Noike (1991) studied the effect of a
wide range of HR'values(1.5 to 245 h) on the microbial population levels of anaerobic digesters fed
with starch as the sole carbon and energy source. They found that HRT had erablesiffect on the
population levels of methanogens, homoacetogens and sulphate reducing bacteria, but they did not
observe a significant effect on the population levels of hydrolytic bacteria and acetogens. A comparative
study about the population legéh single and twephase anaerobic digester showed a considerably
higher population of hydrogenotrophic methanogencentratios in the twephase digestdZhang and
Noike, 199). The same study showed that acetoclastic methanogens-d@rin2es highein the

second phase of the twahase digester as compared to the sippkese system.

Scully et al. (2005) used a molecular technique (terminal restriction fragment length
polymorphism, dRFLP) to study the microbial ecology of an expanded granule shetfjeeactor
following an HRT decrease from 48 to 24 h. Bacterial and archaeal diversity decreased, although high
levels ofMethanococcudike andMethanobacteriunlike (Hx-utilizing) organisms were detected in the
reactor. Several researchers have repdftat the major route of methane production in imbalanced
digesters is hydrogenotrophic methanogen@sitbes et al., 2001; Scully et al., 2005; Schnurer et al.,
1999.

HRT is one of the main and controllable operational parameters that can influedoenthance
of different microbial species, the kinds of intermediates produced by different microbial groups present
and the rate of hydrolysis, fermentation and gasification reactiatigésters Several studiehave been
performed to investigate thefeft of HRT on anaerobic reactor performance, acidogenic products and
hydrolysis and acidogenesis ratégs@alita et al., 1989; Puchajda and Olesmkcz, 2006; Ghosh et al.,
1975) A few studies have been reportesing traditional microbiological metheduch ashe most
probable number (MPN) viable counting methodexaminethe microbial populatiodevels in twephase
reactos (Zhang and Mike, 1991; Ince and Ince, 200@ue to the intrinsic limitations of traditional
microbiological methods, precisg@vestigation of microbial diversity was not possible, while new

molecular biological techniques permit study of the diversity and structure of microorganisms without the
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need to culture them first. Molecular biological tools as reliable techniques esnpb@yed to study the
contribution of microbial ecology to the performance of anaerobic digesters under varioudiHRTS.
addition, it is of interesio know the fate of microorganisms present in the influent feed within acidogenic
and methanogenic reacsoRibosomal RNA hybridization techniques can produce information not only
about the identity of microorganisms, but also about their relative activity and abundance in phased
digestergMolin and Givskov, 1999 On the other handheabundance of each anbbial group can be
predicted by anaerobic models. Comparing the results obtained bygsentitative molecular techniques
such as FISH and retime PCR with those predicteduldenhance the validity of models.

In spite of the important contribution BIRT to the microbial structure of anaerobic reactors and
as a consequence to microbiathediated reactions such as methane production, investigations of the
microbial ecology and the fate of microorganisms through phased comptekelgt digesters fed wh

sewage sludge is lacking.

2.3.2 Temperature

Temperature is one of the most important factors affecting the microbial activity within anaerobic
digesters. The rates of anaerobic reactions such as acidification or methane production are temperature
dependent. igher temperaturdsave been reported tesult in higher hydrolysis, fermentative and
methanogenesis rates (Gerardi, 200@pst methanogens agenerally believed to bactive in two
narrow temperature ranges including mesophilic338C) and thermoplit (50-60°C). Acidogenesis
has been reported proceed at reasonable i temperatureas low as 2£C or lower, whereas,
methane production ratat temperaturelselow 30°C have been found to be relativelpw (Gerardi,

2003.

Operation at a thamophilic temperature has some advantages over conventional mesophilic
anaerobic sludge digesters including increased pathogen destamdioigher hydrolysisacidogenesis
and methanogenesis rates. However, a higher sensitivity to organic loading pachtane changes,
increased concentrations of VFA in the reactor effluentraddced conversioof propionate to acetate
have been reported in thermophilic sludge digegtéas et al., 1997; Ghosh, 1987; Han and Dague,
1997.

Information in the literatuer shows the influence of temperature on the microbial ecology of
anaerobic digesters. Pender et al. (2004) observed that temperature elevation caused a change in the

methanogenic population from\ethanosaeta smlominated community duringesophilic opesition
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(37°C) to Methanosarcinap.dominance. A similar result has been reported whiahanosaeta sp.
decreased following a temperature shift from mesophilic temperatuf€)Y3@ thermophilic temperature
(55°C) (Ahring, 1995. In general, methanogeniliversity has been reported to be greater in reactors
operating under mesophilic conditiofiéarakashev et al., 2005; Sekiguchi et al., 1999; Pender et al.,
2009. Pender et al. (2004) reported a substantial increaddetbanomicrobialesupon temperate
increase from mesophilic to thermophilic conditions.

Anaerobic digestion of sludge and methane production at municipal wastewater treatment plants
is mostly performed in the mesophilic range. At industrial wastewater treatment plants, thermophilic
operdion is sometimegpreferredGerardi, 2008due to limited space and the need for higher reaction
rates in the anaerobic digesters. As regards to psychrophilic anaerobic digesters, although preliminary lab
scale studies showed the feasibility of using psgphilic anaerobic reactors to treat lstvength
wastewaters, their application is very limitgabttinga et al., 2001 Currently, there is little information
on the microbial populations of psychrophilic anaerobic reactors. It has been reportedié¢nat un
psychrophilic conditiog as with mesophilic conditions, methanogenesis was mainly achieved through
acetate cleavage by acetoclastic methanogens, espétidhgnosaeta spvhich waspresent in higher
numbers in comparison to hydrogenotrophic methansgAlso, substantial diversity of methanogenic

populations has been repori@dcHugh et al., 20083

Besides the microbial ecology, biological activity of organisms may also be influbypced
temperature. Characterization of biomass in anaerobic reaatirsris of biological activity (expressed
as utilization rate of substrates or methane production) can show the response of various metabolic groups

due to a change of environmental factors such as temperature.

There is controversy regarding the survivadl acclimatization of mesophilic species at
thermophilc conditions or shift in microbial population in phased anaerobic digesters. Vandenburgh and
Ellis (2002) performea specific methanogenic activity test on both mesophilic’@5and thermophilic
(55°C) biomasses of a temperatyrieased digesterThe nethanogenic activtof the thermophilic
biomasswasas high as 0.2 and 1 g @5 VSS/d when the serum bottles were incubated at 35 al@|, 55
respectively. For the mesophilic biomass, the specific ametiproduction rate at the mesophilic
temperature was 0.4 and at the thermophilic temperature was Y@ \CFE/d. As the specific methane
production rates were almost similar at’85and 55°C for the biomass taken from thermophilic and
mesophilic reacts they concluded that there were not necessarily a variation in microbial populations

from mesophilic to thermophilic reactor. A similar conclusion was drawn by Song et al. (2004),
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indicating survival and activity of mesophilic organisms in a thermopdhigjester. However, no
microbiological examinations were performed in both cases. On the other hand, a number of
investigations performed using molecular techniques show variatidinediversity of microbial
consortia after temperatuckangegDelbes eal., 2000; McMahon et al., 2001; Pender et al., 2004;
McHugh et al., 2008

Historically, it has been believed that temperature can influence biochemical reactions and
generally a temperature correction correlation has been used for motigkifigcton biological
reactions in anaerobic phased digesters. Development of molecular techniques during recent years has
enabled researchers to have a better understanding about the microbial ecology of mesophilic and
thermophilic anaerobic digesters. As men#d earlier, literature information is scarce about the
microbial ecology of phased anaerobic sludge digestion. Theref@@riaposedo investigate the
microbial ecology of sewage sludge under temperature gradients (from mesophilic to thermophilic and
vice versapndunder the same temperature (mesopimiesophilic and thermophilithermophilic) but
different environments (aciphase and methaiphase). Besides the microbial ecology, prieposedo
generat&knowledge about the biological activitgxpressed asitherspecific methane production rate
(mL CH4/g VSS/d) or specific substrate utilization rate, of particular microbial groups under the above
mentioned conditions. The results obtained through activity tests can be further confirmed ljamolec
technigueghrough identification ofvhether the same microbial groups survive under new conditions or a

succession occurs in microbial communities.

2.4 Molecular techniques for study of microbial ecology

A number of molecular techniquésat areapproprate for analysis of microbial ecology are
available and these have been widely used for studying the microbial communities of natural and
engineered systems. Wagner et al. (1993) have reported that-taltae methods for studying microbial
ecology onlyreveal approximately 10% of the total populations. The culhdependent methods, can
generally be put into two groups, include polymerase chain reaction {Fa3RYl and hybridization

methods.

2.4.1 PCR-based methods

In these methods, total DNA or RNA is exttad from microbial communities. Then, a pair of
primers (forward and reverse primers) is used in combination with polymerase chain reactions to amplify

the target DNA fragment from a whole community sample. After amplification by PCR, the fragment can
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beused in several pesimplification methods (Figure 2.3). This group of molecular biological methods
does not necessarily need peguisite knowledge of the microbial community and is used to determine
the microbial community profile or structu{@abert ¢ al., 2002.

| Microbial ecosystem |

A 4
Sample§
v
| DNA or RNA extraction |

v
| PCR or RTPCR |

A\ 4
| Amplified 16S rDNA or 16S rcDNA

v
| DGGE; TGGE; TRFLP; RISA; SSCP; LHPCR; RAPD; ARDRAor RFLP |

\4
[ Profile of the microbial populationd

Figure 2.3. DNA fingerprinting techniques applied on environmental samples

As depicted in Figure 2.3, there are several B@ged molecular fingerprinting techneguused
for studying the microbial communities of environmental samples. A brief description of each method is
provided below. Advantages and limitations of RBd&&sed technigques are summarized in Table 2.3.
Based on the information provided, three metterdsproposed for both quantitative and qualitative study

of phased anaerobic sewage sludge digesters.

Amplified Ribosomal DNA Restriction Analysis (ARDRA) or restriction fragment length
polymorphism (RFLP) involves digesting the 16S rRNA gene sequencdiachby PCR. For 16S
rRNA digestion, different restriction enzymes are employed. Then, gel electrophoresis is used to separate
the restricted fragments. McHugh et al. (2003) used this technique to study the diversity of methanogens

in a range of full andlab-scale anaerabic bioreactors.

Terminal Restriction Fragment Length PolymorphisRFLP) is based on similar principles as
ARDRA analysis; however, labellgatimers are used in the PCR reaction. This makes this method able
to detect only the terminatdgments. Each terminal restriction fragmefRRs) is separated according to

its size in base pairs and intensity of fluorescdhaeet al., 1997.
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Denaturing Gradient Gel Electrophoresis (DGGE) separatesadpiitfied ribosomal DNA
based on its G&€ortent within a gradient denaturing gel. Due to the use of &l@@p in the PCR
primers, the DNA is not completely denatured. Separation is based on the decreased electrophoretic
mobility of the partially melted doubigtranded DNA molecule. A variant of [BE is called
Temperature Gradient Gel Electrophoresis (TGGE) in which the gradient is based on the temperature
rather a chemicgMuyzer et al., 1998

Length Heterogeneity PCR (1-FACR) is sometimes called Amplicon Length Heterogeneity
(ALH) and is a moleular technique similar to-RFLP, separating amplified community ribosomal DNA
according only to the size. As withRFLP, the relative abundance of PCR amplicons originating from
different genes are determined from the fluorescence emission of labdegrir@rs. However, no

endonuclease enzyme is used in this me{Botuki et al.1998.

Ribosomal Intergenic Spacer Analysis (RISA) is a molecular method in which the space between
small subunit and large subunit ribosomal DNA (16S rBR8S rDNA) is ampfied. This region has a
high degree of sequence and length variability among sp@&estger and Triplett, 1999enabling a more

detailed taxonomic identification and distinguishing between clastffed species.

SingleStranded Conformation PolymorphigSSCP) separates single DNA fragments on the
basis of variations in their secondary structure due to their sequence variation. Fragments of similar length
but different sequence can be separated on @ugsistein et al. 2000Due to the lack of a databe for
SSCP peaks, this technique should be used with other methods such as clone(lpeidgetman et al.,
2005 to compare the unique peaks obtained from the clones with those from the total microbial

community and then to use sequencing of theespwnding clones.

Randomly Amplified Polymorphism DNA (RAPD) uses a single short PCR primer to amplify
random segments of DNA. Thus, no knowledge is required about the DNA sequence of the target
organism(s) unlike other sequertbependent methods such éRRLP or ARDRA that target 16S or 23S
rDNA.

The realtime PCR method can monitor the concentration of PCR products throughout the
amplification cycles using a fluorescent reagent. This reagent binds with the PCR product at the end of
each cycle. The fluasscence intensity emitted during this process shows the PCR product concentration

at each cycle. The cycle at which the fluorescence emission intensity rises above background noise is
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referred to as the threshold cycle. The threshold cycle is determittedlextponential phase of the PCR
reaction and is inversely proportional to the copy number of the target sequence. A standard curve is
constructed with serial dilutions of known concentrations of plasmid DNA or other sources and
determination of the thrasld cycle for each concentration. The copy number of the target sequence of
sample can be quantified by comparing the threshold cycle with the standar{Zthang and Fang,

2006.

2.4.2 PCR-independent molecular techniques

The secongroup of molecular techgues iscategorized as probe hybridization methods. As
shown in Figure 2.4, two methods include Fluorescence In Situ Hybridization (FISH) apidtdmt
membrane hybridizatio(Dabert et al., 2002In these methods, short, fluorescently labelled
oligonudeotide probes generally of known sequences are hybridized to complementary nucleic acid

sequences, usually 16S rRNA.

[ Known sequencf

\4

Probe desig

[Labelled oligonucleotide probl

Sample | DNA extraction|

y A\ 4

A
Cell fixation Cell fixation
j, j}
Hybridizatioﬂ [ Membrane hybridizatiol

A 4 A 4

Image analysii Image analysi]

Figure 2.4. Process of hybridization methods

Fluorescencén situ hybridization is a method in which a cell is made fluorescent by labelling it
with a specific nucleic acid probe. This nucleic probe is tagged to a fluorescent dye. If the targeted cells
(organisms) have known sequences, molecular probes candoe ssedy the microbial populations

present in maimade or natural environments. In FISH, 16S rRNA molecules of a single organism or a
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group of organisms are specifically targeted by labelled oligonucleotide probes. A fluoretadsitgd
oligonucleotice probe is applied to the fixed target cells during hybridization. Epifluorescence

microscopy, confocal laser scanning microscopy (CLSM) or flow cytometry are used to observe the

targeted cellgAmann, 1990 ab The results are usually expressed as topgution of a

mi croorgani smsdé r RNA that is detected by a specif
detected by a universal probe. Oligonucleotide probes are mostly employed for the following three
purposegSpeigelmann et al. 20D5

i. to study the presence/absence of various taxonomic groups in the community
. to quantify the relative abundance of specific taxa
iii. to determine the spatial distribution of species or groups of interest

Through the last decade, significant progress hastnaee in designing probes for FISH.
Available probes can be used to estimate the abundance of all organisms as well as all archaea present in
a digester using a universal probe and archa@alain probe, respectively. These probes are designed to
target thel6S rRNA of virtually all known organisms and archaea. Usually, the abundance of archaea is
expressed relative to total organisms present. Also, the relative abundance of order, family, genus and
species ribosomal RNA can be determittedughcomparinghe resultobtained by growspecific
probesto that obtainedby family- or orderspecific probesCurrently available probes can be used to
determine the relative abundance of some species of acetogens and many archaeal family and many major
genus and geies that are involved in anaerobic sludge digesters. As a consequence, the major trophic
groups in phased reactors and their activity can be studied through using FISH. Also, it is possible to
identify whichgroup of these organisms, specifically on gle@us and species leveldsminant in each
reactor in comparison to the total and fansipecific ribosomal RNA identified using universal probe and

family-specific probe, respectively.

The second category of hybridization methods ishdiot hybridizaton. The principles for
membrane or ddblot hybridization are similar to FISH, except that total nucleic acids from a sample are
initially extracted. Then, the denatured nucleic acids are fixed on a membrane for hybridization with
selected probedRaskin ¢ al., 1994 This method cannot determine the in situ activity of organisms

becauseéhe DNA is extracted from the sample.

The limitations and advantages of the various DNA profiling methods are provide in Table 2.3.

Based on the information provided hig table, TRFLP and DGGE are superior for studying the
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population dynamics in sludge digestion systems due to the good databases that are available. Although
T-RFLP analysis depends on the appropriate selection of the endonuclease enzymes, it cath shew bo
microbial community structure and abundance of each isolate because the intensity of the fluorescent
primers can be measured in this method. However, its dependence on enzyme specificity may preclude
the detection of new species within the microb@hmunity. On the other hand, DGGE can give a better
phylogenetic resolution because the bands can be excised for further analysis by se(Delticingt

al., 2006. The limitation of hybridization methods for investigation of anaerobic sludge digéstioat

few studies have been done on the hydrolytic, acidogenic and acetogenic organisms; as a result, limited
probes are available for studying the microorganisms involved in these steps of sludge digesters. This
may be attributed to the diverse miciadlgroups present in these steps or limited information for probe
design; thus, there are few studies of the organisms present in hydielgientative and acetogenic

steps of the anaerobic reactors usingH-#d hybridization technique€ifne etal., 2007; Hansen et al.,
1999)
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Table 2-3

. Advantages and limitations of the PCRbased molecular biological technique¢gDabert et

al., 2002; Speigelman et al., 2005; Collins et al., 2006

Method

Limitation

Advantage

ARDRA

U optimization in each experiment is
required

U various enzymes produce different
fragments

U0 selection of an appropriate enzyme
necessary

U species diversity cannot be
determined precisely as ARDRA is
enzymedependent

separates rDNAenes according to differences in
both size and sequence

rapid and coseffective

if used on formerly cloned sequences, it is a
screening method to minimize sequencing of clon|
libraries

T-RFLP

U as with ARDRA, selection of an
appropriate enzyme is critica

more precise than ARDRA
automated sequencing for size selection of the
digested amplicons

LH-
PCR

0 since size is the determining factor,
overlapping of the different
amplicons with the same size is mo
probable comparing to other
methods

U abundance of ognisms cannot be
determined due to large fluorescen
fragments produced

simple and rapid

SSCP

U  doublestranded amplified DNA
fragments are needed to be
denatured (singtstrand)

U high rate of reannealing single
strands of DNA leads to more than
one band

U no database for SSCP bands

simple procedure compared to DGGE due to no
need for GGclamp or gradient gels

RAPD

U reproducibility of the banding
pattern is dependent on equipment
reagents employed

U Many amplicons are produced,
especially in complex commuies

U sequencing for further recognition o
available taxonomic groups cannot
be done

rapid, simple and cosdffective
no sequence knowledge is required

DGGE

U optimization for gradient gel and
electrophoresis duration in each
experiment is required

U DNA fragments typically less than
500 bp are analyzed

U less than 500 bp limits the amount
sequence for further identification

U large quantity of DNA should be
extracted from sample for effective
resolution

co-migration of the DNA fragments with the same
size is less of problem; thus, Higher resolution can
be obtained

the bands can easily be transferred to hybridizatiq
membranes or used for sequencing

RISA

0 intergenic spacer (the space betwe
16S rRNA and 23S rRNA) databasg
is not as large as that of 16S

no needdr gradient gels; long electrophoresis tim
or restriction enzymes
automated version is available ARISA
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2.5 Activity test

Microbial activity tests can be used for determining the activity (i.e., kinetics) of key microbial
groups to monitor the differenhpses of the anaerobic digestion process. The experimental methods to
determine the activity of fermentative organisms, propientteing synthrophs, and hydrogenotrophic
and acetoclastic methanogens are similar to biochemical methane potential (BigifPatere often
used to determine the biodegradability of anaerobic sludges.

Two different methods can be considered in sludge activity measurements, depending on the
information required. They include either an overall measurement (or methanogevit) agtiing
information about the whole degradative activity; or greppcific activity measurements of each of the
main groups present in the different stages of digestion. The overall measurement can be used to select an
appropriate inoculum for a slgd digester, while the measurement of the activity of different microbial
groups involved is a valuable tool to monitor reactor performance and to determine-theitiatgstep
of the process because changes in the concentrations of intermediatdg eceintications of changes

in activity of different trophic groupsoto et al., 1993

The measuremeiaf methane production can be employed for monitoring substrates that are
directly converted to methane such as acetate, hydrogen and formate.rés otlgar substrates which
are converted to methane through several steps it is recommended to measureother frthe
substrate itself to avoid the potential interference of methanogens or other groups of orffaaiensen
and Ahring, 1998 Thereare some factors that may impact the results of activity tests, including initial
substrate concentration, the background level of substrtieliomassthe amount ofnoculum inthe
serum bottles and the intensity of shaking where phase transfatiimiof gaseous substrate from the

headspace to the liquid is importg@oates et al., 1996)

The initial substrate concentration and the amount of inoculum are of significant importance in
setting up activity tests. Soto et al. (1993) recommendedhbaiitial substrate concentration should be
higher than the haaturation constant of a particular microbial group in order to avoid the substrate from
being limiting. The concentration of the substrate being tested should be well below the saturation
constant (K) values in control bottles and aboveudlues in test bottles. Therefore, in the case of high
VFA concentrations in an inoculum, dilution is required to lower their concentrations below the K
values. The saturation constatitat have been pertedfor different trophic groups are provided in Table
2.4.
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For a reliable activity testhe methane production should be dependent on the amount of sludge

over a range of sludge concentrations. It has been reported that there exists a lineahiglattwsen

amount of sludge and methane production f2téfing and Bloemen, 1985%50to et al., 1993)

Table 2-4. Half-saturation constants (K) of some microbial groups involved in anaerobic digesters

(Sorensen and Ahring, 1998

Substrate Organism or System Ksvalues
Acetate Methanosarcina sp. 35mM
Mathanosaeta sp. 0.461.2 mM
Thermophilic acetoclastic 0.40.8 mM
methanogens
Propionate Mesophilic sludge 0.040.19 mM
Continuous enrichment culture | 0.288.28 mM
Butyrate Butyrate degraders 0.0650.076 mM
Hydrogen Methanobacterium sp. 0.0120.015 atm
Mesophilic sludge 0.105 atm
Hydrogen Hydrogenotrophic methanogens| 0.00250.013
mM

Activity tests alone@olfing and Bloemen, 1985; Sorensen artdidg, 1993; Soto et al., 1993)

or in combination with FISHangHans en et al . ,

1999 ;) havédbiRaen uded for

studying the activity of acidogenic organisms, butyrated propionateitilizing acetogens, sulphate

reducing bacteria ahhydrogenotrophic and acetoclastic methanogens of anaerobic digeseers. T

and

combined techniquesan be used to understand the impact of phased digestion on the various trophic

groups involved in anaerobic digestion.

2.6 Information gaps

Several studies havedreperformed to investigate kinetics, microbial ecology, modelling and

process optimization of anaerobic digesters. Most of this work has been focused oplsisgle

digesters. In anaerobic digestion processes, as indicated in previous sections, smedrial groups are

involved to convert organic matter to a final product of methane gas. Based on the different

characteristics of microbial groups involved, Ghosh and Pohland (1971) developegl@asgadigestion

process in order to optimize the prockggroviding optimal conditions for the two major groups of

organisms (acidogens and methanogens) to allow them to reach their maximum physiological capacity.

Since then, several studies have been carried out to optimize phased anaerobic digestion process
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However, it was found that literature information regarding phased digestmarce with respect to the
microbial ecology, biological activity and sludge biodegradability (i.e., hydrolysis). Further studies on
these subjects can improve modellinghe phased anaerobic digesters.

A Due to the limitations of traditional cultutssed microbial methods, less work has been
performed to determine the microbial ecology and fate of microorgatiisiis presernn feed sludge

in downstream reactors. In st@water treatment plants, sludge digesters are fed with sludges that are
generated from upstream processes such as organic carbon and nutrient removal systems in which
different aerobic, facultative and anaerobic organisms are present. It is not cldzernese organisms

die or acclimatize to their new environment and contributbddigestion process. Likewise, the fate of
hydrolytic-acidogenic organisms is not obvious after entering the methane phase. This subject can be
investigated usingecentlydeveloped molecular techniqu@e wse of DGGE can reveal the microbial
communities present at each phase and in parallel can give qualitative information on the variations of
microbial consortia within each phase. Identification of microorganisms cachievedising post PCR
methods such as cloning and sequencing to determine genetic sequences of organisms. Then, they can be

identified by comparing their sequees with the GeneBank database (Maidak et al., 1994)

A Anaerobic digestion models are maiblysed on microbialiynediated reactions which are
performed by several groups of organisiise hological activity of key microbial groups may be
influenced in phased digestion due to different conditions (pH, temperature, HRT) provided in each
reactor.A combined use of activity tests with anaerobic models can give information about the kinetics
and functional diversity of the microbial groups which are active in each phase. For modelling of phased
digesters it is important to know which fraction of #&y microbial group is biologically active in each
phase. For instance, assuming that the upstream acidogenic biomass remains totallycdsetasgnor
methanogenic reactaould resultin eitherunder or overprediction ofeither theVFA concentrationin
theeffluent of the second reactd?drke, 2005) orthemethane production (Batstone et al., 1997)
Knowing the biologically active fraction of the key microbial groups can give a better understanding of
the activity of the microbial groups in each pbaleading to improvkemodelling and simulation of

phased anaerobic digesters.

A As stated in the literature review, different operating conditions may lead to the dominance of
subgroups with different kinetic properties. This has been reported abqibpateoxidizing organisms
and methanogensiéyes andHall, 1983; Zinder et al., 1984A Succession of sulgroupscouldresult in

a deviation in simulation resulti$,a single sebf kinetic parameteris employedor modeling of
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anaerobic digeste(Siegrist et al., 2002; Batstone et al., 2PFr instance, Siegrist et al. (2002) found

an inconsistency at the change from medium (8.7 d) to short (3.5 d) HRT between experimental
propionate concentrations and those of simulation results. Besides kinelies, this problem can be
investigated using the molecular techniques which are able to target particular microbial groups. In
addition, the relative abundance of the microbial groups, which is influenced by their kinetic parameters,
can be measured ngj semiquantitative molecular technigues such as FISH andirealPCR.

Comparing the relative abundance of these microbial groups with those obtained from anaerobic models
can reveal whether the anaerobic model is able to predict the abundance gfttiier&bial groups in a

different operational condition.

A There is lack of data whethtite existence of different conditions in each reactor ofphase
digesters influences the sludge biodegradability and hydrolysis hatemperature phased reastaiue

to a different temperature in the second phase or a different pH-jptss®e reactors with similar
temperature, the hydrolysis rate can be different in each pHasémperature effechaybe addressed
using a temperature correction correlationrhodelling of sigle-phase anaerobic digesteBafstone et

al., 2003. However, in twephase anaerobic digesters, the pH effect may also need to be considered for
the hydrolysis process. Moreover, in primary sluflegt phased digesters, due to a difféneature of the
substrate entering the first and the second reactor, a different hydrolysis rate engyldngedbecause

the substrate entering the second reactor mainly consists of microbial biomass.
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Chapter 3
A Comprehensive Comparative Study on Phased and Single-Stage

Anaerobic Digestion

3.1 Introduction

Sewage sludge is commonly treated using the anaerobic digestion process. In general, reduction
of solids and chemical oxygen demand (COD) content, methane production and pathogen reduction are
the major objectives of anaerobic digestion. However, the degradability of the sludge is often a limiting
factor and if increased, would make the digestion process a more cost effective technology. Due to the
accumulation of inert material present in the ravgteaater as well as inert biomass decay products, the
sludge degradability is reduced in the wastewater treatment systems with a long sludge age (Gossett and
Belser, 1982). Even though new technologies such as sonication and microwaving have beernoeported
increase sludge degradability (Eskicioglu et al., 2007b; Kianmehr, 2010), high sludge age systems are
typically used in smalscale wastewater treatment plants where limited options are economically
applicable for degradability improvement (Barr et 2D008). Alternatively, phased anaerobic digestion
systems, which comprise of two or three reactors in series, may be employed to improve degradability

and biogas production (Ge et al., 2011).

Various configurations of anaerobic digestion such as mesopinititestage digestion,
thermophilic singlestage digestion and temperatptegased anaerobic digestion (TPAD) have been
studied. The TPAD process involves digesters operating at thermophilic and mesophilic temperatures in
series. Even though either themindic or mesophilic digesters may be first in the sequence, the most
common configuration has the thermophilic digester ahead of the mesophilic one. Fundamental reactor
theory indicates a better performance of anaerobic digesters in terms of solidstidastvhien the
digesters are operated in series rather than as-sitagle digesters (Pohland and Ghosh, 1971). In phased
digestion systems, two main groups of microorganisms with kinetidéigrent characteristics, namely
acidogens and methanogens allowed to dominate in each phase depending on the hydraulic retention
time (HRT) selected for each phase. The fast growing acidogens dominate in {pleaféstwith a short
HRT and methanogens in the secquiidise with a longer HRT (Pohland and Gho$§i11). Optimization
of hydrolysis and acidogenesis reactions, methane production, sludge degradability and pathogen
reduction are cited as the main advantage for phased digestion systems (Han and Dague, 1997; Oles et al.,
1997). The firspphase digester ithe TPAD system is typically operated with an HRT & 8ays, while
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the second phase digester is operated at HRTs of more than 7 days (Han et al., 1997; Dichtl, 1997, Watts
et al., 2006). Traditionally, digesters are operated €8830C for mesophilic aaditions and 5@&0°C for
thermophilic (Dague et al., 1996). However, higher temperatures have been employed in recent years to
improve the hydrolysis process and sludge degradability (Ge et al., 2010; Watts et al., 2006).

Several researchers have reportegroved VS removal efficiency and operational stability in
phased digestion systems (Ghosh, 1987, Bhattacharya et al., 1996; Han and Dague, 1997; Vandenburgh
and Ellis, 2002; Skiadas et al., 2005; Watts et al., 2006; Nges and Liu, 2009). The majbetyesiearch
has focused on comparisons of phased digestions systems with the mesophilic or thermophilic single
stage digesters. Also, most of the studies have investigated the effect of different temperatures and HRTs
of the 1stphase digester on overaknformance of the digestion system. However, direct parallel
comparisons of the various temperature combinations of phased anaerobic digestion have rarely been
completedGe et al., 2010)

The performance of the anaerobic digestion process is influendée byicrobial community
structure (McMahon et al., 2004). Research has been done and verified the usedaipeadent and
independent techniques for the study of the microbial ecology of gihgiee and hybrid digesters fed
with simple (i.e., glucosegnd complex organic matter (sewage sludge) under various operational
conditions and during stadp (McMahon et al., 2001; Griffin et al., 1998; Sekiguchi et al., 1999; Delbes
et al., 2000; Ueno et al., 2006; Pender et al., 2004; Leung and Topp, 20 eSalis200). The type of
organisms and their relative population levels in digester biomass have been found to depend on substrate
availability and operational conditions. Limited studies have been done to investigate the microbial
community structuref phased anaerobic digesters which will be exposed to differing substrate levels and
operating conditions in each phase. There is little information to indicate whether the species within the
microbial groups differ between the phases. Also, there itelihimformation on the fate of organisms
transferring between phases having different temperatures. This is of importance for process control and
modeling of phased anaerobic digestion systems since interspegipstetiomrmay lead to the

dominance of kigtically-different microorganisms within a functional group in each phase.

Consequently, the objective of this study was to comprehensively compare phased anaerobic
digestion systems of various temperature combinations with siteye anaerobic digesteoperating
with the same feed at similar hydraulic retention times (HRTS). Also, a direct comparison was made

between mesophilimesophilic, thermophilienesophilic, mesophilichermophilic and thermophilic
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thermophilic phased anaerobic digestion systdrhe.microbialstructureof the phasednd singlestage
digestersvasinvestigated using a PCBased denaturing gradient gel electrophoresis (DGGE) technique.

3.2 Methodology

3.2.1 Design of anaerobic digesters

For the purpose of the experiments, 8 bescdie digeters of differing volumes were made using
heatresistance PVC pipe to facilitate operation at selected hydraulic retention times {HR@gtaik of
the digesters dimensions are given in AppendiX\@ waterbaths, each holding four of the digesters at
a target temperatuc# either35 °C or 55°C were also constructed. The temperature of the viatis
was kept constant using two separate heaters that were controlled by temperature controllers. To ensure
that the correct temperature was maintainednibeneters were inserted through the ports on top of the
digesters (two for mesophilic and two for thermophilic) to monitor the temperature inside the digesters.
Two externallymounted variable speed motors were used to mix the contents of the digestgpeed
of approximately 6670 rpm. The generated biogas for each of the digesters was measured by an
individual low flow gas meter that was made at the University of Waterloo. Tedlar® gas sampling bags
were connected between the gas exit ports and theegtass to buffer pressure during sludge feeding and
wasting. The digesters were automatically fed through the feed ports at the top of the digesters, using
timer-controlled pumps. The digested sludge was wasted by gravity through a port located tiese to t
bottom of each digester. A tube was extended from the outlet to the liquid level of each digester and then
the height of the tube was adjusted by trial and error depending on the pressure required to replace water

in the relevant gas meters. An imagealaf digesters and gas meters is presented in Faglire

3.2.2 Start-up and operation of digesters

After design and assembly, the thermophilic and mesophilic digesters were seeded from a
mesophilic anaerobic digester at the Waterloo Wastewater TreatmentW\&mMR). A total of 21 L of
digested sludge was taken to fill two thirds of the digester volumes. The following day, the digesters were
fed with a mix of primary and waste activated sludges (PS + WAS) that was taken from the same
treatment plant. The feeduslge was collected weekly from the Waterloo WWTP and stored in a carboy
that was located inside a fridge with a temperature®df # minimize sludge degradation over the week
(Appendic C: Table &). The temperature of the digesters was then rapidl\stadjuo the target
temperatures (i.e., 3& for mesophilic digesters and %5 for thermophilic digesters). Sludge was not

added to the digesters for a period €& days and the biogas composition and effluent pH were
35



monitored to ensure active methanogevere present in all the digesters. The target volume of feed
sludge was added to the digesters when the percentage of methane in the biogas steadily increased in

concentration.

Once the digesters were operating at their target loadings they werecketinies a day using
timer-controlled pumps. Overall, three peristaltic pumps were used including one pump with four heads
for transferring partially digested sludge from the fphise digesters to the secquithse digesters; one
pump with two heads fdeeding raw sludge to the firphase digesters; and one pump with two heads to
feed the singlstage digesters. The timers were set in a way that the spbasd digesters were fed first
by transferring the partially digested sludge from the-fitssedigesters. Then, raw sludge was fed to
the firstphase and singlstage digesters. Consequently, a direct comparison among the various digestion

systems was made possible by using a similar feed sludge.

The digesters were initially run for 45 days andais found that the mixing was not sufficient as
was indicated by occasional clogging of the outlet and inconsistent results. Therefore, the mixer of each
digester was replaced. Following the replacement, the volatile solids and total chemical oxygen demand
(TCOD) removal of the digesters increased significantly. The digesters were run for another 60 days to
achieve steadgtate conditions while monitoring their performance through analysis of conventional
parametersn this study, the stability of digestewas assessed based on less than 10% and 5% variation,
respectively, in effluent COD concentration and,€bimpositionin 5 consecutive sampling (Bhattachrya
et al., 1996)Following the achievement of steadtate, sampling of the digesters continuadalmost a

year to compare the performance of the various digestion combinations.
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Figure 3.1. Image showing the digesters within the watebaths

3.2.3 Digester Operating Conditions

Four combinations of teperature in phased anaerobic digestion were investigated. A
thermophilic temperature of 88 and a mesophilic temperature of’8were chosen to run the

digesters. The combinations included:
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MesophilicMesophilic (M1M2)

ThermophilicMesophilic (T1M3)

ThermophilieThermophilic (T1T2)

Mesophilic Thermophilic (M1T3)

Six lab-scale completelynixed digesters were employed in total for phased operation. Two

o o o P>

smaller digesters with working volumes of 2.25 L were used as thlfieste digesters, one wagerated

at the mesophilic temperature and the other one at the thermophilic temperature. The partially digested
sludge of the mesophilic firgthase was fed to separate mesophilic and thermophilic sptase

digesters, each having a working volume @& K. This operation resulted in the mesophitiesophilic

and mesophilithermophilic combinations. Accordingly, the partially digested sludge of the thermophilic
first-phase was fed to separate mesophilic and thermophilic spbaise digesters that alsad volumes

of 4.2 L. This operation resulted in the thermophitiesophilic and thermophikthermophilic

combinations.

In addition, two labscale completelynixed digesters with working volumes of 5.3 L were
designed as mesophilic and thermophilic sirgibge digesters. These singtage digesters were
considered as control digesters because ssiglge operation is the most common anaerobic sludge
digestion process in wastewater treatment plants. Thepfieste, seconphase and singlstage digester
were operated at HRTs of 3, 14 and 17 days by controlling the feed and waste flows. Rigure 3

schematically shows the various combinations of the digesters studied.
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Figure 3.2. Schematic diagrams showig the codes and configurations of the phased and single

stage digesters

3.2.4 Sampling plan

3.2.4.1 Sampling frequency

The sampling frequencies tifeanalytical parametemvithin the starup and steadgtate periods
are summarized in Table13 The digesters were opged for more than 3 HRTs before steathyte data
collection began. Then, the digesters were operated for almost a year to collect sufficient data. To
minimize the influence of the feed sludge on the first phase digester effluent samples they weed collect

just before the pumps started feeding.
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3.2.4.2 Analytical methods

As shown in Table3, conventional parameters were analyzed for the feed and digested sludges
to monitor the performance of the digesters in terms of solids reduction, carbonaceous and @oageinac
organic matter degradation and biogas production. The complete analyses were important from two
viewpoints: 1) to compare the performance of the various digesters; and 2) to establish thetsteady
and stability conditions of the digesters as ispotthe associated batch experiments. The procedures
employed to analyze the parameters listed in Taldl@Be subsequently explained.

Table 3-1. Summary of conventional parameters analyzed for benchcaledigesters

Feed Startup Steadystate
Parameters Sludge 1 2" Single 1% 2" Single
phase | phase stage phase | phase stage
Total Solids (TS) Once per week
Volatile Solids (VS)
Total Suspended Solids NA
(TSS) NA NA NA
Volatile Suspeded Solids
(VSS) NA NA NA NA
Total Chemical Oxygen
Demand (TCOD) Once per week Once per week
Soluble Chemical Oxygen P
Demand (SCOD)
AmmoniumNitrogen (NH3) | NA NA NA NA
Total Kjeldahl Nitrogen
(TTKN) NA NA NA NA
Soluble Kjeldahl Nitrogen
(STKN) NA NA NA NA
Volatile Fatty Acids (VFAS)| NA NA NA NA Siximes within the [ast 3
Total Alkalinity Once per week Once per week
pH Twice per week
Temperature Daily Daily
Methane/Carbon Dioxide Twice per week Once/Twice per week
(CH/CO)
Biogas Daily Daily
* Not Available;
A) Solids

The measurement of solids in this research followed procedures from Standard Methods 2540 B,
D, and E for total, total suspended, and volatile solids, respectively (APHA, 1992). Sewage sludge
contains both inorganic (TS) and orgamatter (VS) and each fraction can further be divided into soluble

and particulate matter (TSS/VSS). A combustion step was used to measure the organic and inorganic
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fractions and a glass fibre filter (typically with a pore size of 1.5 pm) was used tanaéas particulate
and soluble fractions.

The TS/VS concentrations of the sludge were measured by transferring a known volume of a
well-mixed sample into a weighed aluminum dish. The dish containing the sample was placed in an oven
at ~ 105°C overnight 6 evaporate the water content. The weight difference between the empty dish and
the dish with sample represented the total solids. For VS measurement, the dried residue was then placed
in a furnace at ~ 558 for about an hour to combust the organic foactAfter cooling the dish was
cooled and weighed to measure the VS.

For measurement of TSS and VSS, the samples were first filtered through a Whatman glass fibre
filter (pore size 1.5 pum) and placed in a weighed aluminum dish. Then, a similar procaesuwses as

mentionedabove.
B) Chemical Oxygen Demand

COD provides a measure of the carbonaceous material of sludge. The performance of digesters in
terms of the degradation of organic matter due to microbiadgiated reactions can be assessed from
COD dhta. The total COD can be divided into various fractions. If a sample was filtered through a
Whatman glass fibre filter of 1.5 um pore size and the filtrate was analyzed for COD, the fraction is
called soluble COD (SCOD). However, since a pore size gfiih.% not small enough to remove
colloidal matter, an improved measure of the truly soluble COD can be determined by filtering a sample
through a filter of 0.45 um after addition of a coagulant (Mamais et al., 1993). This fraction is referred to
as the fleculated filtered COD (ffCOD) throughout this document.

COD fractionations can further be extended into biodegradable ariodegradable fractions.
Under anaerobic conditions, the biodegradable fraction of COD can be determined by performing a long

termbatch test, called biochemical methane potential (BMP).

The COD analysis in this research was performed according to a method modified from Standard
Method 5220 D, Closed reflux, colorimetric method (APHA, 1992) with potassium dichromate and
concentratedulfuric acid as the oxidants. For determination of TCOD, a known volume of the sample
was transferred by a pipette with a modified tip to a beaker, homogenized and diluted. The homogenized
sample was put in COD vials for digestion in a heating blockaRiagg SCOD and ffCOD, samples
were centrifuged and then initially filtered via a Whatman glass fibre filter (1.5 pum pore size). A portion

of the filtrate was then diluted and used for SCOD measurement. The ffCOD was determined by passing
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the filtratethreagh a f il ter with a pore size of 0.45 em af
addition of 0.4 ml of a 0.15 M AISO4}. 6H20 solutiontoa 15Imf i | t er ed (1. 5 &m) s amg

C) TKN and Ammoniumnitrogen

During anaerobic digestion, the organic frastof the nitrogercontaining material is degraded
and nitrogen is released in the form of ammonium and/or ammonia depending on the pH of the
environment. A typical technique for measuring the sum of organic and ammonia nitrogen is TKN in

which amino nitrgen (i.e., organic fraction) of sludge is converted to ammonium.

As described for COD, TKN can also be divided into total and soluble fractions. For measuring
the soluble TKN, the samples were passed through a filter of 1.5 um pore size. After tranferiing
the filtrate of each sample to the TKN tubes, 0.5 mL of digestion solution was added and the tubes were
digested for 2.5 hr at 18C and then 3.5 hr at 38C. For total TKN, the samples were homogenized and
1 mL of each sample was added to thiees and digested as mentioned earlier. The digested samples of
both soluble and total TKN were diluted and analyzed using a BRAN LUEBBE ammonia analyzer. The
digestion method used in this research was developed at the Environment Canada Wastewater
Technobgy Center (Burlington, Canada) and modified in the lab. The TKN digestion solution was
prepared by dissolving 40 gram o0, and 2 mL of selenium oxychloride (97%) in 250 mL of
concentrated sulfuric acid. The volume was brought to 500 mL witbrdeedwater. Ammonium reacts

with phenate to produce a blue compound, allowing an automatic colorimetric analysis at 660 nm.
D) Volatile Fatty Acids (VFAS)

Short chain fatty acids were determined using a Dionex liquid chromatography (LC) instrument.
The methodvas optimized in the lab to measure acetic, propionic, butysialeric and isevaleric acids.
The IC was equipped with an autosampler, an advanced gradient pump, a short sample loop 25 yL and an
Acclaim OA column (5 um 120 4.0x250 mm). To protect ttanalytical column, a guard column
(OnGuard Il, Dionex) was installed. The detection system consistedaniable wavelength UV

detector.

A gradient procedure was employed using acetonitrile (ACN) (purity, 99.9%) and methanesulfonic acid
(MSA) (2.5 mM) aseluents. The pH of the 2.5 mM MSA was adjusted to ~2.7%&€i# NaOH, if
required. The eluents were degassed with helium before use. The flow rate was set at 0.45 mL/min. The

gradient was as follows:

1-  0-12 min: 100% MSA
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2-  12- 20 min: 82% MSA and 18%CN
3- 2040 min: 82% MSA and 18% ACN
4- 40 min: 100% MSA

5-  40-60 min: 100% MSA

Acetic and propionic acids are highly water soluble, thus, no ACN was used for the first 12 min

to minimize the appearance of disturbing peaks.

Samples were centrifuged andspad through a 0.45 um syringe filter. Their pH was adjusted to ~ 2.75
by adding MSA. Samples were put in the Dionex vials and mounted on the autosampler. The
concentrations of VFAs were calculated based on a calibration performed with a 10 mM VFA mix
stardard solution (Sigma&ldrich Canada Ltd, Oakville, ON).

E) pH

The pH is usually measured in anaerobic sludge digesters as a measure of process stability. A 25
mL sample was used to measure pH values using a pH meter (Orion model 710A, with Ag/AgCl as
reference electrode). Calibration with standard pH solutions was conducted before analysis of the

samples. The pH values were determined immediately after sample collection.
F) Biogas volume and composition

The flow of biogas produced in each digester was dewbpnline using eight individual low flow gas
meters (Figure-3). The biogas produced in anaerobic digestion is mainly composed,adiCQ.
Hence, the biogas was analyzed for,@Hd CQ by a gas chromatograph. A 1 mL volume was taken

from the headsace of digesters and analyzed by a SRI 310C gas chromatograph (GC) equipped with a

t her mal conductivity detector (TCD) and a 6611/ 80

of the injector and column were 30°C.
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Figure 3.3. Image of a lowflow gas meter used in this research

3.2.4.3 Molecular biology analysis

Molecular techniques were employed to assist with understanding the microbial ecology of the
anaerobic digestion processes. Accordingly, denaturiadjent gel electrophoresis (DGGE) as a PCR
dependent fingerprinting technique was employed for analysis of the bacterial and archaeal communities
in the phased and singitage digesters to investigate the impact of phase separation on the microbial

popubtions.

3.2.4.3.1DNA extraction

Samples taken from the various digesters were kef04€ until further analysis. DNA was
extracted from the digested samples using a FastDNA Spin kit for soil (MP Biomedicals, OH,TUSA)
DNA extractionfrom 0.5 g of sludge sapte was dondollowing theinstructiors provided by the
manufacturerThe final DNA sample was elutedin0 0 BHS (DNAse/PyrogeRree Water)The
extracted DNA that contains the genomic DNA of the microorganisms of the sludge samples was kept at
20°C until PCR.After DNA extraction, thejuality of theDNA was assessath a 1%agarose gehat
was stained with ethidium bromide and imaged and quantified against a DNA laddanwith

Alphalmager® HP Imaging System.

3.2.4.3.2PCR of bacterial 16S rRNA genes for @éuring gradient gel electrophoresis (DGGE)

Polymerase chain reaction is a technique that is employed to amplify the number of copies of a
specific region of DNA. The 16S rRNgenes of the extracted DNA from the sludge samples were
amplified using PCR witltwo different primer sets. One primer set, 338f and 518r, amplified a product of
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236 bp in length (Muyzer et al., 1993). The 338f primer complements a DNA region conserved among
members of the domain Bacteria while the reverse primer, 518r, is baseshioeraally conserved DNA
region. The PCR mixture used for amplification of the bacterial sequences contained 1.5 pL bovine serum
albumin (BSA) (10 pg/mL), 2.5 pL Thermopol buffer (10X), 0.05 pL deoxyribonucleotide triphosphate
(dNTPs 100 uM), 0.05 pL foward primer 3414GC (100 puM), 0.05 reverse primer 518r (100 uM) and

0.25 uLTagDNA polymerase. A volume of 1 pL of sludge sample DNALO hg DNA)was added to

the PCR mixture and the final volume was brought to 25%vjih sterile waterTogether with te DNA

samples extracted from sludge samples,RNA of Sinorhizobium melilot{in a separate tub&jas used

as a positive control in PCR amplification. PCR amplification was carried out on a thermal cycler with the
following protocol: initial denaturatioat 95°C for 5 min, 30 cycles of denaturation at’@sfor 1 min,
annealing at 58C for 1 min, and extension at 2 for 1 min. Final extension at 7€ for 7 min.

Amplification of the correct length target sequence of the DNAagassselly electrophcesis as

explained in Sectiof.3.6.1

3.2.4.3.3PCR of archaeal 16S rRNA genes for denaturing gradient gel electrophoresis (DGGE)

Archaeal 16S rRNA sequences were amplified by nested PCR. Initially a primer set consisting of
109f as forward and 958r as reverse grisnwere employefibr a first amplification(Delong, 1992;
Grobkopf et al., 1998). The PCR mixture used for amplification contained 1.5 pL of bovine serum
albumin (BSA) (10 pug/mL), 2.5 pL Thermopol buffer (10X), 0.2 puL deoxyribonucleotide triphosphate
(dNTPs 100 uM), 0.125 pL forward primer 109f (100 uM), 0.125 reverse primer 958r (100 uM) and
0.125 uLTaqDNA polymerase. A volume of 1 uL of sludge sample DNALO ng)was added to the
PCR mixture and the final volume was brought to 25nith sterile waer. Along with DNA of the
sludge sampleshe& DNA of Methanosacrcina barkeras used as a positive control in PCR
amplification. The PCR program for the first amplification was as follows: initial denaturatior’@t 95
for 5 min, 35 cycles of denaturatiam 94°C for 1 min, annealing at A& for 1 min, and extension at 72

°C for 1 min. The final extension was conducted at@2or 7 min.

For the second amplification, the PCR mixture contained 1.5 pL bovine serum albumin (BSA)
(20 pg/mL), 2.5 uL Thermoddouffer (10X), 0.2 uL deoxyribonucleotide triphosphate (ANTE uM),
0.125 pL (SA1¥GC + SA2fGC) as forward primer (100 uM), 0.125 PARCH 519r as reverse primer (100
UM) and 0.125 plLTaqDNA polymeras€Ovreas et al., 1997; Nicol et al., 2008)volume of 1 pL of
the PCR product obtained in the first round was used as a template and added to the PCR mixture. The
final volume of the mixture was brought to 25 pL by adding 19.4 pL of sterile water. The PCR program
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for the second round was as follows: imitlenaturation at 9% for 5 min, 35 cycles of denaturation at
94.°C for 1 min, annealing at 53% for 1 min, and extension at 2 for 1 minand a finalextension at
72°C for 7 min. The presence of PCR products for each roun@ssesseby running products reaction
aliquots on a 1% agarose gel

3.2.4.3.4Denaturing gradient gel electrophoresis (DGGE)

DGGE is agetbased techniqyevhich can be used to separate and identify dominant members of
the microbial community based &CRamplified DNAsequence DGGE was performed using a
DGGEK-2001110 system (C.B.S. Scientific Inc., California, US#cording to a previously published
protocol (Greenetal. 2010) A - vol ume of 5 ¢l of PCR product was
DGGE polyacrylamide gel in 1XAE. The polyacrylamide gels had a denaturing gradient -0f03@
(where 100% denaturant gradient contains 21 g of urea and 20 mL of formamide in a final volume of 50
mL) for bacterial and archaeal PCR products. The gels were polymerized by adding 1%ammon
persulfate (APS) and 0.1% TEMED. The electrophoresis was run at 60°C for 14 h at 85 V. After
electrophoresis, the gels were stained for 45 min with SYBR® Green | nucleic acid gel stain (Invitrogen,
Ontario, Canada) and rinsed in water. The gels wenersx using a Typhoon® 9400 Variable Mode
Imager system (GE Healthcare Lifesciences, Quebec, Caiadals were cut from the gel and were
sequenced by Beckman Coulter Genomics (ABI PRISM 3730xl). DGGE band sequences were manually
edited to correct base saialls, and primer sequenagsre removed prior to analysiBhe Band
sequences were manually edited for quality and compared to the ribosomal database project to assess

sequence similarity to known reference organiévaidak et &, 2001)
3.3 Results and Discussion

3.3.1 Feed characterization

The raw sludge was regularly analyzed within each week to observe sludge degradation over the
week. Table A.1 (Appendix A) shows the concentrations of TCOD and SCOD and the percentage change
of these parameters within one Westorage. Overall the concentration of raw sludge TCOD reduced, on
average, 5% while that of SCOD increased about 10% on average. It was observed that the storage
influenced solubilisation more than COD reduction. Thus, overall, it was inferred thateetestorage

did not result in severe degradation of raw sludge.

The results of the analysis on the feed sludge (a mixture of primary and waste activated sludges)

are shown in Table 3.2. The Waterloo WWTP employthakening of primary and secondary shed
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and hence the sludge employed in this study reflected the overall sludge generation practices at the plant.
The raw sludge samples that were obtained over the period of a year showed fluctuations in
characteristics as evidenced by the relatively latgedard deviations. This is typical for raw sludge as

the influent wastewater characteristics change seasonally. Primary sludge (PS) has higher solids contents
than that of waste activated sludge (WAS) that typically rangis &nd 0.81.2%, respectivgl (Metcalf

and Eddy, 2003). The feed sludge solids presented in Bablgere considered to be typical of mixed

sludges. The fraction of soluble COD out of TCOD (SCOD/TCOD) was somewhat high. This was likely
due to the storage of raw sludge that resutiesbme solubilisation over the week. The fractions of
TKN/TCOD as well as TKN/VS were within typical ranges. TKN was comprised of a 16.6% soluble

fraction of which 34% was ammoniunitrogen.

Table 3-2. Feedsludge characteristicg*

Parameter Unit Mixed sludge”
pH - 6.36 + 0.90
TS g/L 34.11+ 6.9
VS g/L 27.20+5.0
VSI/TS - 0.79
TCOD g/L 47.5 + 6.50
SCOD g/L 5.14 + 2.22
SCOD/TCOD - 0.10
TCOD/VS - 1.74
TKN g/L 1.99+0.16
Soluble TKN g/L 0.33 +0.09
Ammonia g/L 0.11 + 0.06
TKN/VS - 0.07
STKN/TKN - 16.6
Ammonia/TKN - 0.05
Alkalinity g/L as CaC@ 1.1+ 0.3

"Based orapproximately 4&amples;
” Average + deviation

3.3.2 COD mass balance over the various digesters

The infuent COD to a digester is partly converted to methane gas and the rest remains in effluent.
The mass balance for the digesters was calculated based on the average values of the influent CODin,
effluent CODout and average methane production from eacheligése methane was expressed as

COD equivalence (CO&.,) at standard temperature and pressuf€(@nd 1 atm). Good mass balance

47



closure indicates good agreement between these measurements. Equation 3.1 was used to check for lack
of mass balance closuf@r the digesters.

VDN NPOQ OO 660 600 —— (3.1

The deviations in mass balance for the mesophilic sisigige digester (C1), mesophilic-1st
phase digester (M1), mesophiticesophic (M1M2) digestion system and thermophitizesophilic
(T1M3) digestion system were, respective)48, 3.16, 5.45 and 4.04% and for the thermophilic single
stage digester (C2), thermophilic Jstase digester (T1), thermophiticermophilic (T1T2) digstion
system and mesophitibermophilic (M1T3) digestion system was, respectivéhys0, 4.79, 0.93 and
2.27%. The positive values of mass balance results were likely due to a lack of precision in the methane
gas measurement. Use of more precise gagsmaieh as bubble counter gas meters equipped with a
laser detector may help to reduce methane measurement errors. In addition, gas leaks from the digesters
may have added to the error. Determination of TCOD of samples also contributed to the inaccuracy in
mass balance as the preparation of a completely homogenized sample is difficult for sludge samples. In
general, achievement of less than 10% error in lack of mass balance on the various digesters was

acceptable and allowed reliable comparisons of thestige

The deviations in mass balance for the mesophilic sisiglge digester (C1), mesophilic-1st
phase digester (M1), mesophiticesophilic (M1M2) digestion system and thermophitiesophilic
(T1M3) digestion system were, respectivel).48, 3.16, 5.4%and 4.04% and for the thermophilic single
stage digester (C2), thermophilic 4dtase digester (T1), thermophitizermophilic (T1T2) digestion
system and mesophitilermophilic (M1T3) digestion system was, respectivéhys0, 4.79, 0.93 and
2.27%. Thepositive values of mass balance results were likely due to a lack of precision in the methane
gas measurement. Use of more precise gas meters such as bubble counter gas meters equipped with a
laser detector may help to reduce methane measurement eramdition, gas leaks from the digesters
may have added to the error. Determination of TCOD of samples also contributed to the inaccuracy in
mass balance as the preparation of a completely homogenized sample is difficult for sludge samples. In
general, acl@vement of less than 10% error in lack of mass balance on the various digesters was

acceptable and allowed reliable comparisons of the digesters.
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3.3.3 Alkalinity and pH

One of the most important factors for efficient operation of an anaerobic digester is pH. In
anaerobic digestion pH is controlled by the different-&eide equilibria including carbonic, phosphoric,
sulphuric, volatile fatty acids and ammonia (Pohland, 1969). At typical operational pH of digestgrs (6
the main chemical system controlling pithe carbon dioxidbicarbonate system (McCarty, 1964).

Besides pH, alkalinity should also be taken into consideration as a process control parameter. It is well
known that the alkalinity in an anaerobic process can be influenced by degradation ofnoitroge
compounds, reduction of sulphate, release of phosphate and generation of volatile fatty acids (Capri and
Marais, 1975). Accordingly, pH and alkalinity of the various digestion systems were monitored in the

course of the study to ensure the microbiatigdiated processes were not influenced severely.

The results of pH measurement for the mesophilic and thermophilic digesters are presented in
Figure 3.4. The pH ranged between 7.5 and 8 in the mesophilic digesters of which M1digester showed the
lowest valie (7.55). Compared to the mesophilic digesters, the pH values were slightly higher in the
thermophilic digesters. Higher pH values were consistent with the greater alkalinity and ammonium
nitrogen release obtained for the thermophilic digesters compatkedge of the mesophilic ones. In
addition to NH-N, the higher pH values of the thermophilic digesters were likely due to the operation of
these digesters at the elevated temperature. Overall, it was concluded that pH did not cause inhibition of
the micobial activities in general and methanogenic activities in particular as the pH values were within

the pH optima cited for acetogens and methanogens (Williams and Crawford, 1985).

The alkalinity values (Figure 3.5) were consistent with the pH measuremdgytier production of
NH4N due to the degradation of nitrogeantaining matter caused the pH and alkalinity values to be
greater in the M1M2 and T1M3 digestion systems than that of the C1 digesters. On the other hand, higher
production of fatty acids ithe M1 digester resulted in both lower pH and alkalinity compared to the
values measured for the C1 digester and M1M2 and T1M3 systems (Figure 3.6). Comparison of alkalinity
in the thermophilic digesters demonstrated that the T1T2 and M1T3 digestionsistetigher
alkalinity than that of the C2 digester. Overall the T1T2 system showed maximum alkalinity that agreed
with the results obtained for the ammonimitrogen release, while the lowest alkalinity was observed in
the T1 digester that is most likalglated to the higher VFA production (Figure 3.7) compared to the C2
digester and T1T2 and M1T3 digestion systems.
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3.3.4 Solubilization of particulate fraction of sludge

The anaerobic digestion process comprises of hydrolysis, acidogenesis, acetogenesis and
methanogenesis. Hydrolysis of biodegradable particulates in sludge is a slow process and is typically
considered as the rate limiting step (i@ and Ferguson, 1981; Gavala et al., 2003). The rate of
solubilisation is a function of pH, temperature, microbial biomass, digester configuration, particle size
and concentration of degradable particulates (Gavala et al., 2003).

As these parameters fgplly differ in phased anaerobic digestion systems, organic particulates
removal and solubilisation rates were determined to evaluate the influence of phase separation and
temperature on them. The PCOD removal efficiencies of the phased digestion systeragaluated and
compared to determine the effect of various temperature configurations on these parameters. The
performance of the various digestion systems was compared in terms of PCOD removal to those of the
singlestage digesters. Then, solubilisatirate constants were calculated and compared to further
evaluate the effect of temperature and operating conditions on the kinetics of hydrolysis in the digesters.
In this section, only PCOD removals are presented and for comparison the VSS remaéeatiefiare

given in Appendix A.

3.3.4.1 PCOD removal in digesters

The average values and associated standard deviations (SD) of the PCOD removals in the
mesophilic phased digestion systems and the mesophilic-sitagle digester are presented in Figure 3.8.
Theremoval efficiencies for PCOD in the M1M2 and T1M3 systems were 2.4 and 5.3 percentage points
greater than that of the C1 digester respectively
confirmed this difference (Table 3.3). The results showiththe M1M2 system, phase separation was
effective in achieving higher PCOD removal. This confirms that improved environments may be provided
for hydrolytic microorganisms in each phase through phase separation. The applicationpifesé. st
with an ele@ated temperature followed by a mesophilic digester (T1M3) further enhanced PCOD removal.
These results were consistent with the previous studies that showed a better performance of mesophilic
mesophilic and thermophilimesophilic systems in VSS destractias compared to a mesophilic sirgle
stage digester (Zahller et al., 2007; Watts et al., 2006; Coelho et al., 2011).
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Figure 3.8. Particulate COD Removal in Digestion Systems (AVERAGE + SD)

With regards to the thermophilic digesters, the PCOD removal results indicated 2.5% higher
PCOD removal in the T1T2 system as compared to the C2 digester, while the removal efficiency of the
M1T3 system was comparable to that of the C2 digester. These resultgeddhat operation of the
phased digestion systems at similar temperature§%86) improved the removal of particulate matter,

while the operation of digesters at mesopttitiermophilic temperatures did not appear to offer any
additional benefits.

Table 3-3. Statistical analysis for comparison of PCOD remova{ ANOVA Tukey test, U=
System |[C1| M1 |MIM2 | TIM3 |C2 |T1 | M1T3 | T1T2
C1l XX | XX XX | XX | XX | XX XX
M1 XX XX | XX | XX | XX XX
M1M2 XX | XX | XX | XX XX
T1M3 X | XX X XX
C2 XX X XX
T1 XX XX
M1T3 XX

*XX significant; X not significant
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3.3.4.2 Phased digestion systems

An objective of this study was to comprehensively compare the performance of the various
configurations of phased digestion systeinghis section, removal of PCOD in the various digestion

systems were compared to determine if any of the configurations was more effective.

A comparison of the PCOD removal efficiencies in the phased digestion systems showed that the
T1T2 system had thmaximum removal of 58.2% (Figure 3.8). The results of an ANOVA Tukey test for
statistical analysis of the PCOD removal efficiencies are presented in3labkased on PCOD
removals, the TIM3, T1T2 and M1T3 systems were significantly different from thé2\éystem. The
relative improvements for the TIM3, T1T2 and M1T3 digestion systems ranged between 6.5%, 11.3%
and 5.3%, respectively. This demonstrated that the elevated temperatuf€of&s effective in
improving the PCOD removal in the digestion syss$ that included at least one thermophilic digester.
The effect of temperature could be directly observed when comparing the PCOD removal results in the
M1 and T1 digesters. Removal of PCOD in the T1 digester was, on average, 5% higher than that of the

M1 digester. The enhanced PCOD removal was confirmed by statistical analysis (3.3).

3.3.4.3 Solubilisation rates

The mass flow of PCOD in the influent and effluent of the digester was used to calculate the
specific hydrolysis rate (K) in the digesters (Equatid2).3As the determination of the active biomass is
difficult, the removed mass of PCORasnormalized by the mass of VS within the digester (Schmit and
Ellis, 2001; Coelho et al., 2011).

0 (3.2)

The specific solubilisation rate constants for the various phased andsteggedigesters are
presented in Table 3.4. This was conducted to assess the effect of differing conditions (temperature and
organicloading) on hydrolysis kinetics. As already mentioned (Gavala et al., 2003), the hydrolysis
kinetics would be influenced by the conditions of the digesters (temperature, pH and concentration of
particulate matter), comparisons were made among the digjegerated at similar conditions.

Subsequently, the impact of temperature on the hydrolysis kinetics was compared.
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Table 3-4. Solubilisation rate constants for the various anaerobic sludge digestefstandard
deviations in brackets)

System| Solubilisation rate constant
(gPCOD/gVS.d)
Mesophilic
C1 0.064 (0.009)
M1 0.134 (0.018)
M2 0.045 (0.010)
M3 0.039 (0.008)
Thermophilic

C2 0.090 (0.015)
T1 0.184 (0.022)
T2 0.042 (0.008)
T3 0.057 (0.018)

3.3.4.4 Comparison of solubilisation rates

The solubilisation rate constants calculated in this research were comparable with the values
reported by previous researchers (Schmit and Ellis, 2003; Coelho et al., 2011). A comparison of the
solubilisation rate constamin the 2nestage of the phased digestion systems with the corresponding 1st
phase digesters at a similar temperature (M1 vs. M2 and M3; T1 vs. T2 and T3) showed that the
solubilisation rates were lower in the 2pkase digesters. At mesophilic tempereguihe value for K in
the M1 digester was 3 and 3.4 times higher than those of the M2 and M3 digesters. A similar observation
was made for the thermophilic digesters, with higher K value in the T1 digester as compared to those
values calculated for the Téhd T3 digesters. The K value of the T1 digester was 4.3 and 3.2 times

greater than those of the T2 and T3 digesters.

These results indicate that both M1 and T1 had greater hydrolysis rates compared to the rates
calculated for the 2rghase digesters dtd same temperature. It was possible that disruption and
disintegration of biomass originated from the WAS of the raw sludge resulted in release of some

hydrolytic enzymes in the firatigester, resulting in improved solubilisation rates in these digesters

Also, underestimation of hydrolysis rates would be expected using Equatidie8a2is&/S
includes both the soluble and particulate organic matbasequenthjt would be expecedthat this
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equationwould underestimate the solubilisation rates irsthdigesters. This change would likely have
minimal effect on the control and second stage digesters as there would be minimal accumulation of
soluble organics. However, in the first stage digester this accumulation might be significant. Hence, it
would ke more appropriate to use VSS as an indicator of biomass in Equation 3.2.

3.3.4.5 Temperature effect on solubilisation rate

The effect of temperature was evaluated through a comparison of the hydrolysis rates in the
various digesters. A comparison of the soluhbtiisn rates of the 1gihase digesters showed that the
specific solubilisation rate constant (K) of the T1 digester was higher (1.37 times) than the value
calculated for the M1 digester. A similar effect of temperature was observed in thessaggealigsters.
The K value for the C2 digester was 1.4 times greater compared to that of the C1 digester. This
observation agreed with the results reported elsewhere (Coelho et al., 2011). As the operating conditions
(except temperature) of the digesters compuaiittdeach other (i.e., T1 vs. M1 and C2 vs. C1) were
similar, it can be inferred that because of the higher temperature, thermophilic sludge had greater intrinsic
reaction rates compared to the mesophilic one. In addition, it can be observed that irsphdvigation
rate in the T1 digester lead to the production of the higher volatile fatty acids (Figures 3.6 and 3.7) and

methane compared to that of the M1 digester (discussed later).

Based on thepecificsolubilisation rates, it can be inferred thattbphase separation and
temperature improved solubilisation in the phased digestion systems, although the temperature was more
effective. Therefore, operation of the-jp$tase digester at a thermophilic temperature 8£5&as much
more effective in impraing the solubilisation rate of a mixed sludge compared to application of the
mesophilic temperature of 38. Either of the T1T2 or T1M3 configurationsuldbe employed to
increase solubilisation rate. However, the operation of thepBade (T2) at a énmophilic temperature
did not appear to offer a significant increase of the solubilisation rate over the mesophgita2ed
(M3). This was observed by comparison of the specific solubilisation rates that were only 5.5% in the T2
digester compared to tihd3 digester. As explained earlier, even though solubilisation is of significant
importance in sludge digestion the selection of the best configuration should not be based solely on the
solubilisation rate. The operation costs of running two digestengm@ophilic temperature as well as the

effluent quality should be taken into account.
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3.3.4.6 Degradation of nitrogen-bearing material

During solubilisation of particulate compounds, organic nitrogen is hydrolyzed to form polypeptides
and amino acids which arefirn fermented to VFA and ammoniumitrogen (Pavlostathis and Giraldo
Gomez, 1991). The products of hydrolysis and fermentation of nitdogarng organics can be assessed
by measuring changes in soluble TKN that comprises biodegradable organic nirogesmium
nitrogen and inert soluble nitrogen. Even though hydrolgdigtter described by measurement of soluble
TKN, measurement of NJN may also be indicative of solubilisation of nitrogegaring organics
because the fermentation process typicalocpeds at a higher rate than the hydrolysis process (Vavalin
et al., 2008). Therefore, soluble TKN (sTKN) and N¥were measured in the various digestion systems
to provide additional information on the solubilisation of nitropearing organics. Measument of
these parameters helped to determine the effect of phase separation and temperature on the hydrolysis and
fermentation of nitrogeontaining material. The results of total TKN (TTKN), sTKN and,N\Hfor the

various digesters are presented in T&e

The solubilisation of nitrogebearing matter was investigated by measuring soluble TKN in the
mesophilic digesters of C1, M1M2 and T1M3 (Table 3.5). Figure 3.9 shows the relative increase (ratio) of
soluble TKN in the mesophilic digesters due taibdisation of proteircontaining matter of the feed
sludge. Soluble TKN concentrations increased in all the digesters in comparison to the STKN
concentration in the feed sludge, indicating the hydrolysis of nittbganing matter in the digesters. This
increase was greatest in the T1M3 digestion system that showed a 3.3 fold increase compared to the
sTKN of the feed sludge.

A comparison of the extent of protetontaining matter solubilisation in the M1M2 and T1M3
digestion systems with that of the C1efiter demonstrated that soluble TKN in the phased digestion
systems (both M1M2 and T1M3) were higher by 10% and 28% compared to the C1 digester. A similar
pattern was found for the NHN release in the mesophilic digesters. Both M1M2 and T1M3 digestion
sydems improved ammonium release by 9% and 44% as compared to the average value obtained for the
C1 digester. These results were analyzed statistically to determine whether the differences were
significant. The statistical analysis confirmed these improve&r(@mable 3.6 and 3.7). Based on these
results it appeared that both solubilisation of nitregearing and ammonium release were influenced by
phase separation at the mesophilic digestion systems; however, as with the solubilisation of organic
matterthatwas presented ithe previous section, this enhancement was much greater whepladst

digester (T1) with an elevated temperature ofG5%vas included in the digestion system.
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Figure 3.9. Increaseof sTKN concentration in digesters relative to the STKN of the feed sludge

Table 3-5. Nitrogen fractions in the various digesters

Digester Total TKN Soluble TKN | AmmoniumNitrogen
(mg/L) (mg/L) (mg/L)
Feed
| 1988+162 | 335+95 | 110461
Mesophilic digesters
Mesophilic Singlestage 1816 + 200 850 + 66 593 + 61
Mesophilic £-phase 1723 + 248 597+ 88 394+ 46
MesophilicMesophilic 1831 + 226 934+ 58 647+ 34
ThermophilicMesophilic 1851 + 164 1090+ 88 856+ 36
Thermophilic digesters

Thermophilic Singlestage 1820 + 195 1031+ 86 848+ 27
Thermophilic 2-phase 1747 + 243 765+ 68 511+ 53
Mesophilic Thermophilic 1858 £ 199 | 1168+ 110 881+ 34
ThermophilicThermophilic| 1865 + 177 1231+ 82 923+ 47
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Table 3-6. Statistical analysis of comparison of STKN solubilisation within various digesters

( ANOVA Tukey test, U=0.05 ) *

System |C1| M1 |MIM2 |TIM3 |C2 |T1 | M1T3 | T1T2
C1l XX | XX XX XX | XX | XX XX
M1 XX XX XX | XX | XX XX
M1M2 XX XX | XX | XX XX
T1iM3 X [ XX | X XX
Cc2 XX | XX XX
T1 XX XX
M1T3 X

*XX significant; X not significant

Table 3-7. Statistical analysis for comparison of NH4N release withinvarious digesters(ANOVA
Tukey test, U=0.05 ) *

System |C1| M1 |MIM2 | TIM3|C2 |T1 | MIT3 | T1T2
C1 XX | XX XX XX [ XX | XX XX
M1 XX XX XX | XX | XX XX
M1M2 XX XX | XX | XX XX
T1M3 X | XX [ X XX
Cc2 XX [ X XX
T1 XX XX
M1T3 X

*XX significant; X not significant
The resuks of solubilisation of nitrogebearingsubstances ithe thermophilic digesters (C2,
T1T2 and M1T3) are presented in Table 3.5. As with the mesophilic digesters, the sSTKN concentration
was higher in the digesters in comparison to the sSTKN concentrdtiba feed sludge (Figure 3.10),
indicating the hydrolysis of particulate nitrogbgaaring within the digesters. The highest increase of

sTKN concentration was observed in the T1T2 digestion system
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The statistical analysis results are presented in Tables 3.6 and 3.7. The solubilisation of
particulate nitrogeibearing to sSTKN was statistically diffemt for both digestion systems of T1T2 and
M1T3, while NH-N release was only different in the T1T2 digestion system when the results were
compared against the C2 digester (ANOVA PostHoc te
the T1T2 and M1T3 effluents were 19% and 13% higher than that of the C2 digestéf. NH

concentration in the T1T2 was 9% greater as compared to the avenageftie C2 digester.

The results observed for the MN release in the thermophilic digesters were not consistent with
those of soluble TKN. This suggests that the T1T2 and M1T3 digestion configurations were effective in
solubilisation of particulate mibgerrcontainingmatter whilefermentation of soluble organic nitrogen
was only higher in the T1T2 digestion configuration. The deamination of amino acids and subsequent
conversion to VFAs is the most common pathway in anaerobic fermentation. Howevegrsam
acids such as leucine, proline and phenylalanine are resistant to fermentation under high partial pressures
of hydrogen (Fox and Pohland, 1994). Thus, effectiveerhoval by hydrogenotrophic methanogens
makes the conversion of these amino acidserfevourable. Hanaki et al. (1987) and Breure et al.

(1986b) reported a reduction in amino acids removal when hydrogen partial pressure was increased. On
the other hand, activity of microorganisms involved in anaerobic digestion generally increases with
temperature increases. Ahring et al. (2001) observed an enhanced activity of hydrogen consuming

methanogens through increasing the digester temperaturé@ BBerefore, it can be concluded that the
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operation of both digesters at identical temperatoff65 °C (i.e., T1T2) enhanced the Femoval
through increased activity of hydrogen consuming methanogens that consequently resulted in enhanced
deamination of amino acids, while this improvemesas not optimain the C2 digester.

3.3.4.7 Phased digestion systems

The phased digestion systems were compared to determine which configuration was more
effective in enhancing the solubilisation of nitrogemtaining matter of sludge. Similar to the
solubilisation results obtained for PCOD, the lowest solubilisatiofitraigencontaining matter occurred
in the M1M2 where both digesters kept at mesophilic temperature. The sSTKN concentrations with the
corresponding standard deviations (SD) were 934158, 1090488, 1168+110 and 1231+82 mg/L in the
M1M2, TIM3, M1T3 and T11T2 diestion systems, respectively. Similarly, the lowesi-NHelease
was achieved in the M1M2 digestion system. The corresponding\\Ngdncentrations (£SD) were
647134, 856136, 881+34 and 923+47in the M1M2, T1IM3, M1T3 and T1T2 digestion systems,
respective). With the exception of the M1T3 system, the STKN and-NHalues in the T1T2 digestion
system were significantly different from the other configurations. On the otherthend1M2 digestion
system showed lowest solubilisation of nitrogemtaining méter among the phased systems. These
results showed thalhe synergistic effect of temperature and phase separation resulted in better
solubilisation of nitrogertontaining material. A comparison of the results obtained for solubilisation of
nitrogenrcontaning matter and NN release in the various digestion systems demonstrated that these
data were in general consistent with the solubilisation data of PCOD. These results agreed with previous
studies that have reported the degradation of nitrogatainhg organic compounds was greater under

thermophilic than mesophilic conditions (Sanchez et al., 2000; Song et al., 2004; Ge et al., 2011).

3.3.5 Removal of organic matter

Following hydrolysis and solubilisation of sludge particles, methanogenesis is the nhaimayat
for removal of organic matter from sludge in the form of mettaaeCQ. One of the objectives of
anaerobic digestion is reduction of the organic content of raw sludge to meet the requirements for sludge
land application, beneficial use or disposaladdition, optimization of biogas production is of interest as
the methane can be used as a source of energy. In this section, the COD reduction and methane
production measured for the various digestion systems were comparexhmpaison, VS destructin

results and methane production rate are given in Appendix A.
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Figure 3.11. Total COD removal in Digestion Systems (AVERAGE + SD)

Removal efficiencies of total COD for all the mesophilic and therntiopdigesters are presented
in Figure 3.11. From Figure 3.11, it can be seen that both the M1M2 and T1M3 digestion systems
resulted in a greater COD destruction as compared to the value obtained for the mesophibtagjagle
digester (C1). ANOVA PostHac e st ( U=

statistically different from the C1 digester.

0.

05)

resul ts

(Tabl e

3.

Table 3-8. Statistical analysis for comparison of COD removal in various digestef@NOVA T ukey

test, U=0.05 ) *
System Cl| M1 | MIM2 | TIM3 | C2 | T1 | M1T3 | T1T2
C1l XX | XX XX XX | XX | XX XX
M1 XX XX XX | XX | XX XX
M1M2 XX XX | XX | XX XX
TiM3 XX | XX | XX XX
Cc2 XX X XX
T1 XX XX
M1T3 XX

Average methangelds were calculated based on methane production adjusted to standard

temperature and pressure (STP) and the mass of VS fed to the systems (Table 3.9). As can be seen from

*XX significant; X not significant
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Table 3.9, the average methane vyields in both phased digestion systems werih&igtiat of the

mesophilic singlestage digester. The methane yield improved 25% and 47% in the M1M2 and T1M3
systems, respectively. As discussed earlier, the mesophilic phased systems achieved greater COD
destruction efficiencies. Given a negligible@gth yield for anaerobic microorganisms, the higher COD
removal in the phased systems resulted in the generation of more methane. This in turn increased the
methane yield for the phased digestion systems. Overall, good consistency was found between COD and
methane results for the mesophilic digesters. These results indicate that phase separation had a positive
effect on sludge digestion. Since the major COD removal pathway in anaerobic digestign is CH
generation, these results demonstrated that activityetfianogens was enhanced through phase

separation. The results obtained in this study are consistent with those reported elsewhere (Coelho et al.,
2011; Zahller et al., 2007).

With regard to the thermophilic digesters, the COD removal was greatesflihTBesystem
(45.3%), indicating 3 and 4 percentage points higher COD removal than the C2 digester and M1T3
system, respectively. As presented in Tab® this difference was statistically significant from both C2
digester and M1T3 system, while no di#ace was found between the C2 digester and M1T3 digestion

system.

Table 3.9 shows the average methane yields and the relevant standard deviations (SD) for the
thermophilic digesters. As can be seen from Table 3.9, the average methane yields in both phased
digestion systems were higher than that of the C1 digester and improved 10% and 4% in the T1T2 and
M1T3 systems, respectively. Direct comparisons of thermophilic sgtgge digesters with the T1T2
digestion systems have rarely been reported. Coellg €2011) reported improved biogas production
by operation of digesters in series at thermophilic temperatures as compared to a thermophilic single

stage digester when the digesters were fed with either microwaved-aricmwaved sludge.

For the thermphilic digesters, it can be observed that only the T1T2 digestion system
outperformed the C2 digester. Thus, it can be concluded that the operation of phased digestion systems
with a similar temperature in both digesters (T1T2) was better reflected thetageous of phase

separation.
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Table 3-9. Methane yields for the various digestion systemstandard deviations in brackets)

T2

Methane yield, L/g VSidded
System 1%-phase | 2"-phase | Overall
Mesophilic dgesters
Cl - - 0.235 (0.05)
M1M2 | 0.077 (0.02)| 0.182 (0.03) 0.271 (0.04)
T1M3 | 0.102 (0.02)| 0.217 (0.05) 0.324 (0.05)
Thermophilic digesters
C2 - 0.252 (0.04)
T1T2 0.102 (0.02)| 0.183 (0.02) 0.277 (0.03)
M1T3 | 0.077 (0.02)| 0.176 (0.02) 0.263 (0.02)

3.3.5.1 Phased digestion systems
The COD removals in the TIM3, M1M2, T1T2 and M1T3 digestion systems were 50.73, 47.6,

43.3 and 39.9%, respectively. A statistical analysis showed that they were all statistically different from
each other (Table 3.8). A comparisofithe COD removal efficiencies in the phased digestion systems
revealed that the lowest removal occurred in the M1T3 system. Therefore, the relative improvement in
organic content of sludge was evaluated according to the M1T3 digestion system. The THR2ahd

T1M3 digestion systems demonstrated 8.5%, 19% and 27% higher organics removal relative to the M1T3

system.

Overall the thermophilic digestion systems had lower organic removal efficiencies than those of
the mesophilic digestion systems. The hig@uble COD level in the effluent of thermophilic digesters
has widely been reported (van Lier, 1996; Kim et al., 2002; Kim et al., 2004; Song et al., 2004). Even
though thermophilic digestion demonstrated increased hydrolysis rates, the conversiarpobdueis
did not improve similarly and was likely attributable to the higher half saturation coefficients (Ks) of the
methanogenic microorganisnBigcussed in Chapters 4 and Bse of a second stage mesophilic digester
resulted in improved COD remowdilie to the greater affinity (lower Ks values) of mesophilic

methanogens.
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Based on the measured methane production and VS fed to the systems, the metisawergeld
calculated as 0.263, 0.270, 0.276 and 0.324, and L CH4 peyg ¥& the M1T3, M1M2, TLT2 and
M1T3 digestion systems, respectively. These methane yields were withangeofvalues reported in
literature (Coelho et al., 2011; Schmit and Ellis, 2010; Ghos3i/)1Similar to the COD removal
efficiencies, a comparison of the digestiontegss demonstrated that the methane yiedlower in the
M1T3 system in comparison to the values obtained for the other digestion systems.

Overall, based on the COD and methane yield results it appeared that the T1M3 digestion system
showed better perforance for digestion of sludge compared to the remaining phased digestion
systemsAs stated by earlier researchers (Watts et al., 2006; Ge et al., 2010), in the temperature phased
anaerobic digestion systems, a digester with a short HRT that folloasngophilic digester typically
functions as a prgeatment unit that is effective in either modification of the feed sludge through
disintegration process or enhancement of hydrolysis process. Thus, it can be concluded that in addition to
phase separatiahat improved methane production (comparison of the M1M2 vs. C1), inclusion of a
thermophilic digester appeared to enhancenpeghanogenesis and methanogenic steps that overall
resulted in higher COD and VS removals in the T1M3 digestion system. Tiegriefaddition to phase
separation, the elevated temperature’®B5in the 1stphase of the TIM3 system probably enhanced
solubilisation and gas production reactions that ultimately resulted in the higher VS destruction. These
results were supported biyet results presented in the following chapters regarding thidrmtic
investigations on the hydrolysis, acetogenesis (i.e., propionate oxidation) and acetoclastic methanogenesis
within the various digesters. The T1M3 digestion systems benefited fragh &ydrolysis rate due to an
elevated temperature as well as a more efficient hydrolytic biomass in {bleakst compared to the
mesophilic F-phase. In addition, this system (i.e., TIM3) benefited from the presence of more kinetically
efficient speciegdue to the lower Kvalues) of the propionate oxidizing bacteria and acetoclastic
methanogens in thé®2phase compared to théomassof the thermophilic Z-phase digester®iscussed
in Chapters 4 and 5T he lower K values of the mesophilic biomaappeared to make them more
capable in removing soluble COD (which is mainly in the form of VFA) in the effluent in comparison to

their thermophilic counterparts.

3.3.6 Analysis of microbial populations

Recently, culturéndependent molecular techniques, esphcthbse based on 16S rRNA gene
sequences, have been used to investigate the diversity and structure of microbial populations in
engineered sludge treatment systems (Sousa et al., 2007; Collins et al., 2006; Ariesyady et al., 2007; Shin

65



et al., 2010; McMabn et al., 2004). The microbial population composition in anaerobic digesters slepend
on the operational conditions applied to the digesters (McHugh et al., 2003). On the other hand, the
overall performance of anaerobic digesters is influenced by thew®wfthe microbial population.

Therefore, a polymerase chain reaction (PG&ed denaturing gradient gel electrophoresis (DGGE)
fingerprinting technique was used to study the impact of phase separation on the structure of Bacteria and
Archaea domaingait developed in each phase. The microbial populations of the-stagle digesters

(C1 and C2) were also investigated as controls for comparison purposes.

3.3.6.1 Amplification of extracted DNA of sample

The extracted DNA of the samples taken from the variogestiers was amplifieid a single
polymerase chain reaction (PC&pplificationfor the domain Bacteria and a nested PCR method for the
domain Archae#o obtain sufficient archaeal PCR produdeally, electrophoresisf PCR products
results ina single srong band of correct size, as determined by comparisorthétiadderun on the
same gelGel electrophoresis of Bacteria and Archaea PCR prodect®nstratethat thesize ofDNA
of the samples werthe same as that of the positive control samplélicating asuccessful amplification

of the targesequences for these domains (Figures in Appendix B).

3.3.6.2 Microbial community structure as determined by DGGE

The DGGE techniqudogether with the sequencing of DGGE baruds be employed to analyze
and idemify microbial community structure of environmental samples (Muyzer et al., 1993; Sousa et al.,
2007) and hence can be useful for comparing the community structure of different treatment systems (Liu
et al., 2002; Kim et al., 2011). Consequently, this tépie was used to compare the structure of the
bacterial and archaeal populations developed within each phase of the various digestion systems. Two
samples were taken from the digesters on 23 August 2010 and 22 October 2010s Ah#igssamples
taken m different dates are shown as dupligaatternsn Figures 312 and 313. From the examination of
the DGGE profile for duplicate sampligem each digestethe results demonstratdaata diverse
community of Bacteria and Archaea wassociated with btligesters The numbers on Figuresl2.and
3.13 show the bands that were excised and sequenced successfully, wiitastblieow the bands that

could not be sequenced successfully.
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Figure 3.12. Bacterial community DGGE profile

The bacterial DGGE profiles for the mesophilic and thermophilic digesters are presented in
Figure 312. It can be observed that the number of DGEE bands of the thermophilic bacterial community
was relatively less than those oétmesophilic digesterOverall, it was found that temperature was

more effective than phase separation in changing the bacterial community in the digesters.

Despite having similar bacterial community DGGE prafikhe M3 digester, which was fed by
the T1, exhibiteddominant bands (i.e., darker bands) in different postimntheDGGE profile when
compared to the profiles tfieremainingmesophilic digesters (M1 and M2). Similarly, the T3 digester,
which was fed by the M1, exhibitetbminant bands atffierent positios on the DGGE profile as
compared to the profigof the T1 and T2 digesterEven though not robustly quantitative (Akarsubasi et
al., 2006), the notable differences in band intensity of the M3 and T3 digester, which were reproducible
within replicate samples, would suggest thatXlghasedigesters that were fed from th&hase
digester with different temperatures, displayed relatively different dominant bands on the DGGE profile,
while the DGGE profilefor the T1 vs. T2 and M1 v842 digesters displayed relatively similar dominant

band patterns.
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The organisms represented by the bands of the DGGE profile were identified by sequencing of
the dominant bands that were excised from the gel aachpdified. The affiliations of the sequesd
bands were determined by comparison with the Ribosomal Database Projedt)RaBle 3.10). RDP
is an organized database that has ribosm@iated data, analysis services and associated computer

programs.

A total of eight bands were determined irtihg bands 5 and 16 of the feed sludge; 9, 10 and 11
of the M1 digester; 13 of the M2 digester; and 4 and 6 of the M3 digester (FiRyeBands 5 and 16
were most closely related to the gen€hermonosporgor ThermomonospojaandTrichococcusThe
genusThermonospor&as been isolated from composted horse manure and includes both aerobic and
anaerobic species that mostly are involved in degradation of lignocellulosic material (McCarthy, 1987;
Zhang et al., 1998). ThErichococcusspecies are fermeniag and facultative anaerobes and are
psychrotolerant mesophiles (Pikuta et al., 2006). Bands 4 and 11 of M1 digester and 13 of M3 digester
showed very low sequence similarity with gehusaonella Members of the genusitaonellaare both
aerobes and fadtative anaerobes and grow at®8°C. They are reported to ferment amino acids and
some organic acids (Arun et al., 200Band 10was related to the genkdaistellawhich the role of the
genus was unclear. Band 6 of the M3 digester was associatetthevgenuskkermansiaThe
Akkermansia species is strictly anaerobic and utilizes protein with an optimum growtfCa¢3&rrien
et al., 2004)Band 9of T1 digester was related to the gedustivibrio. The members of the genus
Acetivibrioare mesophit fermentative bacteria which are able to degrade carbohydrates (Tanaka et al.,
1991).
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Table 3-10. Taxonomic classifications of sequenced 16S rRNA gene DGGE baridsm bacterial
fingerprints according to the Ribosomal Database Project (RDRI)a. ARC and BAC denote DGGE
bands sequenced from the archaeal and bacterial analyses, respectively (see Figui@ 8nd 3-13).

DGGE

Length

Phylum Clas Order Famil Gen
band (bp) ylu S ily us
1 88 Euryarchaeota Methanobacteria Methanobacteriales Methanobacteriaceae Methanobrevibacter
g (95) (90) (90) (90) (76)
< 5 97 Euryarchaeota Methanobacteria Methanobacteriales Methanobacteriaceae Methanothermobacter
(96) (95) (95) (95) (95)
1-T2 136 Thermotogae Thermotogae(72) Thermotogales (72) Thermotogaceae (72) Petrotoga (52)
(72)
2-T2 150 Proteobacteria Betaproteobacteria  Burkholderiales (98) Burkholderiaceae (98) Ralstonia (98)
(98) (98)
3-T3 149 Bacteroidetes Sphingobacteria Sphingobacteriales Sphingobacteriaceae (6) Nubsella (6)
(36) (18) (18)
4-M3 144 Bacteroidetes Flavobacteria (61) Flavobacteriales (61) Flavobacteriaceae (54) Lutaonella (5)
(96)
5-Feed 122 Actinobacteria Actinobacteria (92) Actinomycetales (54) Thermomonosporaceae Thermonospora (15)
(92) (44)
6-M3 142 Verrucomicrobi Verrucomicrobiae Verrucomicrobiales Verrucomicrobiaceae Akkermansia (18)
a (57) (45) (45) (45)
7-T1 120 Thermotogae Thermotogae(99) Thermotogales (99) Thermotogaceae (99) Fervidobacterium (99)
(99)
8-T1l 123 Thermotogae Thermotogae(98) Thermotogales (98) Thermotogaceae (98) Fervidobacterium (98)
Q (98)
<
m 9-T1 128 Firmicutes (59) Clostridia (46) Clostridiales (39) Ruminococcaceae (28) Acetivibrio (24)
10-M1 134 Bacteroidetes Flavobacteria (34) Flavobacteriales (34) Flavobacteriaceae (30) Klaistella (15)
(78)
11-M1 131 Bacteroidetes Flavobacteria (77) Flavobacteriales (77) Flavobacteriaceae (77) Lutaonella (34)
(98)
12-C2 139 Thermotogae Thermotogae(89) Thermotogales (89) Thermotogaceae (89) Petrotoga (70)
(89)
13-M2 145 Bacteroidetes Flavobacteria (77) Flavobacteriales (77) Flavobacteriaceae (77) Lutaonella (39)
(100)
14-C2 140 Thermotogae Thermotogae(88) Thermotogales (88) Thermotogaceae (88) Petrotoga (65)
(88)
15-T3 152 Bacteroidetes Sphingobacteria Sphingobacteriales Sphingobacteriaceae (5) Nubsella (5)
(30) (16) (16)
16- 147 Firmicutes (96) Bacilli (92) Lactobacillales (90) Carnobacteriaceae (90) Trichococcus (84)
Feed

2 Classification conducted June and July 2011 using the naive Bayesian Classifier vs 2.2 0Mardhe confidence of
classifications is shown in brackets.
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With regards to the thermophilic digesters, a total of eight bands were sequenced including bands
7 and 8 from T1; 3 and 15 of the T2 digester; 1 and 2 of the T3 digester; and 12 and X22odlitpester
(Figure3.12). Bands 1, 12 and 14 were most closely related to the geet@oga The genuetrotoga
has beeiisolated mostly from hot deep petroleum reservoirs (Magot et al., 2000). MemiFssaibga
are strictly anaerobic and modergttiermophilic to thermophilic fermentative heterotrophs which use
elemental sulphur as the terminal electron acceptor and grow at temperatures in the-6&fige 45
(MirandaTello et al., 2007). Bands 2 and 15 of the T2 andlif@stershowed sequencensilarity with
the genusRalstonia Members of the genugalstoniaare facultative. Some species of the gdRalstonia
have beerisolated from activated sludge (Coenye et al., 2003). Band 3 was related to the recently
identified genudNubsellawhich has ben reported to ba strictly aerobic bacterium (Asker et al., 2008).
However, as indicated in TalBel0the confidence afheclassification was very low (5%). Thus, this
band may be associated wéldifferentunidentified bacteriunBands 7and 8 of thel'l digester were
associated with the genéervidobacteriumThe members dfervidobacteriumare strictly anaerobic
thermophilic bacteria and have the ability to use many simple and complex carbohydrates such as xylose,
cellobiose and starch as growth suibates (Patel et al., 1985).

The archaeal 16S rRNA gene fragments are presented in Fig@r€8maprison of the archaeal
and bacterial DGGE profieshowed that bacterial community in the digesters were more diverse than
that of the archaeal community. contrast to the results found fibre bacterial community, it was found
that phase sepraration was also effective in influencing the archaeal community in addition to

temperature.

From the archaeal DGGE profile it can be observed that some banddeddisudge appeared
within the samples from the mesophilic digesters of M1, M2, M3 and C1. As can be observed from
Figure 313, the relative number of DGGE bands increased in the digesters compared to the number of
bands displayed fahefeed sludgelt canalsobe observed that new bands appeared in the mesophilic
digestersThis indicated that methanogens, whititi not originate from the raw sludggeveloped in the
digestersOn the other handemperature was found to influence the raw slumbgemunty. As can be
observed from Figure B3, mostof the DGGEbands of theaw sludge disappeared or showed very low
intensityin the samples taken from the thermophilic digestetheT1, T2, T3 and C2ligestersThis
indicated thathe methanogens of thaw sludge coulaot surviveor remain activat 55°C. Thus, nost
of the archaeal community of the thermophilic digesters were developed exclusively within the

thermophilic conditions and did not originate from the feed sludge.
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Amongst the mesophilic digters, the only digester that displayed a significantly different DGGE
profile was the M3 digester. Similarly, the DGGE profile of the T3 digester, which was fed by the M1,
was different from those of the T1 and T2 digestArsomparison of the M1 and MRGGE profiles
revealed that the relative numlm#rbands significantly increased in the M2 digestersontrast to the
observations made for the M1 and M2 digesters, the DGGE profile of the phased digester with similar
temperature (i.e., T1 and T2) shedha relatively similar number of band¥hese results would suggest
that the methanogenic biomashkich transferred from the T1 digesteight haveremairedactive in the
T2 digester.
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Figure 3.13. Archaea community DGGE profile

Among the excised bands of the archaeal DGGE profile (Table 3.10), band 1 of the Al digester
and ban@ of the T2 digester were successfully sequenced (Figl®g Band 1 was affiliated with the
genus Methanobrevibacter. Theembers of Methanobrevibacter belong to the group of hydrogenotrophic
methanogens that utilize;ldnd CQ to produce methane (Lin et al., 1997). Band 2 was affiliated with the
genus Methanothermobacter. The members of Methanothermobacter belong tadigernytdophic

methanogens that utilize;ldnd CQ to produce methane (Sawayama et al., 2006).
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3.3.6.3 Microbial community and operational conditions of the digesters

An investigationof the microbial ecologyof phasednaerobic digestsmaybe complimentary to
the modelingeffortsas it gives a bettamderstading of the structure of the microorganisms as well as
thedominant speciem each phas@Merkel et al., 1999Rittmann, 2002 A considerablenumberof
studies have been carried out to investigate theolmiirecology of sequencing batch anaerobic reactors,
singlestage anaerobic digesters and granular sludge systems (Angenent et al., 2002; Sekiguchi et al.,
1999; Lu et al., 2002 Thus far, few studies have been performed on the microbial communitistruc
of phased anaerobic digestéRaskin et al., 19959nd hence a comparative study of several digestion

systems with differing configurations was addressed in this research.

Microbial groups will be subjected to different types and loadings of stdsirathe phased
anaerobic digesters due to the differing operational conditions in each phase. As an example, as shown in
Figures 3.6 and 3.7, it can be seen that the VFA concentrations it #med12°-digesters varied
significantly. Ths differencdikely resulted in the dominance of certain genera and species of bacteria
and archaea in each phase. Despite the limitatisssciated witlquantitative analysis of DGGE profiles,
the differences in the relative numiaard intensityof DGGE bandgouldbe attributed to the dominance
of different bacterial and archaeal species in each plasdanfluence of substrate composition and
concentration on microbial population of biological treatment syshemdeenvidely reported by
various researchers (Akatzasi et al., 2005; Shin et al., 2010; Sousa et al., 2007; Krakat et al., 2011).
However, it should be noted that physiologically inactive organisms is also detected bydh@Génce
use of complmentary molecular techniques such as microautoradiogi@phlyined with fluorescence in
situ hybridization (MARFISH) may give more information on ecophysiological roles of bacteria and
archaea in the phased digestion systdris is of highly importance for acidogens and POB because of

less studies on the funetially dominant species in the phased idgestion systems.

In addition to phase separation, temperature was another significant determinant affecting the
bacterial and archaeal community structures in the digestion systems (Fig2rasd3313). Analysisof
the bacterial and archaea DGGE profiles revealed that the nundrehabaDGGE bands was reduced
in the thermophilic digesterhowever, due to the diversity tife domain Bacteriat was difficult to
evaluate the phase and temperature influencaebdcteriatommunityin the separate phaséery
interestingly, it was found that archaeal community of teBase digesters (i.e., M3 and T3) that had
different temperature from theifphase counterparts (i.e., M1 and T1) were influenced by temper

and phase sepratioBonversely theDGGE profiles of the2™-phase digesters (i.e., M2 and T2) that had
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similar temperature to theif4phase counterparts (i.e., M1 and Tidicated the methanogens from the
M1 and T1 digesters t@nedactivity presencen the M2 and T2 digesters. This would appedrnawe
influencel the bickinetic characteristics of the methanogens in the correspontfipip@se digesters.
Thiswill be discussed igreaterdetail in Chapters 4 and 5.
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3.4 Conclusion

In this chapter, the various configurations of phased anaerobic digestion systems were compared
with each other and versus the mesophilic (C1) and thermophilic (C2)-siagle digesters. For
comprehensive comparison, several parameters were athalydeliscussed in detail, including:

A the efficiencies of solubilisation through measurement and calculation of VSS and PCOD
removal, hydrolysis rate constants and release QfINtH

A the reduction of organic content of sludge through calculation offdSC®D removals;

A methane gas production;

A alkalinity, VFA and pH;

A microbial community structure.

Based on multparameter comparison of the digestion systems, the following conclusions were made.

1. The solubilisation rate in the T1 digester was $igaintly higher than that of the M1 digester.
Interestingly, when solubilisation of organic material in terms of PCOD removal was compared with
solubilisation of the nitrogenontaining matter (sSTKN production) in the T1 and M1 digesters it was
found thatthe solubilisation of nitrogebearing matter was enhanced significantly (2&%%fompared to
the solubilisation of PCOD which was 5%.

2. A multi-parameter comparison (i.e., PCOD removal, sTKN increasg,N\N\iidlease and
solubilisation rate constants) sted that lowest solubilisation efficiency consistently obtained in the C1
digester andhis wasfollowed by the M1M2 digestion system. On the other hand, the T1T2 digestion
system, which showed the highest solubilisation efficiency, was statisticallsediffieom the T1M3
digestion and C2 digester; whereas, no difference was found between the T1T2 and M1T3 digestion

systems.

3. The influence of phase separation on the solubilisation rate was determicauhiigring the
M1M2 digestion system with thtbe C1 digesterandthe T1T2 digestion system witthe C2 digester. The

parameters measured demonstrated the phase separation was effective in the solubilisation improvement.

4, In general, the mesophilic digesters (C1, M1M2 and T1M3) outperformed the thelimophi
digesters (C2, T1T2 and M1T3) in COD removal. The M1T3 digestion system and C2 digester
consistently showed the lowest C@&moval.The highest COD removal was obtained in the TIM3

digestion system, indicating a removal efficiency of 50.7+2.1%
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5. A study of the microbial community structure usin@p&GE fingerprinting technique revealed
that both phase separation and temperature influenced the structures of bacterial and archaeal

communitiesn the phased digestion systems.

6. DGGE analysis of archaeadmmunityfrom the mesophilic digeste(i.e., M1, M2 and M3)
showed some similar bands in the prafidé the M1 and Maligesterswhile DGGE patternf theM3
digesterweredifferentfrom the M1 digesterSimilar to this observation, the DGGE profilestodé T1 and
T2 digesterswvere relatively similar, while that of the Tigesterwas different.

7. Based on overall results, the T1M3 digestion system appeared to be the best configuration
terms of process performandéhe T1M3 system showed the high€8D removals and methane
production. With the exception of solubilisation efficiency of the T1T2 digestion system, the T1M3

system showed comparable solubilisation efficiency to that of the C2 and M1T3 systems.

75



Chapter 4
Impact of Phased Digestion on Microbial Populations and Kinetics of

Methanogens during Sludge Digestion

4.1 Introduction

Anaerobic digestion is a technology that exhibits several advantages such as low sludge
production, high organic loading and energy generation. Anaerobic digestigmasess in which
sequential reactions of hydrolysis, acidogenesis, acetogenesis and methanogenesis are performed by
consortia of microorganisms, resulting in the production of methane and carbon dioxide. Operation of
anaerobic digesters in series wdther identical or different temperatures has been reported to have
several advantages compared to conventional sstgtge digestion process (Pohland and Ghosh, 1971;
Siegrist et al., 1993; Han and Dague, 1997). In phased digestion systems, sotrbdisdtacid
production processes are completely or partially separated from acetogenesis and methanogenesis
reactions such that the former reactions become dominant in the first phase and the latter in the second

phase.

Modeling of anaerobic digestion pexses goes back to the early 1970s. Modeling is a valuable
tool for better understanding the complex microbial activity and biological reactions occurring within an
anaerobic digester. For modeling of singtage digesters, most models describe the dnaatigestion
process in a continuotfkow completelymixed reactor in which biological degradation reactions are
described by functionalgrouped microorganisms. With the exception of the hydrolysis processes,
Monod kinetics have typically been used &scribe the rate of substrate consumption for each process
(Angelidaki et al., 1999; Siegrist et al., 2002; Batstone et al., 2002). In this regard, modeling of phased
anaerobic digestion systems has typically been based on the same modeling concesgseaypthged
for singlephase digesters, implementing a single set of kinetic parameters which were adjusted for

temperature (Siegrist et al., 2002; Bluemensaat and Keller, 2005).

To this point modeling of phased anaerobic digestion systems has not cahslidepotential for
development of microbial communities (i.e. methanogenic species) that have differing growth
characteristics in the separate phases. Acetoclastic methanogenesis typically accounts for 65% of
methane production and can be mediated lwyrhethanogen specigdéthanosarcina smnd
Methanosaeta sp.The literature indicates that depending on acetate concentrations, one of the species

will proliferate in a digester (Zinder et al., 1984a; Chartrain and Zeikus, 1986; McMahon et al., 2004).
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Hence, it might be expected that the kinetic parameters for acetoclastic methanogens will differ between
the first and second stages of phased digesters due to differences in acetate availability. Accurate
prediction of the growtkinetics of methanogses is important, particularly for the modeling of phased

anaerobic digestion processes where kinetic limitations might influence performance.

The aim of the present study was to investigate the activity of methanogens through the
estimation of their kineti parameters (s and K in various temperature configurations of phased
digestion systems. In this regard, the influence of phase separation on the dominance of the methanogenic
population in each phase of the digesters was studied. For compariddionite bickinetic parameters
were estimated in mesophilic and thermophilic sirsjéege digesters. Hence, the feasibility of applying
Arrheniustype relationships for adjustment of the coefficients for modeling of digesters with different

temperatures waavestigated.
4.2 Approach

4.2.1 Batch experiments

This section introduces the experiments carried out to study the influence of phase separation on
the kinetics and activity of acetoclastic methanogens. The method employed in the batch experiments was
similar to trat used for biochemical methane potential (BMP) assays with some modifications. The BMP
assay is usually used to determine the methane production of an organic substance. The test is a relatively
simple and reliable procedure that has been used for dstinaditbio kinetic coefficients for different

organic matters (DonosBravo et al., 2009; DonosBravo et al., 2011; Raposo et al., 2011).

4211 Batch experiments on acetate degradation

The literature indicates the existence of two-guliups of acetoclastic n@nogens with
different growth characteristics where one-gubup becomes dominant at low acetate concentrations and
the other sulgroup dominates at high levels of acetate. To investigate whether the operation of anaerobic
digesters in series inducedetdominant acetoclastic methanogens to be different in each phase, a series

of batch experiments were conducted.

The biomass developed in the source digesters was used as an inoculum for the batch
experiments. Déonized water was placed in Wheaton glastlés, purged with nitrogen gas and kept at
either 35°C or 55°C. The active biomass was taken from each digester and transferred into the bottles

that were prdilled with nitrogen gas and diluted using-ibmized water that was already prepared. The
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dilution was made according to preliminary studies and based on the COD and VSS concentrations in the
source digesters to achieve approximately equal amounts of active biomass in the batch experiments. The
bottles with the diluted inoculum were kept at thene temperature as the source digesters from which

the inoculum originated. Two 1000 mL volumes of mineral solution were prepared according to

Angelidaki et al. (1990) and one was kept al@%&nd the other one at &5 to minimize temperature

shock.

Thebatch experiments were conducted in 500 mL serum bottles. Each bottle was filled with 250
mL of diluted inoculum and 50 mL of mineral solution. Sodium acetate was added to each bottle as the
sole carbon and energy source. The final concentration of @aeetatapproximately 1000 mg/L as COD
in the bottles inoculated with the biomass taken from the mesophilic digesters and 1350 mg/L in the
bottles inoculated with the biomass taken from the thermophilic digesters. Extra serum bottles were
prepared as contlwithout acetate and with the addition of 250 mtiatézed water to monitor the
degradation of biomass that may result in methane production. The serum bottles were sealed by butyl
rubber stoppers and aluminum caps. Before sealing the bottles, 5 makendrom each bottle to
measure the COD and VSS of the mixture at the beginning of the test. All the serum bottles were purged
with nitrogen gas to remove oxygen. To measure the initial acetate concentration, 2 mL of liquid sample
was taken by a syringeitly a #18G needle and then the bottles were incubated at the same temperature as
the source digester from which the inoculum was taken. The evolution of acetate, TCOD, VSS and sCOD
was monitored by taking 3 mL liquid samples over the course of the expésimefraction of the
samples was centrifuged, filtered by 0.45 pm syringe filters and kep® € until being analyzed by
liquid chromatography for acetate. The remaining portion was used to determine the COD fractions. The
biogas generated was momid at the same time the liquid samples were taken. The methane content was
determined whenever the biogas was measured. A 1 mL gas sample was taken from the head space of the
serum bottles and analyzed by gas chromatography. The experiments were oaimddplicate and an

extra bottle with no acetate was prepared to monitor the biomass degradation.

4212 Modeling of Batch Experiments and Parameter Estimation

Mathematical models are becoming more popular in design and process control of biological
treatmet systems. The models consist of four components including: input or independent variable;
output or dependent variables; parameters and constants; and differential equations (models). Selection of

appropriate equations does not result in reliable olftple parameters of the model are not estimated
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accurately. Therefore, an important part of modeling is parameter estimation. The estimated parameters
should enable the model to predict the experimental results reliably.

421.2.1 Model Selection for Parameter Esation

Many authors have estimated the parameters of Monod kinetics by linearization of the model.
The welltknown expressions are LineweaaBurk and Eadié-Hoftsee that transform the Mondygpe
kinetics into linear form. These expressions have been esgpfoy estimation of the maximum specific
growth rate (pay) and the halkaturation coefficient (§. However, linearization techniqgues magnify
uncertainty in estimation of the blanetic parameters. Even though use of the linearized form is simple,
it violates an important assumption of regression which is that the independent variable is error free. In
addition, when experimental data are transformed (e.g., 1/S), the measurement errors are also transformed
and this results in a change of the error $tmec Thus, even though normal assumptions may hold true
for the original data, it may not be assumed for the transformed data. Consequently, the normal
distribution of errors that is an inherent assumption for linear regression may not be valid anymore

because linearization changes the error distribution (Dochain and Vanrollegham, 2001).

A more desirable alternative is to solve the differential or integral forms of the Monod model
through application of nehinear regression analysis. These forms of thedbmodel have been used
for modeling of microbiallynediated processes (Merkel et al., 1996; Knightes and Peters, 2000; Nielsen
et al., 2008). Differential and integrated forms of Monod equation have been solved for either substrate or
biomass and substeatogether to estimate kinetic parameters such as the maximum substrate utilization
rate coefficient (ka9 and the hafsaturation constant K The application of the integral form of the
Monod equation is advantageous over other forms as tHertatic parameters (g, and K) may be
determined using a single substrate depletion curve. Several experiments should be conducted at different
initial substrate concentrations if the differential form of the Monod equation is to be used for parameter
estimaton. In addition, fitting the integrated form to the substrate utilization data allows initial substrate

(So) and initial biomass (§ concentrations to be treated as extra parameters.

In the integrated form of the Monod equation, the endogenous bion@ssisi@ssumed to be
negligible and biomass production is related to the substrate utilization through stoichiometry (Equation
4-1). As shown by Andrews (1984) and Ong (1983), this is a reasonable assumption for batch

experiments employing a high substredacentration initially.
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O O B Y (4-1)

Substituting Equation ¢4) into the substrate utilization rate (Equatie®)4or a batch process results
in Equation 43.

— 0 —a (4-2)

—  Q — & Y Y (4-3)

This equation may be integrated to give the integral form of the Monod equation (Equd}ion 4

KY+X,+YS . In X, +Y(S- S) . Ks & In(é) =K ol (4-4)
(X, +YQ)Y Xo (X +Y]) & ”

The parameters of the Monod kineticgfand K) for acetoclastic methanogens were ested
by fitting the integral form of Monod model to the substrate consumption data obtained in the batch
experiments. The acetate data of the triplicate bottles were pooled and the model was fit to the data
simultaneously. The yield coefficient in the mbdas chosen from the literature and was assumed to be
the same for mesophilic and thermophilic temperatures (Siegrist et al., 2002; Bluemensaat and Keller,
2005). The initial concentration of methanogeng (as unknown and was estimated in the parameter

estimation exercise.

42.1.3 Estimation of Parameters

Parameter estimation consists of finding the optimum values of the parameters of a selected
model using measured data (Petersen et al., 2003b). The optimum value means the parameter values
which give the bedit to the measured data. Initially, the model structure, the initial concentrations of the
components and experimental data are needed (Petersen et al., 2003b). As described i Fivtied 4
estimates of the parameters and initial conditions areifigd. Then, the parameter estimation routine is
started. When the objective function reaches a minimum with certain accuracy, it is terminated. Many
numerical techniques for parameter estimation of linear andimesr models have been developed and a

brief description of some techniques can be found in Dochain and Vanrolleghem (2001).
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Figure 4.1. Parameter estimation procedure (Dochain and Vanrolleghem, 2001)

42,131 Objective Functions for Pameter Estimation

Objective functions are employed in optimization techniques to make the parameter estimation
procedure quantitative through optimizing or minimizing the value of the function (Dochain and
Vanrolleghem, 2001). Several objective functiors available for parameter estimation and include
maximum likelihood, leassquare, Bayesian and robust estimation approaches. The selection of an

objective function should be based on the characteristics of errors.

The general least square regressioreisvdd from the maximum likelihood technique by
assuming that the observations have normally distributed errors and a constant variance. Robinson (1985)
pointed out that the maximum likelihood method is more advantageous to a least square estimation,
howe\er, the measurement errors covariance matrix should be known a priori or estimated along with the

parameters and this makes its implementation more difficult (Knightes and Peters; 2000; Bard, 1974).

The leastsquare technigue has been widely used fomasibn of Monod kinetic parameters

(Simkins and Alexander, 1984; Saez and Rittmann, 1992; Merkel et al., 1996). Depending on the error
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structure, either an absolute or relative least square regression may be used for parameter estimation. In
the absolutedast square method, the sum of squares of residuals between the experimental and model
predicted values are minimized for the dependent variable (Draper and Smith, 1981).

O B w (4-5)

where,

y; is observed values;

yi*is model predicted values;

n is the number of observations.

It is usually assumed that the residuals are independent and identically distributed normally

(iildN). Even thoughndependence of residuals may be valid in many experiments, the variance of the
residuals is noftonstant and it increases as the value of the dependent variable increases (Saez and
Rittmann, 1992). Thus, more weight is given to the higher values imgfittie model to the data. A
possible solution to this problem is to normalize the equatids) {(Brough dividing the residuals by

either measured or predicted values (Dochain and Vanrolleghem, 2001; Saez and Rittmann, 1992).

0O B (4-6)

Based on an analysis of the residuals and goodifeitsby using either a least square or a
weighted least square function in the parameter estimation procedure, a weighted least scai@oe (Equ
4-6) was used as an objective function in this research. As the substrate data varied an order of magnitude
or more during the batch experiments, the weighted least square was found to better predict the

experimental data.

4.2.1.3.2 Importance of Initial Conitions

The asymptotic nature of the Monod equation makes the estimation of its parameters
complicated. Robinson and Tiedje (1983) carried out a sensitivity analysis to investigate the impact of the
Sy/Ks ratio on the correlation among Monod parameters kg, Ksand Y). They found a strong
correlation among these parameters at low (0.02) and high (50) ratig& off®wever, when the ratio
increased to 4, the correlation was negligible and the parameters could be estimated uniquely. Using a

sensitivty analysis on the parameters of the Monod equation, Ellis et al. (1996) recommended that the
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initial substrate concentrationdiSo haltsaturation constant ¢Kratio should be at least 1 or higher if a
unique estimate ofykxand K is intended.

Another factor of importance in the estimation of Monod parameters is the initial substrate to
initial biomass concentrations(X,). Simkins and Alexander (1985) found significant differences in the
estimated values of the Monod parameteps(@nd K) in treatments that differed in the initialo(Xo )
ratios. They also noted that the yield coefficient (Y) varied with differefX¢S ratios. However, the
authors declared that this finding could not be true as the yield coefficients increased atdo{ygr (S
Based on their sensitivity analysis on the Monod integrated equation, a high correlation was reported for
Y, umax and Ks. Consequently, they concluded any difference in either of these paramgtarsl(k)
would change the yield coefficient (Y).

Even though Simkins and Alexander (1985) found that the yield coefficient unrealistically
changed amongst the various treatments with differiggK {Bratios, it is usually recommended to
consider it as a priori known. The value of the yield coeffiagemdependent of the growth rate and may

be estimated using a metabolic relation (Van Loosdrecht and Heijnen, 2002:tE¢12000a).

Liu and Zachara (2001) studied the influence of initial experimental conditions k&, ,&d
Xo/(KsY)) on the caorelation of Monod model parameters. The authors found that a high correlation
between the Monod parameterg{tand K) resulted in large standard errors for the estimated
parameters. They, however, indicated that at an inigsSatio of 5 or morethe uncertainty of the

estimates reduced under no growth conditions.

As recommended by previous researchers through sensitivity analysis of the Monod equation
(Robinson and Tiedje, 1983; Liu and Zachara, 2001), the initial substrate concentrtioss (Selected
to be higher than the expected kedtturation constant g<to minimize the effect of correlation of Monod

kinetic coefficients during parameter estimation.

4.2.1.3.3 Kinetics of acetoclastic methanogenesis

As mentioned previously, the parameters oftomod kinetics (kaxand K) as well as the
biomass concentration were estimated using an integrated form (Equdfiaf the kinetics for a batch
process that assumed negligible cell growth. This calibration process was carried out using a nonlinear
optimization (fminsearch in Matlab), through a minimization of the normalized sum of squares between
the model and measured outputs (Equatiai.4/arious initial values of the model parameters were

tested to ensure that global minima were obtained rdtharlocal minima.
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The uncertainties for the estimated optimum parameters of the Monod model were evaluated by
an approximate method described for numerical modeling applications (Draper and Smith, 1985; Smith et
al., 1998). The mean square error (MSE) for each parameter was calculated from the mean square fitting
error and the sensitivity function. The mean square fitting error was calculated using Equ8jion (4

— B (Ség)Z (4-8)

where, n is the number of measurements and p is the number of parameters being estimated.

The sensitivity function of a model is derived by calculating the first derivative of the dependent
varialdle with respect to each parameter. The sensitivity function was determined by calculating
approximate first derivatives through perturbing one parameter at a time by a small step and fixing the

other ones to evaluate the model predicted values (Equagihn 4

- (4-9)

where

d#ss the optimum estimate of d;

d¥%ed is a nearby value of d;

Si)dvsgd) is the model predicted concentrations af

(Si) d)#ste model predicted concentrations at optimum parameter estimates.

It should be pointed out that even though the modetlicted values were not compared to the
observed valueis these calculations, the two sets of meoledicted values (before and after
perturbation) were determined at the points corresponding to the obsexaties Therefore, if the
substrate concentrations were observed at experimental points that are sensitive to the model parameters,
high accuracy of parameter values can be egpedthe mean square error (MSE) of each parameter was

calculated from equation {40).
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The square root of MSE is the standard error from which the approximate 95% confidence interval
(Cl 95%) for each paramet-gl). (d) was calcul ated

—U ¢lo YO (4-11)
If more than one fitting parameter is to be estimated, the sensitivity functions are represented by a

square matrix (M) as shown in equatiorl@) for a case with two parameters. The diagonal elements of

the matrix are the sensitivity coefficients for lkeg@arameter.

0 (4-12)

The standard error for individual pamaters was calculated by multiplying the inverse of the diagonal

el ements of the matri x, ?*MEqualon4l8lhe measur ement

d) ” i‘) (4‘13)

where, V is mean square error matrix; and isthe inverse of the matrix.

The9 5% confidence i nt g canthdnbecomputad byeequateiifd met er ,

—u ¢ (4-14)

Even though, the confidence interval of individual parameters is informative, it does not indicate
the joint variability of all paramters to be estimated. The joint confidence region is an ellipse for the case

with two parameters. As the integral Monod model does not have an analytical solution, the confidence

region for the two parameters is the locus of values for the parametetssatigfy the inequality
(Equation 415).
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wh e ria n dafedthe optimum estimates of the parameters. The value of Z is calculated based on the F
distribution ands a function of the numbers of measurements (n), parameters (p) and the selected
confidence interval probability (Equatiorl4):

@ nNBONE  nfp | (4-16)
where, F(p,p, 1-U) i s t a kdistribufion talte, ()ris the degree of freeth,and iU i s t he
fractional probability.

4214 Residual analysis

The residuals were analyzed to check the validity of the assumptions of the least square
technigue. The assumptions include normal distribution of residuals with a mean of zero and a constant
variance. A normal probability plot of residuals was used to check the normal distribution of residuals. If
the plot is a straight line, then it indicates that the residuals come from a normal distribution

(Montgomery,2007). In addition, this plot helpotfind any outliers in data.

The second important assumption of regression is that the data points have the same precision and
consequently the residuals have a constant variance. Analysis of residuals by plotting the residuals versus
predicted values wassed to check if the errors were independent and had a constant variance. A random

scatter of residuals versus the predicted values verifies this assumption.

4.3 Results and Discussion

4.3.1 Performance of Source Digesters

The bench scale digesters that proviohetulum for the batch kinetic studies were characterized with
respect to conventional parameters such as COD destruction and volatile fatty acid accumulation (Chapter
3). Briefly, a comparison of the COD removal among the mesophilic digesters (M1M2,arid31)
showed that the M1M2 (43.6%) and T1M3 (47.3%) digestion systems achieved greater COD removal

compared to the removal efficiency (42.1%) obtai
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Table 4-1. Measured acetate concentration irsourcedigesters

Acetate Concentration Acetate Concentration
Digester mgCOD/L Digester mgCOD/L
Mean SD Mean SD
C1 53.6 13.1 C2 139 30.6
M1 338.0 48.0 T1 872.7 83.8
M2 42.7 8.4 T2 125.2 17.1
M3 33.7 10.0 T3 184.5 28.4

*Standard Deviation

Among the thermophilic digesters (T1T2, M1T3 and C2 digesters), only the T1T2
digestion system (45.3%) improved COD removal performance, whereas the COD removal
efficiencies in the M1T3 digestion system (41.3%) andlig@ster (42.4%) were comparable
( ANOVA Post Hoc test, U=0.05) . Mor eover, the
thermophilic digesters in COD removal. The heavily loade¢lhase (M1 and T1) digesters of
the phased digestion systems had conalulg reduced COD removals as compared to the overall
efficiency of the systems. Consequently, it was anticipated that there would be considerable
accumulation of soluble COD, especially volatile fatty acids, in these digesters. Table 4.1
presents a summaof the acetate concentrations that were measured in each digester. From
Table 4.1 it can be observed that tfigphase of the phased digestion systems had significantly
higher acetate concentration as compared to the other digesters (i.e. thaagegtigesters and
the 2% phases of the phased digestion systems). Statistical analysis confirmed this difference,
using an ANOVA PostHoc test (U=0.05).

4.3.2 VSS and pH of Batch Experiments

The value of pH influences the relative concentrations of free anilases. An increased
concentration of free acids and bases can result in inhibition of micrelnatiijated anaerobic processes,
especially methanogenesis (Batstone et al., 2002). Thus, to determine if any severe changes in pH
occurred, the pH was meased at the end of the experiments to ensure the methanogenesis could proceed

without any inhibition. As shown in Figure 4.2, the pH values ranged from 7.36 to 8.41 which were
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within the pH optima cited for methanogens (Williams and Crawford, 1985). Tloé aHthe bottles

kept at 55°C was higher than the corresponding bottles kept 8€35his was most likely due to the

higher release of CQo the bottle headspace at the elevated temperature. Overall, it was concluded that
pH did not cause inhibitioaf the methanogenic activities and was not a concern in the parameter

estimation exercise.

The ratio of substrate to biomass is an important factor that can influence the estimation of
Monod kinetic parameters (Simkins and Alexander, 1985). Accordingifative biomass density was
used in the parameter estimation exercise. In addition to affecting parameter estimation, the substrate to
biomass ratio may influence the Monod parameter correlation (Simkins and Alexander, 1985; Liu and
Zachara, 2001). Thefiare, based on the VSS concentrations of the digesters, the samples were diluted to
have approximately an equal amount of biomass in the bottles of similar temperature. This ensured that
the substrate to biomass ratio was approximately equal in the lftthesssame temperature. Also, the
concentrations of volatile suspended solids were determined at the start and end of the batch tests to

determine if there were any significant changes in the biomass through the tests.

The average concentrations of V@8dther with their standard deviations (SD) for the various
batch experiments are presented in Figures 4.3 and 4.4 for the mesophifieramzphilic tests
respectively. An ANOVA PostHoc test (U=0.05) was
present in the bottles at similar temperatures (either mesophilic or thermophilic). No significant difference
was found among the VSS conceritras in the bottles of either the mesophilic or the thermophilic
temperature. Therefore, the initial substrate to biomagX{|Satio was approximately similar in the
bottles of similar temperature, making the estimated parameters more comparablebés&amfrom
Figures 4.3 and 4.4, VSS concentrations remained approximately the same in the bottles in either the
mesophilic or the thermophilic batch experiments. Statistical analysis showed no significant difference in

VSS concentrations between the ineghg and end of the experiments (pair¢dé s t |, U=0.05) .
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Figure 4.2. Average pH values in batch experiments
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Figure 4.3. Average VSS concentratins in mesophilic batch experiments (Average + SD); S=Start

of experiment; E=End of experiment.
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Figure 4.4. Average VSS concentrations in thermophilic batch experiments (Average + SD);

S=Start of experiment; E=End of experiment.

4.3.3 COD evolution in batch experiments

The COD of the bottles was characterized for total and soluble fractions. The total COD (TCOD)
was used to determine the reliability of the test through establishment of a mass balaedeatcht
experiments. In anaerobic digestion, methane production is the major pathway for the removal of COD.
Similar to the procedure used for the digesters, the lack of mass balance was calculated from Equation (4
18). TCOD in the beginning and end oéthatch tests were measured. Cumulative methane gas
production monitored and recorded. The GE@D was calculated for STP. Hence, the lack of COD

balance was examined in the test bottles using Equation 4.18).

6 DOAOPOQRELO 600 60 —— (4-18)

In addition to TCOD, soluble COD (SCOD) of the contents was measured in the bottles and
particulate COD (PCOD) was computed by subtracting TCOD from3J@e PCOD calculations were
employed to assess whether there was any significant decay of biomass during the experiments. At high

COD concentration, significant decay can make the parameter estimation inaccurate as high decay
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products may undergo hydraslg and acidogenesis and add to the net substrate concentration of interest
(i.e., in this case acetate) (Robinson and Characklis, 1984). However, these processes are not included in
the integrated Monod model used in this research for estimation-&iri®tc parameters.

Overall very low deviation was observed in mass balance of the bottles, indicating a good
agreement between COD and methane gas measurements. Even though the acetate concentration was
directly used in the parameter estimation exercisgtase is a major precursor for production of methane
(Jeris and McCarty, 1965) that indicates the activity of methanogens within the bottles. Thus, a good mass
balance on the bottles indicated the reliability of the data was used in parameter estirati@iuds
calculated for lack of mass balance for the batch experiments inoculated from the C1, M1, M2 and M3
digesters were).5,-0.2,-1 and-0.8%, respectively. These values for the thermophilic batch experiments
which were seeded from the C2, T1, TRia 3 digesters were 2.4, 2.7, 3 and 2%, respectively.

The average total COD of triplicate bottles for the mesophilic and thermophilic batch tests are
shown in Figures 4.5 and 4.6. The general trend of COD was similar at both temperatures, indicating
redudion of COD during the experiments that then appeared as methane gas. TCOD removal in the
mesophilic bottles ranged 41%% and for the thermophilic bottles was1I®%. In addition, the rates of
TCOD decline were determined in both the mesophilic and thhitiobottles. The TCOD reduction
rates were 0.45, 0.52, 0.46 and 0.44 g/L.d in the C1, M1, M2 and M3 bottles, respectively. The decline
rates for the thermophilic bottles of C2, T1, T2 and T3 were calculated as 0.63, 0.71, 0.66 and 0.60 g/L.d.
The resuls indicated that the TCOD reductions rate under the thermophilic condition was, on average, 1.4
times greater than that of the mesophilic bottles. Overall these results demonstrated that thermophilic

temperature increased biomass activity compared toathies/ obtained for the mesophilic condition.

The removal of PCOD was calculated for the mesophilic and thermophilic bottles. It was found
that 35% of the PCOD was removed in the mesophilic bottles. Compared to the mesophilic batch tests,
relatively highelPCOD removals were observed for the thermophilic batch tests. The values ranged 6
10% for the thermophilic bottles. These results indicated that a negligible fraction of the inocula added to
the bottles underwent decomposition that would slightly inflegahe net propionate concentration in the

bottles.
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Figure 4.5. Total COD values in the mesophilic batch experiments.
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Figure 4.6. Total COD values in the thermophilic batch experiments.

The average soluble COD concentrations of the triplicate bottles for the mesophilic and
thermophilic batch tests are presented in Figures 4.7 and 4.8. The SCOD measured at ihg béghen
test was higher than the theoretical COD equivalent of acetate added to the bottles. The values of the
acetate to soluble COD ratio for the mesophilic bottles were in the rangeB6P#@@nd for the
thermophilic bottles were in the range of@8% at the beginning of the test. At the end of the test, this
ratio was significantly reduced to 8286 and 47% for the mesophilic and thermophilic bottles,
respectively. These results indicated the SCOD reduction was mainly due to the acetate degrddatio

test bottles.
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Figure 4.7. Soluble COD values in the mesophilic batch experiments.
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Figure 4.8. Soluble COD valies in the thermophilic batch experiments.

4.3.4 Parameter Estimation

4.3.4.1 Preliminary experiments to determine optimum Sy/X,

The selection of an optimum initial substratg) (8 biomass (¥ ratio is important not only for
identifiability of Monod kinetic paramets (Grady et al., 1969; Liu and Zachara, 2001), but also for
reducing the influence of substrate production due to the degradation of biomass under conditions of high
inoculum quantities in the test bottles. Under anaerobic conditions, decay of bioméssnmenaterials

that can be converted to VFAs such as propionate and acetate through acidogenic and acetogenic
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processes. This can make the estimation of Monod kinetic parameters, especially Ks, imprecise if a
simple model such as the integrated Monodiehds to be usedecaus¢he model does not include
biomass degradation (Robinson and Characklis, 1984; Flotats et al., 2003; Nielsen et al., 2008).

The results of preliminary experiments for the estimation of Monod kinetic parametggaiid
Ky in theM2 and T1 digesters are presented in Figures 4.9 and 4.10. The acetate concentration in the
mesophilic and thermophilic bottles were approximately 1250 and 1600 mg/L as COD. The biomass from
the 1ststage digesters was diluted to have equal amount ofls®ifior all the bottles at similar
temperature. The total COD of the mesophilic and thermophilic bottles were, on average, 16.5 and 14 g/L.

The required macrand micrenutrients were also added to the bottles as explained earlier.

M2 e \Model

Time (day)

Figure 4.9. Results of preliminary model fit with experimental data: M2 digester
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Figure 4.10. Results of preliminary model fit with experimental data: T1 digester
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From about dag in the mesophilic digester (M2) and day 2.5 in the thermophilic digester (T1),
the model deviated from the experimental data. It would appear that the acetate concentration was not
consumed at the same rate predicted by the model. This was likelyttieedegradation of inoculum
that resulted in generation of some acetate in the test bottles (Nielsen et al., 2008). Based on these results,
the batch experiments were modified through shortening the duration of the experiments (about 3 days)
and further dution of the inoculum to reduce the influence of biomass degradation on acetate
concentration. The total COD in the batch experiments was reduced to approximately 9 and 6 g/L in the
mesophilic and thermophilic bottles, respectively.

4.3.5 Residual analysis

Prior to analyzing the results of the parameter estimation, it was important to determine if the
assumptions of the least squares approach were reasonably satisfied. The least square assumptions,
especially error distribution, were analyzed to establish theesjuent tests of significance and
calculation of confidence intervals for comparison of parameter estimates were valid (Marshall et al.,
1959). The assumptions include selection of an appropriate model, normal distribution of errors, constant

variance oterrors and independency of errors from one another (Montgomery, 2001).

Graphical representation of errors (the difference between observed and predicted values) is a
useful tool to check the normal distribution of errors. Figures 4.11 and 4.12 illubgatstlts of testing
the normal distribution of errors for the mesophilic and thermophilic batch experiments. A linear line was
obtained for the errors of the acetate concentrations of all the batch tests, indicating a normal distribution

of the residuals
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Figure 4.11. Half-normal quantile-quantile plot of errors for acetate data of the mesophilic batch
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Figure 4.12. Half-normal quantile-quantile plot of errors for acetate data of the thermophilic batch

experiments

The homoscedasticity assumption of residuals is important in parameter estimation as
significance tests and the confidence intervals of thmastd parameters are not valid in cases with
unequal variances for residuals. A simple method to check for homoscedasticity is to plot the residuals
versus model predicted values. A randomly scattered pattern of residuals indicates the errors have a
consant variance (Mongomery, 2001). Accordingly, the errors of the acetate concentrations were plotted
versus the model predicted values for the mesophilic and thermophilic batch experiments to check the
randomness of errors (Figures 4.13 and 4.14). The ssdpattern of the residuals demonstrated that the

errors of the acetate data in the batch experiments had approximately constant variance.
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Figure 4.14. Residual (error) vs. predicted acetate concentration for the thermophilic batch

experiments

4.3.6 Estimation of parameters of Monod kinetics

Anaerobic digestion models have become a useful tool for understanding the underlying reactions
that are being carried out by the complex mixture of microorganisms in this process. However, the values
of parameters should be estimateduaately to improve the models prediction (Flotats et al., 2003).
Methanogenesis is the last step of anaerobic process that has been extensively studied by researchers
(Jeong et al., 2005; Demirel and Scherer, 2008). However, investigation of metharmgethesphased
anaerobic digestion is still scarce. In this section, the impact of phase separation on the kinetics of the

acetoclastic methanogens was studied.
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Figure 4.15. Results of tte model fit with acetate experimental data: mesophilic batch tests

The Monod coefficients (kxand K) and the concentration of acetoclastic organisngsi(Xthe batch
tests were estimated by fitting Equatiord(4to the measured acetate concentrat@nsus time. Figures
4.15 and 4.16 show the acetate concentrations over time and the fitted Equd)idor (dhe mesophilic
and thermophilic batch experiments. Overall, it can be observed that the calibrated model achieved a good
fit of the data.
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Figure 4.16. Results of model fit with experimental acetate data: thermophilic batch tests

The estimated kinetic parametersfland K) and linear uncorrelated estimates of the 95%

confidencdntervals (Cl) of these parameters for the sirgige and phased digestion systems are

presented in Tables 4.2, 5.3 and 4.4, respectively. Both mesophilic and thermophilic digesters showed

larger relative errors in ¥as compared to the values obtaif@dk.,. (relative error was calculated as the

ratio of standard error of the parameter to the value of the parameter). High uncertainties in estimation of

Ksvalues were also reported by Kalfas et al. (2006) who studied mesophilic and thermophilicianaerob

digesters treating olive pulp. Large confidence intervals related to the estimated kinetic coefficients,

especially for K, may be attributed to the limited number of samples collected from the batch

experiments.
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T2
Table 4-2. Estimated parameters for methanogenic populations of single stage digesters

Parameter C1 C2
Unit Best fit . Best fit
value Cl value Cl
d? 74 6.58.3 152 13.816.6
mgCOD/L 155 120190 379 268489
mgCOD/L 649 504795 400 306-493

*95% linear uncorrelated Confidence Interval; **initial biomass concentration

Table 4-3. Estimated parameters for methanogenic populations of mesophilic phased digesters

Parameter Ci C2
Unit Best fit cr Best fit Cl
value value
d’ 74 6.58.3 152 | 13.816.6
mgCOD/L 155 120190 379 268489
mgCOD/L 649 504795 400 306-493

Table 4-4. Estimated parameters for methanogenic populatios of thermophilic phased digesters

Parameter C1 C2
Unit Best fit cr Best fit Cl
value value
d?! 74 6.58.3 152 13.816.6
mgCOD/L 155 120190 379 268489
mgCOD/L 649 504795 400 306-493
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In general, the accuracy of parameter estimat@onbe increased through increasing the number of
measurements (Guisasola et al., 2006). Moreover, based on the sensitivity analysis of the Monod equation
with regards to ks and K, previous researchers demonstrated thatik more easily estimated én

always has lower relative error than Ks estimates (Dochain and Vanrolleghem, 2001; Guisasola et al.,

The parameter values that were estimated in this study were compared against literature values to

validate the approach which was employed (T4¢. From Table 4.5 it can be observed that the




parameters estimated in this study were within the range of the literature values. Hence, when considered

together with the previously described statistical assessment of the quality of parameteraf#s, it

concluded that the approach employed for parameter estimation was valid.

Table 4-5. Summary of kinetic parameters for acetoclastic methanogens from literature

System Temp. | HRT | K¢ kmax | Reference
C) | () |mgcoD/L |d?
Two-phasé 35 7.2 |40 13 S?egr?st et al., 2002
55 6.2 | 300 52 | Siegrist et al., 2002
Single 38 20 160 13 | Feng et al., 2006
Single 35 20 310 9.99 | Kalfas et al., 2006
55 20 630 Kalfas et al., 2006
Single 35 150 8 Batstone et al., 2002
55 300 16 Batstone et al., 2002
Two-phase 35 20 150 9 Blumensaat and Keller, 20(¢
55 2-4 400 25 Blumensaat and Keller, 20(¢

*Parameter coefficients for thermophilic digester were calculated

The 95% confidence regions for thegkand K valuesfor the mesophilic digesters are presented

in Figure 4.17, with error bars showing the linear uncorrelated error estimates. The regions for the

parameter s

ar e

Aftrueo

conf i

dence spaces

whi

(Batdone et al., 2003). Based on a comparison of the confidence regions for-Kieebio parameters

(kmax@nd K estimated for the mesophilic digesters, it was found that the parameter set for the M1

ch

digester was different from the ones obtained for theMi2and C1 digesters. These results indicated

that the methanogenic culture in the M1 digester was functionally different from that of the other

ar

digesters that were all operated at a lower loading rate. These results agree with the evidence presented in

the literature indicating the presence of biokineticdilferent acetoclastic methanogens in sludge

digesters. The presence of different acetoclastic methanogens in mesophilic digesters has been addressed

previously in many studies (Raskin et al., 199%Hwgh et al., 2003; Conklin et al., 2006; Vavalin et al.,

2008; Karakat et al., 2010 ). Two genera of acetoclastic methanddethsnosaeta spvith a low knax

and K that dominate at low concentrations of acetate (less than 2mMethdnosarcina spwith a

high knax and K that proliferate at high concentrations of acetate have been reported (Gujer and Zehnder,

1983). In addition, a study by Raskin et al., (1995), reported that the dominant methanogenic population

in the 2% phase of a two phase digies system was different from those in tHieghase digester.
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The acetate concentrations in the dnd 2%-stage of the phased digestion systems further support
the presence of fast growildethanosarcina sppn the 1ststage and slow growingethanoseta spp.
in the 2%stage digesters (Table 4.Methanosarcina spmenerally have greater specific growth rates
(Umay thanMethanosaeta spfMin and Zinder, 1989), so this allows them to be more competitive at high
concentration of acetate. In additjahe low HRT of the *tphase digesters was challenging for the slow
growing methanogens to be kept in these digesters. On the other hand, at low conceotatetate,
competition is based onsKalues andviethanosaeta spvith higher affinities (@wer K would

dominate in the digesters.

The 95% confidence regions fardand K values for the thermophilic digesters are presented in
Figure 4.18, with error bars showing the linear uncorrelated error estimates. A similar approach was used
to compardhe parameter sets obtained for the thermophilic acetate utilization in the thermophilic
digesters. It was found that the confidence regions of the T2, T3 and C2 digesters overlapped but were
different from the T1 digester. As with the results from tlesophilic digesters, it would appear that the
first phase digester of the thermophilic digesters had a methanogenic biomass that was functionally
different from that of the lower loaded digesters. Similar to the presence of two kineditiient
generaof mesophilic acetoclastic methanogens, previous studies have indicated the existence of
thermophilic genera dflethanosarcinandMethanosaetén anaerobic environments depending on the
acetate concentration. For example, Zinder et al. (1984) repoetgadliferation oMethanosarcina spp.
during the startip of a thermophilic anaerobic digester with acetate concentratiors of\ (126300
mg/L); whereasMethanosaeta spplominated the system when acetate concentrations were 0.3 to 1.5
mM (30-90 mg/L). Similar results have been reported by several other researchers as (Touzel et al., 1985;
Zinder et al., 1987; Min and Zinder, 1989).

The higher acetate concentration in the T1 digester compared to the T2 and T3 digesters
supported the bitinetic parameers estimated for the thermophilic digesters (Table 4.1). As explained
for the mesophilic digester, the slaywowing methanogens with high affinities for acetate (lojwiould
be favoured under low acetate concentrations (i.e., the T2 and T3 digeshdesjhe fast growing

methanogens with higher umax would dominate at the T1 digester with high concentrations of acetate.
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