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Abstract 

The hydrolysis of particulate organic matter (POM) originated from municipal wastewater is 

considered a limiting factor in biological systems. The mechanics and limiting factors involved 

in the hydrolysis process are not well understood. Therefore, the goal of this work was to 

characterize the hydrolysis products formed during the hydrolysis of POM originated from 

municipal wastewater under aerobic and anaerobic conditions. The biodegradability of the 

hydrolysis products was determined based on the nominal molecular weight (MW) and UV 

response by using the size exclusion chromatography coupled with online carbon and 

UV (254 nm) detection (SEC-OCD-UV) method together with standard sum parameters.  

The experimental set-up used in the aerobic experiments allowed a parallel observation of the 

formation and utilization of the hydrolyzed POM. The chromatographic results showed 

accumulation of the high molecular weight (HMW) organic products (nominal MW > 20.000 

g/mol) within the first three days indicating that bacteria needed this time to grow and develop 

the necessary enzymes to degrade the HMW organic products, which were mostly depleted 

after 13 d. The volatile suspended solids (VSS) removal after 13 d was around 70 %.  

The chromatographic results of the anaerobic hydrolysis experiments showed accumulation of 

the low MW organic products (nominal MW: 150 - 1550 g/mol) within the first 2 and 4 d at pH 

7 ± 0.2 and pH 6 ± 0.2, respectively. It was determined that changes of pH (i.e., 7 and 6) did 

not affect the hydrolysis rate but the kind of volatile fatty acids (VFA) produced and their 

further utilization rate. The VSS removal after 24 d was around 60 %.   

The bacteria growth dynamics and the extracellular polymeric substances (EPS) formation were 

visualized under aerobic and anaerobic conditions by using confocal laser scanning microscopy 

images. The findings of this work significantly extended the fundamental understanding of the 

aerobic and anaerobic hydrolysis of POM. The SEC-OCD-UV effectively characterized the 

hydrolysis products providing detailed insight into the hydrolysis process.   
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Kurzzusammenfassung 

Die Hydrolyse von partikulären organischen Substanzen (POM) aus kommunalem Abwasser 

gilt als limitierender Faktor in biologischen Systemen. Die Mechanik und die limitierenden 

Faktoren des Hydrolyseprozesses sind nicht hinreichend bekannt. Ziel dieser Arbeit war es, die 

Produkte zu charakterisieren, die bei der Hydrolyse von POM aus kommunalem Abwasser 

unter aeroben und anaeroben Bedingungen entstehen. Die biologische Abbaubarkeit der 

Hydrolyseprodukte wurde, basierend auf dem nominalen Molekulargewicht (MW) und der UV-

Absorption, unter Verwendung der Größenausschlusschromatographie, gekoppelt mit der 

kontinuierlichen Detektion von gelöstem organischen Kohlenstoff (DOC) und 

UV-Absorption- (254 nm) (SEC-OCD-UV), bestimmt. 

Unter aeroben Bedingungen konnte die Bildung und der Abbau von hydrolysierter POM 

gleichzeitig beobachtet werden. Das Chromatogramm zeigte zudem eine Akkumulation von 

organischen Produkten mit hohem Molekulargewicht (HMW) (nominelles MW > 20.000 

g/mol) innerhalb der ersten drei Tage. Dies deutet darauf hin, dass Bakterien diese Zeit zum 

Wachstum und zur Entwicklung der notwendigen Enzyme für den Abbau der organischen 

HMW-Produkte benötigen, die größtenteils nach 13 Tagen abgebaut waren. Der Abbau der 

organischen Trockensubstanz (VSS) betrug nach 13 Tagen etwa 70 %. 

Unter anaeroben Bedingungen, hingegen, akkumulierten organische Produkte mit niedrigem 

Molekulargewicht (nominelles MW: 150 – 1550 g/mol) innerhalb von zwei Tagen bei pH 

7 ± 0,2 und innerhalb von vier Tagen bei pH 6 ± 0,2. Es wurde festgestellt, dass pH-

Änderungen (d. h. 6 und 7) nicht die Hydrolysegeschwindigkeit beeinflussten, sondern die Art 

der produzierten flüchtigen Fettsäuren (VFA) und deren Abbaugeschwindigkeit. Der VSS-

Abbau betrug nach 24 Tagen etwa 60 %. 

Die Wachstumsdynamik der Bakterien und die Bildung extrazellulärer polymerer Substanzen 

(EPS) wurde unter aeroben und anaeroben Bedingungen mit Hilfe der konfokalen 

Laserscanning-Mikroskopie visualisiert.  

Die Ergebnisse dieser Arbeit haben das grundlegende Verständnis der aeroben und anaeroben 

Hydrolyse von POM stark verbessert. Mittels der verwendeten Chromatographie-Methode 

konnten Hydrolyseprodukte erfolgreich charakterisiertund detaillierte Einblicke in den 

Hydrolyseprozess gewonnen werden. 
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Chapter 1: Introduction 

1.1 The path of the particulate organic matter along the municipal 

wastewater treatment line 

Wastewater is subject of interest due to its implications to social health and environmental 

protection. Therefore, the central objective in wastewater treatment has been the removal of 

contaminants from the water. The composition of municipal wastewater varies depending on 

region, climate, and habits of the population. Consequently, the exact composition of municipal 

wastewater is unknown. Nevertheless, the wastewater quality can be evaluated by using 

physical, chemical, and biological parameters, which might differ between countries, e.g., in 

the USA, the influent total suspended solids (TSS) in a wastewater treatment plant (WWTP) is 

in the range of 60 - 150 g/capita · d, while in Germany is 82 - 96 g/capita · d (Metcalf and 

Eddy, 2014).  

Pollutants in municipal wastewater are present in suspended or dissolved form depending on 

their size (von Sperling, 2007). Suspended solids (particulate matter) are solids retained onto 

the surface of a filter paper (0.45 µm); from these, around 60 % are settleable solids (settling 

within one hour), whereas the solids passing through the filter paper are called dissolved solids 

(von Sperling and Lemos Chernicharo, 2005). Moreover, organic matter, based on its particle 

size, can be further divided into four additional fractions: 1) settleable: > 100 µm, 2) supra 

colloidal: 1 - 100 µm, 3) colloidal: 0.08 - 1 µm and soluble: < 0.08 µm (Sophonsiri and 

Morgenroth, 2004). 

In addition to the size, wastewater constituents can also be classified based on their 

biodegradability (Henze et al., 1987; Kommedal, 2003). Solids can be recognized as organic 

when they volatilize after ignition at 550 °C (volatile solids: VS). Typically, the influent content 

of volatile suspended solids (VSS) compared to TSS in municipal raw wastewater is around 

80 %. The remaining 20 % non-volatile influent suspended solids corresponds to the inorganic 

total suspended solids (iTSS), which can be calculated by the difference in influent wastewater 

concentrations of TSS and VSS (Metcalf and Eddy, 2014). Friedrich (2016) indicated that 

non-biodegradable organic matter is aggregated to the VSS in the mixed liquor suspended solids 

(MLSS). According to Ramdani et al. (2012), the percentage of influent non-biodegradable 

particulate organic matter adding to the MLSS is of 25 % or more of the VSS depending on the 

characteristics of the wastewater and the sludge retention time (SRT). 
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Henze et al. (1987) fractionated the chemical oxygen demand (COD) in municipal wastewater 

according to its biodegradability as shown in Fig. 1-1. On the one side, the biodegradable 

organic matter was divided into two fractions: easily biodegradable and slowly biodegradable 

organic matter, which is present in soluble and particulate form, respectively (Fig.  1-1). 

Although, slowly biodegradable matter might be found in soluble form. The easily (soluble) 

biodegradable matter consists of simple molecules that may be taken directly by heterotrophic 

bacteria to be used for biomass growth (Henze et al., 1987; Henze and Mladenovski, 1991). 

The slowly (particulate) biodegradable organic matter must be first converted to easily (soluble) 

biodegradable organic matter through a process called hydrolysis (see Chapter 1.2). On the 

other side, non-biodegradable organic matter (inert matter) remains unchanged during the 

biological treatment. The soluble non-biodegradable organic matter leaves the WWTP with the 

final effluent, while the particulate non-biodegradable organic matter is incorporated into the 

MLSS (von Sperling, 2007). 

 

 

 

 

 

Fig. 1-1: Fractionation of COD in municipal wastewater. Adapted from Metcalf and 

Eddy, 2014.  

In a conventional WWTP (Fig. 1-2), 50 - 70 % of the total influent organic matter is in 

particulate form (Derlon et al., 2016; Ødegaard, 1999; Wagner et al., 2015). Furthermore, 

particulate organic matter (POM) is the main component of carbon source (Liu et al., 2016; 

Zheng et al., 2013). The organic matter in wastewater contains 40 - 60 % of proteins, 25 - 50 

% of carbohydrates and 8 - 12 % of oils and fats (Metcalf and Eddy, 2014). Butler et al. (1995) 

and Friedler and Butler (1996) found through data analysis that 40 % of the total pollution load 

generated in households originates from blackwater, i.e., the toilet. The latter was confirmed by 
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Ruiken et al. (2013) who found through sieving that around 35 % of the suspended solids in 

raw wastewater originate from toilet paper. The degradation of organic matter starts at the 

sewage system and reaches its maximum at the WWTP (Ødegaard, 1999; von Sperling, 2007). 

According to Metcalf and Eddy (2014), the wastewater treatment within a conventional WWTP 

is divided into preliminary, primary and secondary treatment (Fig. 1-2). 

The preliminary treatment consists of screens and a grit chamber (Fig. 1-2a). Coarse screens 

remove particles larger than 6 mm and fine screens remove particles between 6 - 0.5 mm 

(e.g., small rags, paper, plastic material of various types, razor blades, grit, undecomposed food 

waste and feces). Depending on the screens design, up to 10 % of biochemical oxygen demand 

(BOD) is removed (Lackner, 2015). The grit chamber removes mainly inert material (iTSS) 

from the wastewater flow and retains more than 90 % of particles with a size of 210 to 150 µm 

depending on the design and the grit characteristics. When fine sand is present, the retention 

can decrease until less than 60 % (Metcalf and Eddy, 2014). Grit consists of inorganic material 

(e.g., sand, gravel, and other heavy materials). It includes organic material such as eggshells, 

bone chips, seeds, and coffee grounds. Screenings and grit are typically disposed either to a 

landfill (VS < 5 %) or are incinerated with the solids. 

The effluent of the preliminary treatment is directed to the primary sedimentation tank where 

readily settleable solids and floating material are removed through sedimentation. 50 - 70 % of 

TSS and 25 - 35 % of BOD are removed depending on the design, temperature, and retention 

time, which typically varies from 1.5 - 2.5 h. 

After the primary treatment, the wastewater is conducted into the biological or secondary 

treatment (Fig. 1-2a). There, ideally the biodegradable fraction of the POM is degraded. 

However, only a certain amount of the POM is totally degraded. The rest is only partially 

degraded (Henze and Mladenovski, 1991; Levine et al., 1991). Non-biodegradable particles 

could either be integrated into the activated sludge or/and could continue to the secondary 

sedimentation (Fig. 1-2a). Depending on the characteristics of the non-biodegradable particles 

at the secondary sedimentation, the POM could be captured as scum, which is considered as 

waste and therefore conducted into the anaerobic digester, (Fig. 1-2b) or could settle down to 

be returned into the aeration tank where their forward degradation is expected (Fig. 1-2a). The 

environmental factors and physical characteristics of the activated sludge contribute to the 

settling capacity of the sludge (Samer, 2015). According to Maximova and Dahl (2006), the 

activated sludge flocs formation within a clarifier determines the biomass settling capacity and 
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thus, its separation from the treated wastewater and MLSS concentration in sludge return flows. 

Hayet et al. (2010) found that in addition of the biomass concentration and the volume index, 

an increase in the temperature, i.e., 21 °C to 40 °C, increases the settling velocity of the sludge. 

The same author noticed an increase of the bacterial growth rate and the number of biologic 

flocs when the temperature was increased. 

In relation to the treatment of the solids fraction, when the activated sludge accumulates 

exceeding the recommended limit, the excess sludge is removed from the tank as waste 

activated sludge/surplus sludge and is conducted into the thickener (Fig. 1-2b). Afterwards, 

both, the thickening effluent and the sludge produced during the primary treatment are 

combined and the flow is conducted into an anaerobic digester (Fig. 1-2b). The effluent of the 

anaerobic digester is dewatered (Fig. 1-2b). The biosolids are typically incinerated, while the 

liquid from the thickening and dewatering processes are normally led to the influent of the 

primary sedimentation (Fig. 1-2) or activated sludge tanks. 

Depending on the final purpose of the treated wastewater, the effluent of the secondary 

treatment could be further treated, disinfected, and discharged into the water bodies’ receptors. 

At this point, ideally, only “clean and safe for the environment” water is present. However, the 

effluent from conventional secondary treatment contains varying amounts of residual 

contaminants. Already in 1991, Levine et al., reported the persistence of particulate material 

with a size between 1 to 10 µm. Rogowska et al. (2019) discussed the effluents of WWTPs as 

a major source of pollutants, being conventional WWTPs “incapable of eliminating many 

compounds found in wastewater”. Recently, Rodriguez-Mozaz et al. (2020) monitored final 

effluents from European WWTPs. The authors associated higher antibiotics consumption rates 

with higher concentrations at the WWTPs effluents. According to Luo et al. (2014), the 

discharge of treated effluent from WWTPs to surface water is a significant source for the 

introduction of micropollutants. Likewise, Petrie et al. (2014) indicated that emerging 

contaminants (ECs) such as pharmaceuticals and/or personal care products are originated from 

the discharge of WWTPs effluents. The presence of ECs could cause ecological impacts to biota 

in the environment (e.g., endocrine disruption). Brown (2019) found that the abundance in 

rivers of antibiotic resistant bacteria (ARB) and antibiotic resistance genes (ARG) are related 

to sanitary sewage overflows and to the discharges of WWTPs effluents. The author resolved 

that within the WWTP, antibiotics are partially reduced via retention in sludge or by 

degradation. Additionally, Proia et al. (2018) noted that urban rivers receive both antibiotics 

and antibiotic resistant fecal bacteria from WWTPs effluents. The same authors stated that a 
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continuous release of low levels of antibiotics into rivers could contribute to the spread of 

resistance in aquatic environments. Droppo et al. (2009) studied waterborne pathogens within 

river sediment (flocculated particles). The authors stated that “the lack of understanding around 

pathogen/sediment associations may lead to an inaccurate estimate of public health risk”. 

Due to the impact of the WWTPs discharges on the water bodies receptors, “many of the 

processes classified as tertiary or advance treatment will be considered conventional within the 

next 10 to 20 years” (Metcalf and Eddy, 2014). In addition to the need of a further treatment of 

the secondary effluent, it is of vital importance to optimize the conventional wastewater 

treatment. An et al. (2016) stated that due to the “huge amount of wastewater treated by 

activated sludge process worldwide, even a little improvement in the existing technology will 

have profound impact on the global economy and environment”. Therefore, it is necessary a 

deeper understanding of the involved mechanisms in the biodegradation of organic matter 

during the biological treatment. 
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1.2 Biodegradation of particulate organic matter in a municipal wastewater 

treatment plant 

In municipal wastewater treatment, organic matter is classified into easily biodegradable and 

slowly biodegradable organic matter (see Fig. 1-1, Chapter 1.1). POM has been recognized as 

slowly biodegradable organic matter (Batstone et al., 2002; Henze et al., 1987; Pavlostathis and 

Giraldo-Gomez, 1991; Vavilin et al., 2008). The biochemical transformation of organic matter 

(substrate decomposition and biomass growth) occurs simultaneously in a series of intermediate 

reactions catalyzed by specific enzymes (von Sperling, 2007). The responsible enzymes for 

biodegradation of organic matter are lyases and hydrolases. However, lyases reactions are few 

in comparison with the hydrolytic reactions (Morgenroth et al., 2002). 

 

Fig. 1-3: (Right): particulate organic matter (size: 10 - 500 µm) hydrolyzed into dissolved 

organic matter and (left): assimilation of dissolved organic matter by bacteria (size: 1 µm). 

Adapted from von Sperling, 2007. 

Hydrolysis is the process in which a polymer is broken down into products with a molecular 

weight (MW) lower than the initial polymer. During the break down of the covalent bonds of 

the initial polymer, water is consumed (Bajpai, 2017; Kommedal, 2003). Hydrolysis is 

catalyzed by hydrolytic ecto-enzymes (extracellular enzymes) produced by bacteria (Fig. 1-3). 

These enzymes are responsible for hydrolysis reactions outside the cell, in the liquid (Chróst, 

1991; Li and Chróst, 2006; von Sperling, 2007). It is assumed that molecules larger than 

1000 g/mol cannot diffuse into the cell wall (Chróst, 1991; Confer and Logan, 1997; 

Morgenroth et al., 2002). Therefore, the POM must be hydrolyzed until its products are 

sufficiently reduced for assimilation by bacteria with the aid of endo-enzymes (Fig. 1-3) 

Particulate organic 

matter in wastewater 

Hydrolysis 

Dissolved 

organic matter 

Ecto - enzymes 

Endo -

enzymes 
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(Confer and Logan, 1998, 1997; von Sperling, 2007; Xia et al., 2008). The hydrolysis products 

(smaller fragments of the initial polymer) have a larger surface area available for the attack and 

further breaking down of the substrate by the microorganisms. 

There have been continuous efforts to describe through mathematical models the hydrolysis of 

POM. Up today, there has not been an agreement on which is the best model because the 

existing models were developed for specific experimental conditions (Morgenroth et al., 2002). 

Nevertheless, together with the development of models, there has also been an attempt to 

simplify them to promote their use. Hydrolysis is often referred as a surface-limited process, 

which follows a first-order kinetics reaction model (Batstone et al., 2002; Confer and Logan, 

1997; Eastman and Ferguson, 1981; Goel et al., 1998; Kappeler and Gujer, 1992; Vavilin et al., 

2008, 1996). The assumption is that the POM degradation depends on the initial concentration 

of the particles, which are degraded at a constant rate. Hydrolysis of POM is considered the 

rate-limiting factor for the biomass growth because the hydrolysis rate of the POM is 

significantly lower than the utilization rate of the easily biodegradable organic matter (Batstone 

et al., 2002; Eastman and Ferguson, 1981; Henze et al., 1987; Koch et al., 2009). 

A relationship between the size of a particle and the reaction rate has been found; the smaller 

the size of the particle the higher the rate of hydrolysis (Dimock and Morgenroth, 2006; 

Eastman and Ferguson, 1981; Kapoor et al., 2019; Levine et al., 1991; Sophonsiri and 

Morgenroth, 2004). Hydrolysis reactions do not involve energy utilization, therefore, there is 

no utilization of electron acceptor (Henze et al., 1987). Even though, the hydrolysis rate is 

affected by the electron acceptor conditions; aerobic conditions produce higher hydrolysis rates 

than anoxic or anaerobic conditions (Goel et al., 1998, 1997; Henze et al., 1987; Henze and 

Mladenovski, 1991). It seems that the electron acceptor affects not the specific activity of 

hydrolytic enzymes but the synthesis rate (Kommedal, 2003). Additionally, the amount of 

hydrolytic bacteria seems to be of special importance in the hydrolysis process (Goel et al., 

1998; Vavilin et al., 2008). The conventional activated sludge (CAS) systems work under the 

premise that the necessary amount of active hydrolytic bacteria is ensured in the activated 

sludge tank. 

By using confocal laser scanning microscopy (CLSM), Behle (2011) visualized the bacteria 

association to the particulate material originated from raw municipal wastewater (Fig. 1- 4). 

The author divided the particles into six particle size fractions shown in Table 1-1. Behle 

identified the presence of bacteria (intestinal enterococci) in all the particle size fractions. 
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Moreover, the author identified in fraction 1 that cellulose material had more occurrence of 

bacteria than fruit shell material (Fig. 1-4a-b) suggesting an influence of the material on the 

bacteria-particle association. In addition, when the particle size was reduced, starting on 

fraction 2, the bacteria density started to increase, and agglomerates of bacteria were 

distinguished (Fig. 1-4c-d). The CLSM-images showed the highest bacteria density in 

fraction 3 and fraction 4 (Fig. 1-4e-f). However, in fraction 5, only some bacteria agglomerates 

were observed onto the surface of a single particle (Fig. 1-4g); most of the spread bacteria were 

related to freely suspended bacteria. The author explained the reduction of the bacteria density 

with the filter pore size and its particle retention capacity. In fraction 6, the smallest particle 

size fraction, only freely suspended bacteria were observed onto the filter surface (Fig. 1-4h). 

Table 1-1: Fractionation of raw wastewater particles according to their size and bacteria density 

in the fractions. Adapted from Behle, 2011. 

Particle 

fractions 

Particle size 

[µm] 

Intestinal 

enterococci / 100 mL 

1  > 4,000 > 1 x 104 

2 1,000 - 500 ≈ 1 x 104 

3 500 - 180 ≈ 1 x 104 

4 180 - 63 ≈ 1 x 105 

5 63 - 12 ≈ 1 x 105 

6 12 - 5 ≈ 1 x 105 

 

The findings of Behle (2011) are noteworthy because based on imaging techniques bacteria was 

found to be cell-associated and furthermore, the highest bacteria density found corresponded to 

the same particle size range of most of the POM reaching the secondary treatment in a 

conventional WWTP (see Chapter 1.1). Likewise, Walters et al. (2014a) studied the influence 

of particle-association and TSS by using UV for the inactivation of bacteria in a river. The 

authors showed that the smaller the size of the particle the higher is the bacteria association. 
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Li and Chróst (2006) reported that activated sludge flocs retain and accumulate a large number 

of enzymes. The authors determined that 97 % of the enzyme activity was cell-associated. 

Likewise, Chróst (1991), Confer and Logan (1998), and Goel et al. (1997) conclude that the 

hydrolysis process is mainly cell-associated. Bacteria associate with particulate material to gain 

protection against predation, to shield themselves from UV light rays and to obtain nutrients 

from the particles (Droppo et al., 2009; Walters et al., 2014a; Walters et al., 2014b). 

Since enzymes are found to be cell-associated, it has been assumed that an increase in the 

biomass concentration will produce an increase in the hydrolysis rate (Goel et al., 1998) even 

when not all the biomass is active (Argaman, 1995; Henze et al., 1987; Henze and Mladenovski, 

1991). However, San Pedro et al. (1994) stated that “biomass has no significant effect on the 

hydrolysis rate”. The latter was supported by Benneouala et al. (2017), who showed that the 

pre-existing microorganisms associated to the POM have a major influence in the hydrolysis 

process. It seems that once there is more available surface by reason of hydrolysis, the amount 

of activated sludge becomes more relevant. 

In addition to hydrolysis reactions, microorganisms such as rotifers and protozoa contribute in 

a small percentage to the degradation of POM. Rotifers capture bacteria and POM by using 

their cilia and pulling the captured food into their opening mouth (Salt, 1987); the presence of 

rotifers at the effluent of the secondary treatment indicates a highly efficient aerobic biological 

process (Metcalf and Eddy, 2014) because rotifers predominate a system with low organic level 

of unstabilized BOD (Stover and Campana, 2003). 

Protozoa degrades bacteria as well as POM and depending on its feeding mode, protozoa can 

be classified into three groups, i.e. flagellated, free-swimming ciliated and stalked ciliated 

protozoa (Stover and Campana, 2003; von Sperling, 2007). Flagellated protozoa competes with 

bacteria for the assimilation of dissolved organic matter (DOM) (von Sperling, 2007); 

free-swimming ciliated protozoa degrade POM by phagocytosis (Friedrich, 2016; Kommedal, 

2003; Metcalf and Eddy, 2014; Yang et al., 2017) and stalked ciliated protozoa predate bacteria 

by using their cilia to attach themselves to solid particles and feed on the bacteria available at 

the floc (Stover and Campana, 2003; von Sperling, 2007). 

Viruses have been also found to contribute to the sludge mineralization process (Hao et 

al., 2011). Viruses are obligate intracellular infectious agents, which only multiply within a host 

cell. Bacteriophages are viruses that infect bacteria and are common constituents found in 

wastewater (Metcalf and Eddy, 2014). Viruses infect around 20 % of marine heterotrophic 
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bacteria (Hao et al., 2011; Suttle, 1994). According to Chen et al. (2019), virus impact microbial 

dynamics, metabolism, and community composition. Virus transform the microbial biomass 

into DOM by destroying host cells (cell lysis) and releasing the cytoplasmic compounds into 

the extracellular space (Wilhelm and Suttle, 1999). 

It has been observed that the sludge retention time (SRT) has an impact on the degradation of 

micropollutants such as bisphenol-A, ibuprofen, bezafibrate and natural estrogens (Clara et al., 

2005). The same authors found the longer the SRT the higher the removal of contaminants.  

Hatoum et al. (2019) stated that an increase of SRT caused an improvement of removal of the 

highly and moderate biodegradable compounds. Li et al. (2019) found a linear degradation of 

toilet paper fibers with the SRT. The latter is of special importance due to more than 50 % of 

the toilet paper fibers reach the secondary treatment in the WWTPs (Li et al., 2019). 

1.3 Microbial growth in a batch reactor 

According to Chróst (1991), heterotrophic bacteria are outstanding producers of hydrolytic 

enzymes and microbial growth depends on the products of the ecto-enzymatic reactions 

(Chapter 1.2). A biological process in a batch reactor commonly follows four microbial growth 

phases: lag phase, exponential growth phase, stationary phase, and death phase as shown in 

Fig. 1-5. During the lag phase, microorganisms adapt to the environment and there is no 

significant increase of biomass. The duration of the lag phase depends on the inoculum, the 

content of the wastewater and the microorganisms´ concentration. The lag phase is followed by 

the exponential growth phase, where microorganisms reproduce at their maximum rate and 

there is no nutrients or substrate limitation. Gradually, as the nutrients and/or substrate are 

depleted, the stationary phase is reached. The stationary phase is characterized by an 

equilibrium between growth and death of the cells. Inhibitory products of metabolism may be 

produced during this time. Lastly, during the death phase, the biomass decreases due to 

starvation. An approximate constant fraction of the remaining biomass is lost each day (Chisti, 

2014; Metcalf and Eddy, 2014; von Sperling, 2007). 
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Fig. 1-5: Microbial growth pattern in a batch reactor. Adapted from von Sperling (2007). 

Environmental conditions may have a significant effect on the microbial growth and the 

performance of the treatment (Leitão et al., 2006; Samer, 2015). According to von Sperling 

(2007), the effect varies depending on the microorganism; heterotrophic bacteria implicated in 

the stabilization of organic matter have higher tolerance to environmental changes than 

autotrophic bacteria implicated in the nitrification process. In biological systems, higher 

temperatures favor chemical conversion processes (von Sperling et al., 2020). Bacteria is 

classified into three groups: psychrophilic, mesophilic and thermophilic as shown in Table 1-2. 

Depending on the region and season, conventional WWTPs (Fig 1-2 in Chapter 1.1) operate 

within the mesophilic and thermophilic range (Wang et al., 2019; Ward et al., 2008). 

Table 1-2: Temperature ranges for microbial growth. Adapted from von Sperling, 2007. 

Range Temperature range [°C] Optimal temperature range [°C] 

Psychrophilic 10 - 30 12 - 18 

Mesophilic 20 - 50 25 - 40 

Thermophilic 35 - 75 55 - 65 

1.4 Methods to study hydrolysis of particulate organic matter from 

municipal wastewater 

As discussed in Chapter 1.2, hydrolysis is the main pathway of biodegradation of POM. 

According to Morgenroth et al. (2002), hydrolysis of POM can be studied by four experimental 

methods: enzymatic activity, mass balances for bulk organic parameters, respiration rates and 

measurement of specific hydrolytic intermediates. The reader must be aware that the hydrolysis 

rate could differ depending on the selected method (Goel et al., 1998). 
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1.4.1 Enzymatic activity 

As biodegradation of particulate matter is dominated by enzymatic reactions, a direct way to 

estimate hydrolysis is by measuring the enzyme activity. In the enzyme activity method, a 

specific substrate is degraded by a specific enzyme. Considering the diverse composition of the 

wastewater particles (see Chapter 1.1) and their corresponding enzymes, the applicability of 

this method is reduced (Morgenroth et al., 2002). Even though, the activity of activated sludge 

has been determined by measuring specific enzymes relevant for either hydrolysis or the 

metabolism of the substrate (Boczar et al., 1992; Confer and Logan, 1998; Goel et al., 1997; 

Nybroe et al., 1992). Besides the determination of microbial activity in wastewater (Nybroe et 

al., 1992), enzyme activity measurements have been also used to identify the location of the 

hydrolytic bacteria (Chróst, 1991; Confer and Logan, 1998; Li and Chróst, 2006) 

(see cell-association in Chapter 1.2). 

1.4.2 Mass balance of bulk parameters 

Mass balance of bulk organic parameters such as BOD, COD or VSS is a common method to 

study the hydrolysis process in wastewater treatment (Metcalf and Eddy, 2014). The mass 

balance is based on the law of conservation of mass, i.e., in an isolated system mass is neither 

created nor destroyed by chemical reactions or physical transformations (Felder and Rousseau, 

2004). Equation (1-1) describes the general equation of the mass balance in a defined system. 

Accumulation = Input - Output + generation - decay                                                                  (1-1) 

In wastewater treatment, steady-state equations are often used to simplify the calculations 

(von Sperling, 2007). At steady-state conditions, there is no accumulation within the system 

and there are no changes across time (Felder and Rousseau, 2004). Argaman (1995) proposed 

a model to study hydrolysis of POM by using a mass balance under steady-state conditions. 

The author measured the biomass (VSS) and the BOD to indicate the solubilization of POM. 

Argaman indicated the dependency of the hydrolysis rate to the biomass activity and the SRT. 

The task group of the International Association on Water Pollution Research and Control 

(IAWPRC) presented mathematical models (ASM1, ASM2, ASM3) describing the CAS 

system by using mass balance equations for the main processes involved in the system with 

their corresponding stoichiometric coefficients and kinetic reactions (Henze et al., 1987). 
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Kappeler and Gujer (1992) characterized wastewater by using the ASM1 to estimate kinetic 

parameters of heterotrophic biomass under aerobic conditions. The authors determine 

hydrolysis of particulate (slowly) biodegradable substrate by applying a first order kinetics 

reaction and concluded that hydrolysis depends to some extent on the biomass concentration. 

In addition, the authors found that both the particulate organic matter and the hydrolysis 

constant impact the oxygen respiration only if growth depends on the hydrolyzed substrate. 

1.4.3. Respiration rates measurements 

Respiration rates are commonly used to study hydrolysis through the observation of the 

simultaneous production and utilization of biomass (Benneouala et al., 2017; Friedrich, 2016; 

Henze and Mladenovski, 1991; Lamarre et al., 2010; Li, Wu et al., 2019; Ramdani et al., 2012). 

Respiration is related to oxidation-reduction reactions. Therefore, respiration involves the 

utilization of electron acceptor (aerobic: oxygen, anoxic: nitrate, anaerobic: sulphate or carbon 

dioxide). Organic matter (electron donor) is oxidized to end products to obtain energy for cell 

maintenance and synthesis of new cells (1-2). Simultaneously, organic matter is converted to 

new cell tissue (biomass growth) (1-3). Once the organic matter is depleted, the new cells are 

used to obtain energy for cell maintenance (endogenous respiration) (1-4) (Metcalf and Eddy, 

2014; von Sperling, 2007). These processes can be expressed in the following chemical 

reactions: 

Energy reaction (oxidation) 

CHONS + O2 + bacteria → CO2 + H2O + NH3 + other end products + energy            (1-2)  

Synthesis reaction 

CHONS + O2 + bacteria + energy → C5H7NO2                                                              (1-3)    

                                                                                           New cell tissue (biomass) 

Endogenous respiration 

C5H7NO2 + 5 O2 → 5 CO2 + NH3 + 2 H2O                                                                  (1-4)  

The standard methods (APHA et al., 2005) stablished the respirometric method 5210 D to 

determine the BOD, which represents the oxygen needed by the microorganisms to oxidize the 

organic matter (1-2 to 1-4). The WTW manual (Bridié, 1969) points out that the determination 

of BOD can be accomplished either directly by measuring the oxygen consumption or indirectly 

(Fig. 1-6) by measuring the carbon dioxide produced (i.e., the oxidized-end product of the 

organic matter). The respirometer, Oxitop Control OC 110, measures the pressure changes 
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produced by the fixation of carbon dioxide as shown in reaction (1-5) and provides a continuous 

signal of BOD (accumulated BOD) for the duration of an experiment. 

2 NaOH + CO2 → Na2CO3 + H2O                                                                                (1-5) 

 

Fig. 1-6: Respirometer devise used to measure the accumulative BOD: Oxitop 

Control OC 110, WTW. 

The rate in which bacteria utilize oxygen is identified as oxygen utilization rate (OUR) and it 

is used in aerobic processes to determine kinetic parameters (Gatti and Garc, 2010; Insel et 

al., 2002) and the biodegradability of the wastewater fractions (Fig. 1-1, Chapter 1.1) (Tran et 

al., 2015). However, the utilization of oxygen is associated with both microbial growth and 

substrate removal (Christofi, 2004). In respirometry, the use of allylthiourea (ATU) at a defined 

concentration is necessary to inhibit nitrification and thus to determine the oxygen used only 

for organic carbon removal (Tran et al., 2014). 

Henze and Mladenovski (1991) studied the hydrolysis of particulate organic nitrogen through 

the release of ammonia nitrogen under different electron acceptor conditions. The authors found 

that hydrolysis of proteins is a major component for the overall hydrolysis process considering 

the elevated incidence of 40 - 60 % of proteins in municipal wastewater (Metcalf and Eddy, 

2014). In addition, Henze and Mladenovski (1991) found that the hydrolysis rate was 

significantly affected by the biomass activity and that higher hydrolysis rates occur under 

aerobic conditions. 

Drewnowski (2014) showed the impact of slowly biodegradable material on the OUR in 

activated sludge systems by conducting aerobic OUR experiments with low and high 

substrate/biomass concentration. The author compared settled wastewater (SWW) without 

pretreatment and SWW pretreated with a coagulation-flocculation method. The untreated 

Respirometer 

CO2 absorption 

Unit (NaOH) 
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Measuring head 

Magnetic 
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SWW consisted of easily and slowly biodegradable organic matter, while the pretreated SWW 

consisted of only easily biodegradable organic matter due to the removal of colloidal and 

particulate fractions. Drewnowski found that at low substrate/biomass ratios (i.e., MLSS 

between 2 and 3 g/L), the initial OUR values (after 1 h of feeding period) were 30 % higher in 

the experiment with untreated SWW than the experiments with pretreated SWW. At high 

substrate/biomass ratios (i.e., MLSS between 0.1 and 0.7 g/L), the author found in the untreated 

SWW experiment, an increase of the OUR values by reason of hydrolysis of slowly 

biodegradable organic matter. The OUR values of the pretreated SWW experiment gradually 

decreased to endogenous respiration levels due to the limited concentration of the easily 

biodegradable organic matter. The author recommended the evaluation of the OUR profile as a 

method to estimate hydrolysis for slowly biodegradable organic matter. 

1.4.4 Measurement of specific hydrolytic intermediates or specific end-

products 

Measurements of substrate removal and/or the production of intermediate or end-products can 

be used to study hydrolysis of POM from municipal wastewater. According to Li, Brunner et 

al. (2018), the use of compounds with defined chemical characteristics and simple structure are 

often used to study hydrolysis of POM. As the intermediate or end-products of hydrolysis need 

to be well defined, most of the performed experiments have been conducted using artificial 

substrates such as glucose, starch, dextran or bovine serum albumin (Morgenroth et al., 2002). 

The latter is understandable when is considered the high concentration of biomass having 

simultaneous biomass production (release of hydrolysis products) and biomass utilization 

(substrate consumption) making unclear to know to what extent and how the microorganisms 

in a CAS system degrade the POM (Dimock and Morgenroth, 2006; Li, Brunner et al., 2018) 

(see also Chapter 1.4.3). 

Separation techniques based on size exclusion such as membrane filtration and gel permeation 

chromatography can be used to measure hydrolysis products. According to Levine et al. (1991) 

and Sophonsiri and Morgenroth (2004), a combination of separation methods are often 

employed to perform the analysis. On one hand, membrane filtration processes such as 

microfiltration (MF) and ultrafiltration (UF) are usually applied to separate the organic matter 

by means of sieving. The typical pore size of a MF membrane is between 0.1 - 5 µm; 

MF membranes can remove suspended solids, bacteria, and blood cell. UF membranes have a 

pore size between 2 - 100 nm and they can remove macromolecules like albumin, viruses, or 
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pepsin (Li and Li, 2015; Metcalf and Eddy, 2014). Despite the broad use of the membrane 

technology, one major limitation is the membrane fouling caused by the DOM fraction in raw 

and treated wastewater (Tran et al., 2015). During filtration, fouling formation affects the 

separation behavior of the membrane. In addition, compounds with lower MW than the 

membrane cutoff may be adsorbed onto the fouling layer. Another important drawback of UF 

is that “UF-membrane MW distributions may not be comparable to each other because of the 

lack of a standardized UF method” (Esparza-Soto et al., 2006). The methods to measure the 

pore size and/or MW cutoff of the membranes depend on the membrane producers. 

On the other hand, size exclusion chromatography (SEC) coupled with online detectors such as 

organic carbon and ultraviolet detector (UVD λ = 254 nm) is a method in which the DOM is 

separated by its molecular size. In principle, the chromatographic separation is based on the 

size of the compounds; lager molecules elute before (shorter retention time) from the column 

than smaller molecules because large molecules do not enter the pores of the column, while 

smaller molecules penetrate into the pores eluting later (longer retention time) (Fatoorehchi et 

al., 2018; Huber et al., 1994, 2011b). The retention time or elution volumes of the separated 

substances are reversely correlated with the molecular size and in reasonable approximation 

with the MW of the eluted compounds (Frimmel and Abbt-Braun, 2011). Although, “the 

interactions of the sample compounds with the stationary gel my lead to advanced or delayed 

retention behavior” (Xiao et al., 2020); compounds eluting beyond the permeation limit of the 

column are related to substances with hydrophobic or amphiphilic nature (Frimmel and Abbt-

Braun, 2011; Huber and Frimmel, 1994, 1991; Müller et al., 2000; Müller and Frimmel, 2002; 

Perminova et al., 1998; Specht and Frimmel, 2000; Tran et al., 2015).  

A great advantage of the SEC technique is that the whole MW range of the hydrolysis products 

is reflected in a chromatogram. Therefore, it is possible to measure the production and 

degradation of all the hydrolysis products by following the changes of the peaks´ areas through 

time. Although one has to keep in mind that previous analysis showed that the 

chromatographable dissolved organic carbon (cDOC) of wastewater is within 73 - 90 % 

concerning the total dissolved organic carbon (DOC) (Frimmel and Abbt-Braun, 2011). SEC 

provides detailed information on the molecular size of the released hydrolysis organic products. 

Therefore, the independent study of formation and degradation of the released products can be 

achieved by using the SEC technique. 



19 

Confer and Logan, (1998, 1997) studied the MW distribution of hydrolysis products during the 

biodegradation of bovine serum albumin and dextran and dextrin by using membrane UF 

techniques. The authors found that hydrolytic enzymes are cell-associated (see Chapter 1.2) 

and that during the hydrolysis of macromolecules, hydrolysis products are released into the 

bulk solution. This hydrolysis-release of products cycle is repeated until the hydrolysis products 

are assimilated by bacteria. 

Esparza-Soto et al. (2006) investigated the changes of MW distributions of DOC and 

UV-absorbing compounds at seven full-scale WWTPs by using ultrafiltration techniques. The 

authors postulated that effluent MW distributions are greatly affected by the production of 

intermediate MW soluble microbial products (SMPs) and extracellular polymeric substances 

(EPS) during the hydrolysis process of raw wastewater by cell-associated hydrolytic enzymes. 

Jin et al. (2011) studied the MW distribution of DOM in biological treated sewage effluent from 

eight different WWTPs by using high performance SEC as well as a total organic carbon 

analyzer to determine DOC and a spectrophotometer at a wavelength of 254 nm to determine 

SUVA values. The authors divided the DOM into polysaccharides and proteins 

(macromolecules), humic-like substances (refractory organic compounds) and low MW organic 

compounds. The same authors found that humic-like and large MW products were aggregated 

into the sludge during all the biodegradation processes and especially after aeration processes. 

1.5 Aerobic digestion of particulate organic matter from municipal 

wastewater 

WWTPs often use aerobic digestion for the treatment of municipal wastewater. The main 

objective has been the removal of contaminants from the water to protect the health of the 

society and the environment. The biological removal of POM in a conventional WWTP (see 

Fig. 1-2 in Chapter 1.1) is typically carried out in an activated sludge tank (Fig. 1-7), which 

treats about 75 % of the total wastewater flow in the United States of America (Boczar et al., 

1992).  

A CAS system is constituted by a heterogenous culture of microorganisms, which is developed 

and adapted to specific environmental conditions. The main function of these microorganisms 

is to reduce the colloidal and dissolved contaminants by adsorption and assimilation, resulting 

in settleable solids, which are separated from the liquid phase and as a consequence, the water 

quality is enhanced (Moore, 1970) (see also Chapter 1.1). 
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Fig. 1-7: Conventional activated sludge tanks from municipal WWTP Chapala, Mexico. 

In aerobic processes, microorganisms consume oxygen to carry out metabolic reactions; the 

organic matter oxidation, the synthesis of new cell material (biomass) and its further 

degradation is carried out according to the chemical reactions (1-2) to (1-4) presented in 

Chapter 1.4.3. During the initial biological utilization of organic matter, more than 50 % of the 

organic matter is oxidized, while the remaining material is converted to new biomass, which 

may be further oxidized during the endogenous respiration (see Fig. 1-5 in Chapter 1.3) 

(Metcalf and Eddy, 2014).  

In a CAS system, microorganisms agglomerate to form larger and heterogeneous structures 

called flocs, which are vital for the removal of organic matter (von Sperling, 2007). Typical 

activated sludge flocs are shown in Fig. 1-8 and a scheme is presented in Fig. 1-9. The EPS 

matrix of bacterial flocs (see Fig. 1-10) accounts for many compounds originated from the 

influent wastewater or generated during growth, utilization, and decay processes (Ramdani et 

al., 2012). The EPS matrix increases water retention, its mechanical stability allows the 

establishment of microorganisms and simultaneously provides nutrient sorption and shield 

against predation, viruses, antimicrobials, etc. (Seviour et al., 2019). Flocs contain adsorbed 

organic matter, inert material, SMPs, alive and dead cells (Ramdani et al., 2012; von Sperling, 

2007). The aggregation phenomena, flocculation of dissolved and dispersed matter, is produced 

by exopolymers produced by bacterial cells in a CAS system (Maximova and Dahl, 2006). 

Flocs contain most of the hydrolytic activity in the system (Boczar et al., 1992; Kommedal, 

2003). An et al. (2016) found that the bacteria Z. ramigera is a typical microorganism 

responsible for the floc´s formation. Filamentous bacteria exert a structural matrix, EPS, in the 

form of a gelatinous layer, where the microorganisms such as bacteria, protozoa, fungi, rotifers, 

nematodes adhere (Horan, 1990; von Sperling, 2007). Yu et al. (2008) found proteins and 



21 

polysaccharides within the EPS matrix, but the authors found proteins as the main component 

in sludge flocs. The size of a floc ranges from 50 to 200 µm (Metcalf and Eddy, 2014) with a 

typical size between 50 to 100 µm (Nielsen et al., 2012). Flocs present a multilayered structure 

(Yu et al., 2008), where a gradient in oxygen concentration is observed; from the largest oxygen 

concentration at the outer layer to the lowest oxygen concentration at the center of the floc 

(see Fig. 1-9) (von Sperling, 2007). Li, Zhao et al. (2018) stated that sludge formation is 

influenced by the design of the reactor, the wastewater organic load, the microbial 

characteristics, and environmental parameters. 

Fig. 1-8: Maximum intensity projection of CLSM-images of activated sludge flocs from the 

municipal WWTP of Neureut, Karlsruhe, Germany. Scale bar: 100 µm. Color: red - nucleic 

acids; green - EPS glycoconjugates. 

The EPS formed during aerobic treatment provides adsorption sites for pollutants, thus, 

microorganisms can adapt and resist the toxicity of the new environment for their survival (Li, 

Zaho et al., 2018). Aerobic heterotrophic bacteria tolerate higher concentrations of toxic 

substances in comparison to autotrophic bacteria responsible for ammonia oxidation or archaea 

responsible for methane formation (Metcalf and Eddy, 2014). The activated sludge process is 

often studied by conducting aerobic batch experiments (Friedrich and Takács, 2013), where the 

typical dissolved oxygen (DO) concentration is 2.0 mg/L; DO concentrations higher than 

0.5 mg/L have no significant effect on the degradation rate of organic matter (Metcalf and 

Eddy, 2014). 
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Fig. 1-9: Scheme of an activated sludge floc with oxygen concentration profile. 

Fig. 1-10: Exopolymers typically found in EPS matrix. Taken from Seviour et al., 2019. 

Moore (1970) presented an investigation about the effects of pH on aerobic sludge digestion. 

The author studied waste activated sludge aerobically digested over a period of 20 d and over 

a pH range of 3.5 - 9.5. Moore concluded that the aerobic digestion process is relatively 

insensitive to changes of pH and considerable solids removal can be achieved within the 

investigated pH range. According to Metcalf and Eddy (2014), for carbon removal, aerobic 

heterotrophic bacteria tolerate pH changes in the range of 6.0 - 9.0 but biological systems are 

commonly operated near a neutral pH, i.e., 7, since wastewater is typically alkaline, obtaining 

its alkalinity from the water supply, the groundwater and/or the incorporated materials 
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originated from domestic use. In aerobic processes where nitrification occurs, the hydrogen ion 

concentration may change the pH if there is not sufficient buffer capacity (alkalinity) in the 

system (Henze et al., 1987). Hence, to maintain the pH between 6.8 - 7.4 around 

1.5 mmol/L alkalinity are required. 

1.6 Anaerobic digestion of particulate organic matter from municipal 

wastewater 

The anaerobic digestion process has been investigated over centuries (Meegoda et al., 2018). In 

the late 1800s and early 1900s, engineered anaerobic digestion technologies were designed to 

treat wastewater (Metcalf and Eddy, 2014). Throughout time, there have been continuous 

efforts to improve the understanding and the applicability of this technology specially because 

its performance is usually compared with the aerobic processes. The use of anaerobic digestion 

within a municipal WWTP (Fig. 1-11) can aid in the reduction of the main operational costs 

related to the aerobic treatment processes, i.e., oxygen consumption and sludge production 

together with its consequent handling, treatment and disposal (Leitão et al., 2006). In the 

anaerobic treatment process, there is no utilization of oxygen and the sludge production is 3 to 

20 times lower than in the CAS system (Seghezzo, 2004). However, the longer time needed to 

start-up an anaerobic reactor, especially for high-rate anaerobic process should be considered 

as well as a better operational control and more qualified operators (de Lemos Chernicharo, 

2005). Anaerobic conversion of carbonaceous matter produces carbon dioxide and methane as 

end-products as shown in reaction (1-6) producing less release of energy than in the aerobic 

respiration (von Sperling, 2007). In anaerobic systems, around 70 to 90 % of the biodegradable 

matter is converted into biogas (de Lemos Chernicharo, 2005). 

C6H12O6 → 3 CH4 + 3 CO2 + Energy                                                                            (1-6)  

According to McCarty, 1964 a minimum treatment control is required to operate anaerobic 

processes. Anaerobic digestion is considered a two-steps process, which can be further divided 

into various sub-processes or stages. According to the anaerobic digestion model 1 (ADM1) 

(Batstone et al., 2002), a series of interconnected processes are involved in the anaerobic 

digestion, i.e., disintegration, hydrolysis, acidogenesis, acetogenesis and methanogenesis. 
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Fig. 1-11: a) Anaerobic digestion tanks for sludge treatment and b) biogas container from 

municipal WWTP León, Mexico. 

Fig. 1-12 describes the metabolic sequences within the anaerobic digestion process in 

accordance with the ADM1, in which the POM is disintegrated to carbohydrates, proteins and 

lipids, which are further hydrolyzed into monosaccharides, amino acids and long chain fatty 

acids, respectively (see enzymatic hydrolysis in Chapter 1.2). According to Pavlostathis and 

Giraldo-Gomez (1991) and de Beer et al. (1992), the knowledge of kinetics allows an 

optimization of the performance, operation and control of the anaerobic digestion process. 

Hydrolysis is commonly represented in a first-order kinetics manner (Batstone et al., 2002; 

Eastman and Ferguson, 1981; Pavlostathis and Giraldo-Gomez, 1991; Vavilin et al., 2008) and 

if the substrate is present in particulate form, hydrolysis is considered to be the rate-limiting 

step from the overall process (Eastman and Ferguson, 1981; Vavilin et al., 1996). There are 

several degradation pathways resulting in a variety of products (Chisti, 2014); the formed 

products depend on the original substrate, the bacteria population and the environmental 

conditions (Lübken, 2009). During the acidogenesis and acetogenesis stages, the hydrolyzed 

products are metabolized and converted into simpler compounds such as hydrogen, carbon 

dioxide, and short chain organic acids called volatile fatty acids (VFA). Typical VFA produced 

during the anaerobic digestion are shown in Table 1-3. 
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Fig. 1-12: COD flux of particulate organic matter used in the anaerobic digestion model 1 

(ADM1). MS: monosaccharides; AA: amino acids; LCFA: long chain fatty acids; Hpr: 

propionic acid; Hbu: butyric acid; Hva: valeric acid. Taken from Batstone et al., 2002. 

Table 1-3: Typical volatile fatty acids (VFA) produced during the anaerobic treatment. Taken 

from McCarty, 1964. 

VFA  Chemical formula 

Formic acid  HCOOH 

Acetic acid  CH3COOH 

Propionic acid  CH3CH2COOH 

Butyric acid  CH3CH2CH2COOH 

Valeric acid  CH3CH2CH2CH2COOH 

Isovaleric acid  (CH3)2CH2CH2COOH 

Caproic acid  CH3CH2CH2CH2CH2COOH 

LCFA 29 % 

Disintegration 

Hydrolysis 

Acidogenesis 

Acetogenesis 

Methanogenes

is 
CH4 90 % 

Acetic 64 % 

Carbohydrates 30 % 

Composite particulate material (Xc) 

100 % 

Inerts 10 % 

Lipids 30 % Proteins 30 % 

AA 30 % 
MS 31 % 

Hpr, Hbu, Hva 29 % 

H2 26 % 
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During the last metabolic sequence, the methanogenesis stage, acetic acid and hydrogen are 

converted into biogas by the methanogenic archaea. For municipal wastewater, the typical 

composition of the biogas corresponds to 70 - 80 % of methane and 20 - 30 % of carbon dioxide 

(de Lemos Chernicharo, 2005). Methanogenic archaea present high specificity for the substrate; 

acetoclastic methanogens utilize acetic acid to produce methane, while hydrogenotrophic 

methanogens utilize hydrogen and carbon dioxide to form methane (Lübken, 2009; McCarty, 

1964). Around 70 % of the methane is produced by the cleavage of acetic acid by acetoclastic 

methanogens (1-7) and the remaining 30 % is formed from the reduction of carbon dioxide 

(electron acceptor) by the hydrogenotrophic methanogens (1-8) (de Lemos Chernicharo, 2005; 

McCarty, 1964). 

CH3COOH → CH4 + CO2           (acetoclastic methanogens)                                      (1-7)  

CO2 + 4 H2 → CH4 + 2 H2O       (hydrogenotrophic methanogens)                             (1-8)  

The methanogenic group is sensible to environmental changes, especially of pH (von Sperling 

and Lemos Chernicharo, 2005). It has been determined that the methanogenic archaea operate 

in a narrow pH range of around 6.5 - 7.5 having its optimal pH at 7 (Table 1-4). An anaerobic 

digester in a WWTP must operate within the range of tolerance of the methanogenic archaea 

because the presence of these methanogenic microorganisms is of vital importance for the 

removal of organic matter. According to Leitão et al. (2006) and Lohani and Havukainen (2017) 

a typical anaerobic digester is supposed to operate within the pH range of 6.8 - 7.8. Even when 

the pH is above 7, it has been found that the presence of VFA as acetic acid (approx. 3000 mg/L) 

can inhibit the methanogenic process (Stallman et al., 2012) producing a limitation for the 

overall anaerobic digestion process. However, the effect of pH-changes depends on the 

available alkalinity in the reactor (Leitão et al., 2006). 

 The stabilization of the organic matter requires a balance among the involved metabolic 

sequences or stages of the anaerobic digestion. The balance or equilibrium is indicated by the 

concentration of VFA, which are the intermediate products of the overall process. When the 

stages are in balance, methanogenic archaea utilize the VFA as fast as they are produced. 

However, if the production of the hydrolysis products (i.e., VFA) exceeds the consumption 

capacity of the methanogenic archaea, the VFA will accumulate within the system and 

methanogenesis will become a limiting factor of the anaerobic digestion (McCarty, 1964). This 

situation produces a constant drop of the pH causing an inactivation of the methanogenic 
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archaea resulting in a destabilization of the whole process and if no immediate remediation is 

performed, a sink (i.e., souring) of the reactor can be expected (von Sperling and Lemos 

Chernicharo, 2005). 

Table 1-4: Optimal pH ranges for the different stages of the anaerobic digestion process. 

Stage Bacteria  Optimal pH  References  

Hydrolysis  Fermentative bacteria 5.0 - 6.0  

5.2 - 6.3 

Lohani et al., 2018 

Vavilin et al., 2007 

Acidogenesis  Acidogenic bacteria  

 

5.2 - 6.5  

 

Solera et al., 2001  

  5.0 - 6.0  von Sperling and Lemos, 

2005 

Acetogenesis  Acetogenic bacteria  6.7 - 7.5 Solera et al., 2001  

Methanogenesis Methanogenic archaea 6.6 - 7.4  von Sperling and Lemos, 

2005  

  6.7 - 7 .5  Hilton et al., 1988  

  6.5 - 8.0  Lohani et al., 2018  

  6.6 - 7.4  Manimegalai et al., 2014  

  6.8 - 7.2 Shah et al., 2014 

 

 

  



28 

1.7 Objectives 

The main focus for the study conducted was to gain new insight into understanding hydrolysis 

of POM from municipal wastewater treated under aerobic and anaerobic conditions. For this 

purpose, three major objectives were stablished. 

1) To identify the mechanism and limiting factors of hydrolysis of POM from municipal 

wastewater treated under aerobic and anaerobic conditions. 

2) To determine the potential biodegradability of the released hydrolysis products in terms of 

their molecular size and UV-absorption under aerobic and anaerobic conditions. 

3) To visualize the location where hydrolysis takes place, the bacteria population dynamics, 

and its interaction with the particulate organic matter by using confocal laser scanning 

microscopy under aerobic and anaerobic conditions. 

To accomplish these objectives, two main experimental studies were conducted. The results of 

the first study are presented in Chapter 3: Hydrolysis of POM under aerobic treatment and the 

results of the second study are presented in Chapter 4: Anaerobic digestion of POM from 

municipal wastewater. Although Chapter 3 and Chapter 4 present conclusions as sub-sections 

within the Chapters, Chapter 5 present a comparison among the two processes and is offered as 

a conclusion of the work. 

Preliminary experiments, i.e., POM from municipal wastewater combined with biomass (either 

activated sludge for aerobic experiments or anaerobic sludge for anaerobic experiments) 

showed that it is not possible to distinguish the release of hydrolysis products originated form 

the biodegradation of POM because the sludge itself is subject to hydrolysis. As the results of 

these preliminary experiments served as a basis for the design of the experiments shown in 

Chapter 3 and Chapter 4, the results of the preliminary experiments are shown in the material 

and methods Chapter. 

The experiments shown in Chapter 3 and Chapter 4 were conducted with real municipal 

wastewater particles (size: 25 - 250 µm) and without addition of activated or anaerobic sludge. 

During the aerobic and anaerobic batch experiments, the production and utilization of the 

hydrolysis products were monitored by using the SEC coupled with online detectors 

(SEC-OCD-UV). Additionally, standard wastewater parameters such as DOC, sCOD, 
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dissolved total nitrogen (dTN), ammonium nitrogen (NH4 
+ - N), nitrate nitrogen (NO3 

- - N), 

nitrite nitrogen (NO2 
- - N) and phosphate phosphorus (PO4 

3- - P) were determined after defined 

time periods. In addition, for the aerobic experiments, aerobic respiration was measured 

separately from the aerobic batch reactor. For the anaerobic experiments, VFAs: acetic acid, 

propionic acid, butyric acid, iso-butyric acid and valeric acid were analyzed (see Chapter 2). 

The findings of Chapter 3 were published as: Alondra Alvarado, Stephanie West, Gudrun 

Abbt-Braun,  Harald  Horn.  Chemosphere  (Alvarado et al., 2021), 263, p, 128329, 

https://doi.org/10.1016/j.chemosphere.2020.128329.   

https://doi.org/10.1016/j.chemosphere.2020.128329
https://doi.org/10.1016/j.chemosphere.2020.128329
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Chapter 2: Material and methods 

2.1 Municipal wastewater sampling and preparation of the particulate 

organic matter fraction 

Municipal wastewater was taken from the effluent of the aerated sand trap (Fig. 2-1) in the 

WWTP of Neureut, Karlsruhe, Germany (875.000 population equivalents). About 1200 L 

volume were collected in plastic tanks during each sampling for the period of 2017 to 2020. 

After a sedimentation time of t = 4 h, the supernatant was removed, and the settled particles 

were sieved with stainless steel sieves to obtain a particle fraction of 25 - 250 µm. The gathered 

POM fraction was rinsed with tap water (tap water of Karlsruhe, electrical conductivity: 

657 µS/cm, DOC < 0.5 mg/L). The rinsed particles were re-suspended in tap water and stored 

at 4 °C until usage. 

 

Fig. 2-1: Sampling point at the effluent of the aerated sand trap at the municipal wastewater 

treatment plant (WWTP) of Neureut, Karlsruhe, Germany. Taken from 

https://www.karlsruhe.de/b3/bauen/tiefbau/entwaesserung/klaerwerk.de. 

The particle size fraction used in the current thesis work was chosen considering the results of 

Walters et al. (2014), Li, Brunner et al. (2018) and Behle (2011) (see Chapter 1.2). Walters et 

al. (2014) reported the major prevalence in wastewater corresponding to the particle size 

fraction between 63 - 1,000 µm (Table 2-1); while the particle size fraction between 12 - 63 µm 

had the major TSS contribution, i.e., 45 % from all the particle size fractions the authors studied 

(Table 2-1). Similarly, Li, Brunner et al., 2018 characterized particles from the effluent grit 

chamber of the WWTP of Neureut, Karlsruhe, Germany. The authors reported no significant 

https://www.karlsruhe.de/b3/bauen/tiefbau/entwaesserung/klaerwerk.de
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variation of the TSS concentration of all the particle fractions ranging from 28 - 500 µm 

resulting in an overall TSS contribution of 36.4 % (Table 2-2). 

Table 2-1: Characterization, prevalence in wastewater and TSS contribution of wastewater 

particle fractions. Particle size: p.s. Adapted from Walters et al., 2014a. 

Particle 

fractions 

Particle size  

 [µm]  

Prevalence in wastewater  

[%]  

TSS contribution  

[%]  

1 1,000 < p.s.  14  26  

2 63 < p.s. ≤ 1,000  33  23  

3      12 < p.s. ≤ 63  27  45  

4      p.s.  ≤ 12  26  6  

Table 2-2: Characterization of wastewater particle fractions. Particle size: p.s. Adapted from 

Li, Brunner et al., 2018. 

Particle 

fractions  

Particle size  

 [µm]  

Concentration of TSS  

[mg/L]  

TSS contribution  

[%]  

1     500 ≤ p.s.   140  42.4  

2  250 ≤ p.s. < 500  30  9.1  

3  100 ≤ p.s. < 250  20  6.1  

4  45 ≤ p.s. < 100  30  9.1  

5      28 ≤ p.s. < 45  40  12.1  

 

2.2 Aerobic batch set-up   

For each experiment, the particle concentration (fraction size: 25 - 250 µm) was set to 

1 g/L TSS, 0.79 g/L VSS (washed particles diluted in tap water and without activated sludge). 

Fig. 2-2 describes the split of the mixture of the particle fraction and tap water into two vessels, 

the first one was used as an open batch reactor (aerobic batch) and the second one (respirometry) 

was used to measure the OUR (see Chapter 2.3). 



32 

Fig. 2-2: Set-up for the aerobic batch reactor to follow the hydrolysis products, bacteria, and 

extracellular polymeric substances (EPS) (right) and the respirometric reactor to follow the 

oxygen utilization rate (OUR) (left). Allylthiourea was added to the respirometric experiments 

to inhibit nitrification. Taken from Alvarado et al., 2021. 

The aerobic experiments were conducted in batch reactors (reaction volume V = 2.9 L) opened 

to air, maintained at room temperature (T = 20 °C). The reactors were aerated by air using 

aquarium pumps (50 L/h) and were equipped with pH probes (Endress + Hauser, Orbisint 

CPS11D-7AA21, Germany). The pH value was kept automatically between 6.8 - 7.2 utilizing 

HCl (1.4 M) and NaOH (2 M). A nutrient solution: 20 mg/L NH4 + - N (NH4HCO3), 

3 mg/L PO4
3- - P (KH2PO4) and 0.5 mg/L Fe 3+ (FeCl3 · 6 H2O) was added to each reactor to 

avoid limitation. Two aerobic experiments were performed, the first one with a length of 2 d 

(experiment 1, Exp1-aer) and the second one of 13 d (experiment 2, Exp2-aer). 

Experiments shown in Chapter 2.7, showed that degradation related only to particles started 

after 0.2 d. Therefore, 0.2 d was set as the starting time. As the hydrolysis products measured 

as soluble chemical oxygen demand (sCOD) and DOC accumulated during the first 2 days in 

Exp1-aer, the experiment was extended to detect when the utilization of the hydrolysis products 

takes place. As activated sludge systems with nitrification are generally operated with SRTs of 

approximately 10 d, 13 d were chosen for Exp2-aer. 

2.3 Oxygen utilization rate (OUR) 

The degradation of POM started after t = 4 h of aeration (see Chapter 2.7). Therefore, and in 

order to measure the OUR related only to the biodegradation of the POM, two aliquots of 
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43.5 mL were taken from the original mixture of particles and tap water after 0.2 d of aeration 

(see Fig. 2-2, left side). The aliquots were placed into 510 mL Oxitop bottles 

(Oxitop Control OC 110, WTW, Germany). To inhibit nitrification, 5 mg/L of Allylthiourea 

(ATU) was added to each Oxitop bottle. As the used tap water was sufficiently buffered with 

6 mmol/L alkalinity, the pH was not controlled during the respiration experiment. The OUR 

measurement (n = 2) was ran in parallel with the aerobic batch reactor (from t = 0.2 d until 

t = 2 d, Exp1-aer and t = 13 d, Exp2-aer). The Oxitop Control OC 110 provides a continuous 

signal of BOD (accumulated BOD) throughout the experimentation (for more information see 

Chapter 1.4.3). The OUR in mg/(L · d) was calculated by using the slope of the daily measured 

values of BOD. 

OUR [mg/(L · d)] = ∆BOD/∆t                                                                                                (2-1)    

The OUR was then further coupled to the removal of VSS. VSS concentrations were obtained 

from the aerated batch reactor (Fig. 2-2, right side). VSS degradation was coupled to the OUR 

by a 1st order reaction kinetics: 

OUR [mg/(L · d)] = VSS · khyd_aer · ʋOUR/VSS                                                                         (2-2)  

The coefficient ʋOUR/VSS provides the stoichiometry for oxygen used per VSS. The equivalent 

VSS to COD conversion coefficient of 1.56 g COD/g VSS was used (Lübken, 2009). khyd_aer is 

a lumped kinetic coefficient, which describes the hydrolysis and subsequent respiration. 

2.4 Anaerobic batch set-up  

As anaerobic digestion requires generally around 20 d of SRT, two anaerobic batch experiments 

were conducted for 24 d (when no more changes were observed) by using an automated 

methane potential test system (AMPTS II, Bioprocess Control, Sweden). The AMPTS II 

consists of a flow cell system to measure biogas production (measuring range 0.01 - 20 L/d) 

according to the principle of liquid displacement. The AMPTS II software logs data 

automatically and controls the rotation speed of motors that mix the contents of the reactors. 
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Fig. 2-3: Anaerobic batch experiment setup. 1: Reaction unit and 2: gas volume measuring 

devise. 

The AMPTS II was divided into two units shown in Fig. 2-3; 1: reaction unit and 2: gas volume 

measuring device. In the reaction unit, two reactors (V = 2 L), with a working volume of 1.8 L 

contained washed particles diluted in tap water (see Chapter 2.1). The reactors were submerged 

in a water bath at T = 39 °C. To avoid limitation of nutrients, 20 mg/L NH4 
+ - N (NH4HCO3), 

3 mg/L PO4 
3-

 - P (KH2PO4) and 0.5 mg/L Fe 3+ (FeCl3 · 6 H2O) were mixed with tap water and 

added to each reactor. The pH was automatically controlled (pH probes: Endress + Hauser, 

Orbisint CPS11D-7AA21, Germany) to 6 ± 0.2 in experiment 1: Exp1-ana and to 7.0 ± 0.2 in 

experiment 2: Exp2-ana by using HCl (0.5 M) and NaOH (0.2 M). The stirring motors were set 

to 60 rpm at 60 % intensity. One of the reactors was set as a sampling reactor and the second 

one was used exclusively to measure biogas. The two experiments were done in duplicate. 

Before starting the experiments, the reactors were flushed with nitrogen gas for 2 min to ensure 

anaerobic conditions. 

2.5 Sampling and analytical methods 

Experiments were conducted under aerobic and anaerobic conditions at different pH values 

(Table 2-3). During the aerobic and anaerobic batch experiments, sCOD, DOC, dTN, NH4 
+ - N, 

NO3
- - N, NO2 

- - N and PO4 
3- - P were determined after defined time periods. In addition, for 

the aerobic experiments, aerobic respiration was measured separately from the aerobic batch 

reactor (see Chapter 2.2). For the anaerobic experiments, VFAs: acetic acid, propionic acid, 

butyric acid, iso-butyric acid and valeric acid were analyzed. 
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Table 2-3: Aerobic and anaerobic experiments. 

Aerobic 

experiments 

pH Time 

[d] 

Anaerobic 

experiments 

pH Time 

[d] 

Exp1-aer 7 ± 0.2 2 Exp2-ana 6 ± 0.2 24 

Exp2-aer 7 ± 0.2 13 Exp2-ana 7 ± 0.2 24 

Samples (50 mL) were taken every 4 h in Exp1-aer, daily in Exp2-aer and every two days in 

Exp1-ana and Exp2-ana. The samples were centrifuged at 4500 rpm for 5 min and filtered 

through two pre-washed Chromafil Xtra filters (first filtration: glass fiber, pore size: 1 µm; 

second filtration: polyether sulfones, pore size: 0.45 µm). The samples were stored at 4 °C until 

analysis. 

The concentration of sCOD was determined following the Standard Method 5220 D (APHA et 

al., 2005). DOC and dTN were analyzed using oxidative combustion-infrared and oxidative 

combustion-chemi luminescence analysis (TOC-V CPH/CPN analyzer, Shimadzu, Japan, 

detection limit: 50 µg/L carbon, mean value out of three measurements, standard deviation: 

calculated out of the three closest values). Ammonium nitrogen was determined by using 

standard photometer test kits (salicylate method, Hach Lange, Germany). TSS and VSS (IDL, 

filter pore size: 15 µm) were measured at the beginning and at the end of the experiment 

following the Standard Method 2540 B (APHA et al., 2005). 

The analysis of anions and organic acids was performed by using ion chromatography (IC). For 

anions determination, the anions method was used (IC: Metrohm 790 Personal IC, CH-9191, 

Switzerland; eluent: sodium bicarbonate 1 mmol/L and sodium carbonate 3.2 mmol/L; 

suppressor: 100 mmol/L H2SO4, column: Metrosep A Supp 5 100/4 polyvinyl alcohol with 

quaternary ammonium groups, flux: 0.75 mL/min, detection limit nitrate: 0.5 mg/L and 

phosphate 1 mg/L). For organic acids determination (acetic acid, propionic acid, butyric acid, 

iso-butyric acid), the organic acids method was employed (IC: Metrohm 881 Compact Pro, 

eluent: sulfuric acid 0.5 mmol, suppressor: 30 mmol LiCl, column: Metrosep organic 

acids 250/7.8, flux 0.70 mL/min, detection limit: 0.5 - 1 mg/L). 
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2.6 Size exclusion chromatography with online detection of organic carbon 

and UV absorption (SEC-OCD-UV) 

Characterization by size exclusion chromatography with online UV (254 nm) and organic 

carbon detection was conducted according to Huber et al., 2011a (Fig. 2-4). The separation was 

performed with a TSK column (TSK HW 50S, 250 - 20 mm, Tosoh Corp., Japan). Due to the 

great variety of compounds present in wastewater (see Chapter 1.1), it is not possible to conduct 

the calibration with authentic standards (Fatoorehchi et al., 2018; Frimmel and Abbt-Braun, 

2011). Therefore, the column calibration for molecular weights was conducted by using 

polyethylene glycols (200.000 - 200 g/mol), diethylene glycol (106 g/mol) and ethylene glycol 

(62 g/mol). Dextran blue (2 · 106 g/mol, retention time: 28 min) and methanol (32 g/mol, 

retention time: 72 min) were employed to determine the exclusion and permeation volume, 

respectively (Frimmel and Abbt-Braun, 2011). 

 

Fig. 2-4: Flow scheme of the liquid chromatographic SEC with online UV (254 nm) and 

organic carbon detection system. Taken from Hubber et al., 2011a. 

Fig. 2-4 shows the scheme of the SEC with online detection system; the first detector after 

chromatographic separation was an UV detector (UVD; λ = 254 nm, Knauer S200, Berlin, 

Germany). After the UVD, the sample was split into a spinning thin-film reactor (Graentzel 

Reactor; Huber and Frimmel, 1994), which was used online for the oxidation of organic 

compounds, coupled with a non-dispersive infrared IR-detector (Siemens, Ultramat 6, 

Germany) for CO2 detection. As eluent a phosphate buffer (1.5 g/L Na2HPO4 2 H2O + 2.5 g/L 

KH2PO4) at a flow rate of 1.1 mL/min was used, the injection volume was 1000 µL. 
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Fig. 2-5: Fractionation of the chromatographable dissolved organic carbon (cDOC) according 

to the retention time of the organic compounds eluted from the SEC column. Sample: municipal 

wastewater particle fraction (size: 25 - 250 µm) after 4 d of aeration in Exp2-aer.  

The chromatograms were divided into four fractions selected in accordance with the observed 

changes. Fig. 2-5 shows the separation of the four fractions according to the retention time, 

respectively to the nominal MW. The retention time of fraction 1 (F1), fraction 2 (F2), 

fraction 3 (F3) and fraction 4 (F4) for the aerobic and anaerobic experiments are shown in 

Table 2-4 and Table 2-5, respectively. The nominal MW of the cDOC can be assigned with the 

molar masses of the calibration standards used. F1, F2, F3 and F4 were in the range of 

2 · 106 - 20,000, 20,000 - 1550, 1550 - 100 and lower than 100 g/mol, respectively. The reader 

must keep in mind that the relative cDOC and UV signal is a response for organic carbon and 

UV detection, respectively. Due to system limitations, the samples were diluted down to 

2 mg/L C.  

ChromCALC (DOC-LABOR, Karlsruhe, Germany) software was used to integrate the peak 

area of the chromatograms. The results were recorded in area units. According to Frimmel and 

Abbt-Braun (2011), the cDOC of wastewater is within 73 - 90 % concerning the total DOC. 

The loss of DOC is due to the adsorption of the hydrophobic molecules onto the stationary 

phase. In the experiments used throughout this thesis, the DOC-peak area was set to 100 % and 

related to the total DOC concentration obtained with the analysis of the DOC concentration 

gained with the Shimadzu set-up (Chapter 2.5). Therefore, each peak area (fraction) 

corresponds to a determined DOC concentration. The relative amount of UV-absorbance of the 

peak areas of F1, F2, F3, and F4 was calculated by setting the total UV-peak area to 100 %. 
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Table 2-4: Retention time in min of the DOC and UV fractions at the start and end of the aerobic 

experiments. fraction 1 (F1), fraction 2 (F2), fraction 3 (F3), and fraction 4 (F4). 

Fractions  
Exp1-aer Exp2-aer 

 Start [min]  End [min]  Start [min]  End [min]  

F1  27  40  27  40  

F2  40  49.5  40  49.5  

F3  49.5  67.5  49.5  67.5  

F4  67.5  100  67.5  80  

 

Table 2-5: Retention time in min of the DOC and UV fractions at the start and end of the 

anaerobic experiments. fraction 1 (F1), fraction 2 (F2), fraction 3 (F3), and fraction 4 (F4). 

Fractions 
Exp1-ana  Exp2-ana  

 Start [min]  End [min]  Start [min]  End [min]  

F1 26  37  26  37  

F2 37  49.5  37  50  

F3 49.5  67  50  67  

F4 67  80  67  80  

 

2.7 Identification of the easily biodegradable organic matter originally 

attached to the particulate organic matter 

To study the hydrolysis of only the POM fraction, it was necessary to determine at which point 

the easily biodegradable organic matter originally attached to the POM was degraded. 

Chromatographic results indicated that after 0.2 d of aeration, the signal of all the cDOC 

fractions (i.e., fraction F1, fraction F2, fraction F3 and fraction F4) decreased. The decrease 

was specially noticed for fraction F3 (Fig. 2-6), which has been assigned as low MW organic 

material (Huber et al., 2011b). The nominal MW of the cDOC fraction F3 was in the range 

of 100 - 1550 g/mol. As molecules lower than 1000 g/mol are directly assimilated by bacteria 

(Chróst, 1991; Confer and Logan, 1997; Morgenroth et al., 2002) (see also Chapter 1.2), the 

organic matter present in fraction F3 was considered as easily biodegradable organic matter. 

The decrease was directly related to the degradation of the biodegradable material originally 

coupled to the POM. 
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Fig. 2-6: a) Fractionation of the DOC according to its molecular size at time 0, 0.2 and 1 d. 

b) DOC concentration of fraction 1 (F1), fraction 2 (F2), fraction 3 (F3) and fraction 4 (F4) in 

Exp2-aer.  

2.8 Confocal laser scanning microscopy and image analysis  

In 2019, Seviour et al. highlighted the importance of targeting specific key components present 

in the EPS matrix. The same authors highlighted the use of imaging techniques such as CLSM 

for the observation of the changes of both the matrix composition and microbial cells through 

time. Due to the great diversity of composition (polysaccharides, proteins, nucleic acids, etc.) 

and structural variety of the EPS, lectins are used for the quantification of glycol-conjugates 

related to EPS (Staudt et al., 2003; Swerhone et al., 2015). 

CLSM images stacks were obtained by using the Zeiss LSM700 confocal laser scanning 

microscope (Carl Zeiss Microlmaging GmbH, Jena, Germany). A water immersible lens 

(40x magnification; objective class Plan-Apochromat; 40x/1.0 DIC VIS-IR, Zeiss, Germany) 

was used to investigate the structure of the particles. 

The EPS glycoconjugates were stained with Aleuria aurantia lectin (AAL) fluorescein 

isothiocyanate (FITC) (LINARIS Biologische Produkte GmbH, Germany) according to Staudt 

et al. (2003). Nucleic acids were marked with SYTO 60 (Thermo Fisher scientific, Germany). 

For the aerobic experiments, approximately 20 mL of the particle solution were taken from the 

reactor and were filtrated in order to fix the particles on the membrane filter (0.45 µm, HTTP, 

Millipore, Germany). Afterwards, the filter with the particles was placed in a petri dish, where 

it was stained with 100 µL of SYTO 60 working solution (5 µM) for 20 min, and afterward 

with 20 µL of AAL-FITC working solution (50 µM) for 7 - 10 min. After staining, the petri 
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dish was filled with tap water and the particles were visualized immediately. Samples were 

taken in Exp2-aer at t = 0, 2, 7 and 13 d. 

For the anaerobic experiments, the methodology of Schmid et al. (2003) was followed. 

Approximately 20 mL of the particle solution was taken from the reactor and allowed to settle 

for 20 min in a conical sample tube. About 5 mL of the supernatant was filtered (0.45 µm, 

HTTP, Millipore, Germany) and approximately 3 mL of the settled particles were taken and 

placed into a well plate. There, 20 µL of AAL-FITC working solution (50 µg/mL) was added 

for 20 min and afterward, 20 µL of SYTO 60 working solution (20 µM) was added for another 

20 min. Then, the stained sample was placed into an imaging-spacer and about 1 mL of filtered 

supernatant was added. The adhesive side down was applied onto the surface of a glass slide. 

The prepared samples were immediately visualized. Samples were taken in Exp1-ana and 

Exp2-ana at t = 0, 7, 14 and 24 d. To assure reliable data, for each sample day, between 15 - 30 

spots were chosen randomly for the aerobic and anaerobic experiments. Image processing was 

performed using Carl Zeiss Zen software (black edition, 2012, version 8.1.2.484). The images 

had a frame size of 1020 x 1020 pixels, scaling (X·Y·Z = 0.098·0.098·1.0 µm) and were stored 

in 8-bit LSM format. 

Three-dimensional CLSM images were processed by using Jimage Analyzer (version 1.1). 

Each data set was manually threshold to separate background and noise from the areas of 

interest (EPS and nucleic acids). Intensities below the selected threshold were not considered 

in the signal counting. 

2.9 Simulation of the formation and utilization of the soluble hydrolysis 

products of particulate organic matter originated from municipal 

wastewater and treated under anaerobic conditions 

Aquasim software version 2.1 (Reichert, 1998) was used to simulate the formation and 

utilization of the soluble hydrolysis products formed during the degradation of POM under 

anaerobic conditions. The Aquasim software was developed by the Swiss Federal Institute for 

Aquatic Science and Technology (EAWAG), CH-8600 Dübendorf, Switzerland and its purpose 

is the identification and simulation of aquatic systems. The reader is encouraged to read the 

Aquasim user manual (Reichert, 1998) to get familiar to the concepts and parameters used in 

the simulation. In addition, if the reader is interested, the nice course created by Wang and 

Bakke (2014) is recommended. 
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A set of differential equations based on first order kinetics was used (see Chapter 4.2) for the 

simulation in Aquasim 2.1. The simulation considers a composite particle substrate (Xc) in a 

batch reactor and establishes a series of processes for the hydrolysis of the POM (Xc). Xc is 

considered a homogeneous mixture. A constant volume reactor compartment was built in 

Aquasim 2.1 to simulate the metabolic sequences involved in the physical reactor during the 

anaerobic digestion of POM (Chapter 1.6). The metabolic sequences include hydrolysis 

(hydrolysis I), acetogenesis and acidogenesis (hydrolysis II) and methanogenesis (biogas 

formation). The rate equations used in each stage are shown in Chapter 4.2. 

The stoichiometric factors used in the differential equations were determined based on the 

obtained results (Chapter 4.2). POM was associated to the measured VSS. Therefore, the initial 

input of Xc in the simulation was the initial VSS concentration measured at the beginning of 

the experiments (Table 4-1, Chapter 4.2). The rest of the initial input values were 

experimentally determined. If desired, Xc can also be presented in terms of COD by using the 

equivalent coefficient of 1.56 g COD/g VSS (Lübken, 2009). 

2.10 Preliminary studies: Hydrolysis experiments with biomass and 

particulate organic matter 

The hydrolysis process was initially investigated by conducting aerobic and anaerobic 

experiments with activated sludge (AS) and anaerobic sludge (ANS) as biomass and POM as 

substrate. The objectives were to investigate the hydrolysis of POM in combination with 

biomass and to identify the hydrolysis products of the POM from municipal wastewater. These 

experiments served as a basis for the design of the experiments shown in Chapter 3 and 

Chapter 4 of this thesis. 

2.10.1 Preliminary experiments: activated sludge and particulate organic 

matter 

The POM fraction was prepared in accordance to Chapter 2.1. The activated sludge was taken 

from the return sludge at the WWTP of Neureut, Karlsruhe, Germany (875.000 population 

equivalents). The activated sludge was filtrated (VWR, Filter: 516 - 0307, particle size 

retention: 10 - 20 µm) and aerated for 24 h to deplete the major quantity of organic matter. After 

aeration, TSS and VSS from the activated sludge were measured following the standard 

methods (APHA et al., 2005). Three experiments were conducted in open air batch reactors 
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with a working volume of V = 2 L (Table 2-6). The batch reactors were aerated using aquarium 

pumps (50 L/h). The reactors were kept at room temperature (T = 20 °C). The sampling was 

done every 4 h during the first 24 h and afterwards every 12 h. The samples were treated 

according to Chapter 2.5. 

Table 2-6: Preliminary aerobic experiments with activated sludge (AS) and particulate organic 

matter (POM). AS concentration: 3 g/L TSS. 

Experiment [n = 3]  
Inoculum  Substrate  TSS [g/L] 

Exp-a  -  POM  0.25  

Exp-b  AS  POM  0.25  

Exp-c  AS  -  -  

 

2.10.1.1 Results of preliminary experiments: activated sludge and 

particulate organic matter 

 

Fig. 2-7 shows the released sCOD and DOC throughout the experimentation. The highest 

release of organic matter occurred in the experiments with activated sludge alone (Exp-c) and 

in the experiments with a combination of biomass and POM (Exp-b). The similar results suggest 

that the respiration of the activated sludge was too high to be separated from the respiration of 

the wastewater particles. Experiments with only POM (Exp-a) showed a slight release of sCOD 

and DOC after 36 to 48 h indicating activity of the microorganisms originally attached to the 

particles. 

By reason of the high release of organic matter due to the self-hydrolysis of the activated sludge 

(Exp-c) and the release of organic matter found in Exp-a, the experiments presented in 

Chapter 3 were conducted only with POM at a higher concentration to discern changes and with 

nutrients addition to ensure microbial growth (Chapter 2.2). 
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Fig. 2-7: Preliminary experiments: a) sCOD and b) DOC in Exp-a Exp-b and Exp-c. No 

nutrients addition. 

2.10.2 Preliminary experiments: anaerobic sludge and particulate organic 

matter 

Anaerobic sludge (ANS) was taken from the anaerobic digestion tank in the WWTP of 

Bruchsal, Germany (80,000 population equivalents) and was pre-incubated for four days at 

T = 30 °C to deplete the major quantity of biodegradable matter that could be attached to the 

sludge and therefore, to minimize the amount of produced biogas related to self-degradation. 

The POM was prepared in accordance to Chapter 2.1. TSS and VSS were determined according 

to the standard methods (APHA et al., 2005). Three experiments were conducted over a period 

of 10 d. Table 2-7 shows the volume of biomass (ANS) and substrate (POM) used for each 

experiment with their corresponding initial and final concentration of TSS and VSS. A nutrient 

solution was added to each reactor to ensure microbial growth: 20 mg/L NH4 
+ - N (NH4HCO3), 

3 mg/L PO4 
3-

 - P (KH2PO4) and 0.5 mg/L Fe 3+ (FeCl3 · 6 H2O). The AMPTS II set-up was 

used (see Chapter 2.4). The experiments were conducted in duplicate. The stirring units were 

set to 60 s of stirring time and 60 s of down time at 60 % intensity. The pH was manually 

maintained between 6.7 and 7.5 for all the experiments. The samples were treated accordingly 

to Chapter 2.5 and Chapter 2.6. The fractionation of cDOC was done based on the observed 

changes. 
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Table 2-7: Volume of biomass (ANS) and substrate (POM) used in Exp-d, Exp-e and Exp-f 

with their corresponding initial and final concentration of TSS and VSS. Reactor volume = 2 L.  

Duration of the experiments: 10 d. pH: 6.7 - 7.5. 

 

Experiment  

[n = 2] 

POM 

[mL] 

ANS 

[mL] 

TSSinitial  

[g/L] 

TSSfinal  

[g/L] 

VSSinitial  

[g/L] 

VSSfinal  

[g/L] 

VSSremoval 

[%] 

Exp-d  1800  0  2.9  1  2.7  0.4  85.2 

Exp-e  1400  400  7.9  5.5  6.6  2.6  60.6 

Exp-f  0  400  5.7  4.2  4.5  2.0  55.6 

 

2.10.2.1 Results of preliminary experiments: anaerobic sludge and 

particulate organic matter 

The anaerobic hydrolysis process was investigated by observing the release of organic matter, 

i.e., sCOD, DOC and VFA. The production and utilization of the hydrolysis products 

(DOC-fractions) was followed by using the SEC with online detectors (Chapter 2.6). The 

conversion of the intermediate products (VFA) into biogas was recorded with the AMPTS II 

system (Chapter 2.4). 

Fig. 2-8 shows the release of organic matter and biogas during the anaerobic digestion of ANS 

and POM. Experiments with POM alone (Exp-d) released the largest amount of hydrolysis 

products (Fig. 2-8a). The release of sCOD, DOC and VFA in Exp-d started within the first day 

indicating hydrolysis of POM into DOM. The equilibrium between the hydrolysis rate and the  

utilization rate was reached a t = 4 d (Fig. 2-8a). The biogas production slowly increased from 

t = 0 to t = 4 d and remained with an approximate value of 20 mL/g VSS added during the rest of 

the experiment. Although the presence of biogas in Exp-d indicates the existence of 

methanogenic microorganisms originally attached to the POM, the accumulation of the 

hydrolysis products is attributed to a small population of the methanogenic microorganisms and 

its slow growth rate. 
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Fig. 2-8: Concentration of organic matter and accumulated biogas. a) Exp-d, b) Exp-e, 

c) Exp-f. 

Exp-e (combination of ANS and POM) and Exp-f (only ANS) produced similar results for the 

hydrolysis products measured as sCOD, DOC and VFA (Fig. 2-8b-c). It appears that the 

microorganisms present in the ANS dominated the hydrolysis process. Hydrolysis products 

were neither accumulated in Exp-e nor Exp-f during the whole experimentation. However, the 

biogas increased from t = 0 to t = 4 d in both experiments. The combination of POM and ANS 

in Exp-e produced the highest values of biogas from all the experiments reaching 

60 mL/ g VSS. After t = 4 d, no significant changes in the accumulated biogas were observed 

in Exp-e. Exp-f continuously produced small amounts of biogas during the whole experiment 

reaching about 30 mL/ g VSS added (Fig. 2-8c). Although methanogenic microorganisms were 

present in the anaerobic sludge, the lower biogas production in Exp-f compared to Exp-e was 

attributed to the lack of easily biodegradable organic matter, which was mostly depleted during 

the pre-incubation period of the anaerobic sludge. 
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It seems that the initial increase of biogas from t = 0 to t = 4 d, in the three experiments, was 

the result of the degradation of the easily biodegradable and easily hydrolysable organic matter 

originally attached to the POM or/and the ANS at the beginning of the experimentation. 

SEC with online detection (Chapter 2.6) was used to obtain detailed information of the 

production and utilization of the hydrolysis products. Fig. 2-9 shows the DOC and 

UV (254 nm) chromatograms of Exp-d (a-b), Exp-e (c-d) and Exp-f (e-f). Experiments where 

anaerobic sludge was used (Exp-e and Exp-f) showed formation of products with different 

nominal MW; four DOC-peaks/fractions were distinguished (Fig. 2-9c-f). In Exp-d, where only 

POM was used, only one DOC-peak was observed. The single peak observed in Exp-d 

(Fig. 2-9a), corresponded to low MW compounds, which are related to VFA. The maximum 

accumulation occurred at t = 8 d (see peak in Fig. 2-9a). The decrease of this peak is related to 

the utilization of the VFA by the methanogens. 

Different from the single peak observed in the experiment with POM (Fig. 2-9a), in all the 

experiments where ANS was used, broader MW distribution of the products were observed 

(Fig. 2-9c, e). The combination of ANS and POM in Exp-e produced the same results as the 

experiments with only ANS in Exp-f (Fig. 2-9c-f). Therefore, it can be assumed that the 

anaerobic microorganisms originally coupled to the ANS dominated the process and it was not 

possible to distinguish the effect of the POM on the overall process when the POM was 

combined with ANS. In addition to the broader MW compounds originated from the ANS 

(Fig. 2-9c-f), it was also noticed during Exp-e and Exp-f that the formed HMW organic 

compounds (see first peak in Fig. 2-9c-f) were not totally degraded and intermediate products 

with a strong UV-response were formed and accumulated during the anaerobic digestion 

process (see second peak in Fig. 2-9c-f). The recalcitrant organic matter originated from the 

hydrolysis of ANS, probably contributed to the lower 58 % of VSS removal achieved in the 

experiments with biomass in comparison to 85 % of VSS removal achieved in the experiments 

with only POM (see Table 2-7). 
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Fig. 2-9: DOC and UV (254 nm) chromatograms of samples from anaerobic experiments with 

anaerobic sludge (ANS) and particulate organic matter (POM). (a-b): Exp-d; (c-d): Exp-e; 

(e-f): Exp-f. The baseline and time shift of the detectors were corrected. 

  

a) b) 

c) d) 

e) f) 

F1 F1 F2 F2 F3 F4 F3 F4 
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Chapter 3: Results of hydrolysis experiments of particulate organic 

matter from municipal wastewater under aerobic treatment 

This Chapter presents the findings published as Alondra Alvarado, Stephanie West, Gudrun 

Abbt-Braun, Harald Horn. Chemosphere (Alvarado et al., 2021), 263, p, 128329, 

https://doi.org/10.1016/j.chemosphere.2020.128329. The introduction and material and 

methods Chapters were incorporated to Chapter 1 and Chapter 2.1 - 2.3, respectively. 

3.1 Size exclusion chromatography coupled with online carbon and 

UV (254 nm) detectors 

The formation and biodegradability of the hydrolysis products released by the aerobic treatment 

of the POM fraction (25 - 250 µm) (see Chapter 2.1) were investigated by means of the 

SEC-OCD-UVD technique during t = 2 d (Exp1-aer) and t = 13 d (Exp2-aer) by using samples 

from the aerobic batch reactors (see Chapter 2.1 - 2.3). The data of Exp1-aer showed 

information during the first 2 d, while Exp2-aer provided a long-term overview (until t = 13 d) 

of the hydrolysis process mimicking a realistic SRT in an activated sludge process. Fig. 3-1 

shows the changes of the cDOC and UV (254 nm) signals in Exp2-aer for t = 0.2, 4 and 13 d. 

 

Fig. 3-1: a) Fractionation of DOC and b) fractionation of UV (254 nm) according to its 

molecular size in Exp2-aer at t = 0.2, 4 (maximum accumulation of fraction F1) and 13 d.  

One of the main advantages of the SEC technique is that the whole MW range of the hydrolysis 

products is reflected in the chromatograms. Therefore, it is possible to follow the production 

and degradation of the hydrolysis products by observing the changes of the peaks-areas (relative 

https://doi.org/10.1016/j.chemosphere.2020.128329
https://doi.org/10.1016/j.chemosphere.2020.128329
https://doi.org/10.1016/j.chemosphere.2020.128329
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amount) of the four size fractions through time in Exp2-aer. During the entire process studied, 

the hydrolysis products (represented as DOC) showed the full range of MW distribution 

(hydrolysis products with different MW). The relative amount (peaks area) of the four size 

fractions is changing over the entire time of Exp2-aer as can be seen in. Fig. 3-1. 

 

Fig. 3-2: Development of relative DOC fraction F1 during Exp2-aer. Dilution factor of two in 

all the samples. 

The main changes correspond to fraction F1 (Fig. 3-1). The development of the DOC-peak 

fraction F1 during the whole experiment is shown in Fig. 3-2. Fraction F1 increased 

significantly from t = 0.2 d to t = 2 d and then gradually decreased until t = 13 d. The 

accumulation of fraction F1 is a clear indication of the continuous hydrolysis of POM into 

dissolved high molecular weight (HMW) organic products. The DOC-peaks in F1, F2, and F3 

appear in the UV-chromatograms (Fig. 3-1). The UV-signal shows that the organic matter of 

the different DOC-fractions contain chromophores with conjugated C=C (e.g., aromatic 

compounds) and C=O double bonds structures (Frimmel and Abbt-Braun, 2011). The 

UV-absorbing fraction in F3 at t = 60 min was attributed to nitrate, as there is no distinct signal 

in the cDOC chromatogram. Fig. 3-3 shows the development of the nitrogen-species during the 

aerobic experiments Exp1-aer and Exp2-aer. It is clearly seen the ammonia oxidation as nitrite 

and nitrate confirm the increase of nitrate after t = 6 d. NH4
+ - N was depleted on t = 9 d. 

However, nitrate was present until the end of the experiment. 

Due to interactions of the sample with the material of the chromatographic column, DOC 

fraction can appear after the permeation limit of the column (permeation limit: t = 72 min). The 

organic fraction, F4, can be characterized by a hydrophobic or amphiphilic character (Huber 

and Frimmel, 1994; Müller et al., 2000; Müller and Frimmel, 2002; Perminova et al., 1998; 
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Specht and Frimmel, 2000). The peak in fraction F4 at = 4 d showed no UV-response and 

disappears at the end of the experiment (Fig. 3-1). 

Fig. 3-3: Nitrogen-species behavior though the Exp1-aer and Exp2-aer. 

Fig. 3-4 shows the time series of the DOC concentration and the relative amount of UV of each 

fraction in Exp1-aer and Exp2-aer. The DOC concentration of the HMW fraction 

(F1: 20,000 - 2 · 106 g/mol) increased during the first three days. However, the concentration 

of maximum 2.5 mg/L on t = 3 d is still low compared to the huge amount of initial TSS, 

i.e., 1 g/L. After 3 d, F1 continuously decreased until t = 13 d (Fig. 3-4a). The relative amount 

of UV of fraction F1 (F1UV) (Fig. 3-4a) showed a similar trend to F1 (Fig. 3-4a), although the 

differences are not very pronounced. The main drop of F1UV started after t = 4 d, and reached 

negligible values on t = 6 d. This indicates that 2 d were needed by the bacteria to develop the 

necessary enzymes to hydrolyze UV-absorbing substances into smaller molecules in parallel to 

the biodegradation of fraction F1. This suggests a similarity in the composition of the organic 

matter in fraction F1 (Fig. 3-5). After 13 d of aeration, the dissolved organic carbon represented 

by F1 was degraded. 

The results do match the findings of Benneouala et al. (2017), who studied the role of activated 

sludge on the hydrolysis of the particulate settleable solids by using batch reactors and 

calculated oxygen utilization rates (OUR). They found that the degradation time of large 

particles was at least 10 d. Unfortunately, the size of those particles was not shown. 
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Fig. 3-4: Calculated DOC concentration [mg/L] and relative amount distribution of 

UV (254 nm) absorbance [%] for Exp1-aer (n = 3) and Exp2-aer (n = 2). a) fraction 1 (F1); 

b) fraction 2 (F2), c) fraction 3 (F3) and d) fraction 4 (F4). 

Fig. 3-5: UV/DOC signal of fraction 1 (F1) and fraction 2 (F2) during Exp2-aer. The signals 

were stablished at the highest point of the peaks. 

2 
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Intermediate MW organic material, fraction F2, (nominal MW: 1550 - 20,000 g/mol) 

accumulated within the first 3 d, and then slightly decreased at t = 4 d, remaining stable until 

the end of the experiment (Fig. 3-4b). No major changes in the relative amount of UV of 

fraction F2 (F2UV) were observed. F2 was mainly in the range of 25 - 35 % during the 

experimentation. The compounds in F2 show a higher amount of UV-absorbing compounds 

compared to F1 (Fig. 3-5). This could be attributed to an incomplete biodegradation of 

refractory compounds during the aerobic treatment (Luo et al., 2014; Metcalf and Eddy, 2014; 

Tran et al., 2015). Toilet paper (cellulose) is the main component of POM in raw wastewater 

(Ruiken et al., 2013). Cellulose consists of chains of glucose linked by strong hydrogen bonds 

forming microfibrils, which are very recalcitrant to degradation (Dyk and Pletschke, 2012; 

Himmel et al., 2007). According to Dyk and Pletschke (2012), the cellulose is embedded in a 

matrix of hemicellulose, pectin and lignin. The same authors stated that lignin is the most 

important factor limiting enzymatic hydrolysis by cellulolytic and hemicellulolytic enzymes. 

Cellulase enzymes function one to two order of magnitude slower than other polysaccharidases 

(Himmel et al., 2007). Furthermore, Confer and Logan (1997) worked with products of bovine 

serum albumin and found that the major part of the recalcitrant protein was intermediate 

molecular weight material (2000 - 10,000 g/mol). This is especially interesting due to about 

50 % of biomass dry weight is protein (Metcalf and Eddy, 2014). In addition, amyloids 

originated from proteins, are abundant in bacterial biofilms, and are resistant to degradation by 

proteases (Schlafer and Meyer, 2017). Jin et al. (2011) studied the biological treated sewage 

effluent from eight different WWTPs by using high performance liquid chromatography-SEC. 

The authors found an increase of compounds with a nominal MW > 10,000 g/mol. They 

attributed these compounds as SMP or EPS such as polysaccharides and proteins. 

Previous investigations concluded that easily biodegradable organic matter, i.e., organic matter 

with a MW < 1000 g/mol, can be assimilated directly by bacteria (Confer and Logan, 1998; 

Kommedal, 2003; Morgenroth et al., 2002; Sophonsiri and Morgenroth, 2004). Fraction F3 had 

a nominal MW of 100 - 1550 g/mol. The low MW fraction F3 had its maximum accumulation 

on the first day (Fig. 3-4c). Afterwards, F3 decreased until t = 4 d and then remained stable. 

Probably up to this fraction on the DOC was directly used for biomass growth. The relative 

amount of the UV-absorbing organic matter in F3 (F3UV) is quite stable during the first three 

days. The sharp increase of F3UV observed after this time (Fig. 3-4c) was related to a formation 

of nitrite and nitrate due to nitrification (Fig. 3-3). The increase of the first UV-peak in F3 

showed in Fig. 3-1, together with the decrease of the UV-signal of F1 during this time, suggest 
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that the recalcitrant material could be originated from the hydrolysis of F1 due to incomplete 

biodegradation of refractory compounds in the aerobic treatment (Luo et al., 2014; Metcalf and 

Eddy, 2014; Tran et al., 2015). 

The nominal MW of fraction F4 was < 100 g/mol, F4 remained stable during the first 1.5 d. 

Afterwards an increase was observed until t = 4 d (Fig. 3-4d) probably due to the degradation 

of the higher MW fractions. It seems that during this time the hydrolysis rate was faster than 

the utilization rate. The relative UV-absorbance in F4 (F4UV) remained stable during the first 2 

days in Exp1-aer, while in Exp2-aer F4UV increased on the first day and reached negligible 

values from the second day until the end of the experiment (Fig. 3-4d). The latter is in 

accordance with Huber et al. (2011b) who found no or little UV-response corresponding to the 

MW of this fraction (F4) that they called low molecular weight neutrals. The reader must be 

aware that F4 was affected by interactions of the organic matter with the material of the 

column (see Chapter 1.4.4). 

3.2 Sum parameters from batch reactor and respirometer 

The release of hydrolysis products during the aerobic treatment of POM was additionally 

investigated on the batch-scale by measuring the sCOD and DOC. Fig. 3-6 illustrates the 

development of the released hydrolysis products (sCOD and DOC) in the batch reactors for the 

short (Exp1-aer and Exp2aer: t = 0.2 d until t = 2 d) and the long-term experiment (Exp2-aer: 

t = 0.2 d until t = 13 d). Short-term experiments can be used to show the accumulation of 

organic compounds, whereas the long-term experiments can follow the degradation of the 

hydrolysis products. Previous studies have shown that around 10 d are needed to degrade POM 

(Benneouala et al., 2017). In Fig. 3-6 the accumulated BOD obtained from the respirometric 

experiments is shown. An increase of sCOD and DOC during the first 3 d is observed, 

suggesting that during this time the hydrolysis rate (production) was faster than the utilization 

rate. Starting at t = 4 d, the sCOD and DOC gradually decreased until the end of the 

experimentation. The behavior is more evident for the sCOD. This probably occurred due to 

the constant biodegradation of the hydrolysis products by the microorganisms. The BOD 

concentration increased continuously, reaching a maximum value of 800 mg/L O2, suggesting 

a nearly complete degradation of the particulate material (Table 3-1). Due to the addition of 

ATU, the oxygen consumption was related only to the utilization of the organic carbon 

(originating from POM). 
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Fig. 3-6: sCOD and DOC concentration (Exp1-aer and Exp2-aer). BOD concentration 

(Exp2-aer). It has to mentioned that the sCOD and DOC are measured in the aerobic batch 

reactor and BOD is measured with the respirometer (nitrification was inhibited). Time in 

logarithmic scale until day 2 (Exp1-aer), afterwards in linear scale (Exp2-aer). 

Fig. 3-7a shows values of VSS measured at t = 0, t = 2 d and t = 13 d. The VSS removal curve 

was fitted by a first order reaction kinetics. Fig. 3-7b shows the OUR calculated with 

equation (2-1) (see Chapter 2.3) together with the concentration of F1 in Exp2-aer. As shown 

previously in Fig. 3-2 and Fig. 3-4a fraction F1 is the one which seems to be the best indicator 

for the hydrolysis process. The maximum OUR value was 124 mg O2/L · d on t = 2 d. During 

this period, the maximum microbial activity was observed. According to Insel et al. (2002), the 

shape of the OUR curve after the first plateau is mainly governed by the hydrolysis rate. 

Fig. 3-7: a) VSS-fitted curve and measured VSS at t = 0, t = 2 d and t = 13 d. b) OUR, 

OUR-fitted curve and concentration of DOC fraction F1. DOC and VSS were measured in the 

aerobic batch reactor, and BOD was measured with the respirometer (nitrification was 

inhibited). 

a) b) 

khyd_aer = 0.12 1/d 

a) b) 

ʋOUR/VSS = 1.3 
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The fitted curve of OUR (Fig. 3-7b) was coupled to the VSS (Fig. 3-7a) according to 

equation (2-2) (see Chapter 2.3). The hydrolysis reaction constant khyd_aer was found to be 

0.12 1/d and the stoichiometric coefficient ʋOUR/VSS for oxygen used per VSS degraded was 

fitted to 1.3. The fitted curve of OUR was set up from the third day when the hydrolysis and 

consumption rate reached the equilibrium (Fig. 3-7a). Li, Wu et al. (2019) investigated the 

effects of SRT and microbial community in the degradation kinetics of toilet paper fiber by 

using sequencing-batch activated sludge systems. The authors published hydrolysis rate 

constants for toilet paper in the range 0.025 to 0.034 1/d for SRT of 20 d and 0.116 to 0.137 1/d 

for a SRT of 40 d. The authors explained the higher rate constants with a better adaptation of 

older sludge to hydrolyze cellulose and hemicellulose fibers. The development of fraction F1 

shows that the adaptation process in the system was more or less finished after 2 to 3 d. 

Fig. 3-7 clearly shows that most of the hydrolysis products cannot be found in the liquid phase 

(see also Chapter 1.2 and Chapter 1.4.1). Although it is not possible to know an exact 

stoichiometry involved in the biological oxidation of wastewater (Metcalf and Eddy, 2014), the 

COD of the DOC can be determined by writing a balanced stoichiometric reaction for the 

oxidation of DOC to carbon dioxide as follows: 

(CH2O)n + n O2 → n CO2 + n H2O                                                                                (3-1) 

Therefore, 

∆ O2

∆ DOC
=  

32 
g

mole

12 
g

mole

≈ 2.5
g O2

g DOC oxidized
                                                                           (3-2) 

Fraction F1 represents a newly formed hydrolysis product, the maximum concentration of 

2.5 mg/L F1 at t = 3 d is small compared to the 100 mg/(L · d) OUR at this time. The latter 

value can be used to calculate the stoichiometric comparable amount of organic carbon (3-2), 

which was approximately 40 mg/(L · d). 

It is assumed that most of the hydrolyzed organic matter will not leave the aggregated bacteria 

fixed to the particulate material. The latter is supported by the CLSM images (see Chapter 3.3), 

where it is observed that most of the microorganisms are attached to the particles. Therefore, 

the degradation occurs at the particles surface and/or at the vicinity of the particles. Different 

investigations support the findings (see Chapter 1.2 and Chapter 1.4.1). Goel et al. (1998) 

identified that only 4 % of the hydrolytic enzyme activity in activated sludge is located at the 
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bulk phase, indicating an entrapment of microorganisms in the extra-cellular polymers. 

Likewise, Guellil et al. (2001) studied extracellular enzymes extracted from activated sludge 

flocs and found that glycolytic activity was mainly related to wastewater organic colloids. Li 

and Chrost (2006) also revealed that the enzyme activity is cell-associated and that the EPS 

matrix of the flocs immobilize the microorganisms within the matrix. 

The characteristics of the mixed liquor (wastewater particles plus tap water) at the beginning 

and end of Exp1-aer and Exp2-aer are presented in Table 3-1. The VSS removal for Exp1-aer 

was 19 % and 69 % for Exp2-aer (Table 3-1). 

Table 3-1: Wastewater standard parameters in Exp1-aer at day 0.2 and 2 and in Exp2-aer at 

t = 0.2 and 13 d. All parameters beside BOD have been measured in the aerobic batch reactor, 

BOD has been measured in the respirometer. 

Parameters Exp1-aer [n = 3] Exp2-aer [n = 2] 

[mg/L] Start End Start End 

TSS 

VSS 

1000 790 ± 40 1000 350 ± 130 

790 640 ± 40 790 230 ± 100 

sCOD  12  ±  5 29 ± 7 14  ±  2  16  ± 2  

DOC  5  ±  1 8 ± 2 5 ±  1  5 ± 1  

Aerobic respiration BOD  0  209 ± 56   0   772  ± 80  

dTN  19  ±  1 14 ± 3 14  ±  1  19  ± 3  

NH4
+- N 16  ±  1 10 ± 2 13  ±  1  0  ± 0  

NO3
- - N 0.3  ±  0.2 0.2 ± 0.1  0.5  ±  0.1  16  ± 12  

PO4
3- - P 2  ±  1 0.7 ± 0.7  0.4  ±  0.2  0.3  ± 0.1  
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3.3 Confocal laser scanning microscopy (CLSM) 

In addition to the chemical analysis of the hydrolysis products in the aerobic batch reactor (here 

measured as sCOD and the DOC-fractions: F1, F2, F3, and F4), the CLSM can be used to partly 

quantify the amount of bacteria, which develop during the experiment. Important is, to keep in 

mind, that Benneouala et al. (2017) could show that activated sludge added as inoculum does 

not significantly influence the hydrolysis rate. In this work, the development of the initial 

amount of bacteria attached to the particles and its growth dynamics together with the EPS 

production during hydrolysis was visualized using CLSM. 

Fig. 3-8 shows the maximum intensity projections of the CLSM stacks in Exp2-aer. A 

decrement in the particle size over time, corresponding to the hydrolysis process can be 

observed. Small agglomerations of bacteria were noticed at t = 0 (Fig. 3-8a). This was directly 

related to the bacteria originally attached to the particles at the beginning of the experiment. 

After two days of aeration (Fig. 3-8b), an increase of the bacteria and EPS-glycoconjugates 

signal was observed, which is supported by the increase of fraction F1 during this time period 

together with the high OUR. Cadoret et al. (2002) found that the higher MW of the substrate 

the more hydrolytic activity is associated to the EPS. 

Beside the detection of bacteria (nucleic acid signal, NA) the glycoconjugate signal can be used 

to count the amount of EPS (Staudt et al., 2003). The result corresponds to the conceptual model 

offered by Vavilin et al. (2008), which formulates that the hydrolytic bacteria in the liquid 

medium colonize the surface of the particles, producing enzymes to hydrolyze the organic 

matter and in such a manner being able to assimilate the hydrolysis products released by the 

enzymatic reaction. Likewise, Confer and Logan (1998, 1997) explained that hydrolysis is a 

stepwise process in which the macromolecules diffuse to the surface of the cells where they are 

hydrolyzed and the hydrolytic fragments are released to the bulk solution or to other cells, 

repeating the process until the hydrolytic fragments are small enough to be directly assimilated 

into the cells (see also Chapter 1.2). 

A slight reduction of the bacteria population together with a parallel increase of EPS can be 

observed at t = 7 d (Fig. 3-8c) and t = 13 d (Fig. 3-8d) compared to t = 2 d (Fig. 3-8b). 

Consequently, a decrease in the NA/EPS ratio can be calculated (Fig. 3-9a-b). However, there 

is a certain risk that more and more smaller aggregates over time lead to a loss in signal intensity 

for the detached bacteria. 
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Rusanowska et al. (2019) studied the effect of the organic load on aerobic granule diameters 

and EPS composition in granules with different sizes. They found that the amount of loosely 

bound EPS increased as the granule diameters decreased. It is known that EPS can be produced 

during the growth, substrate utilization and decay processes involved in the aerobic treatment 

(Henze et al., 1987; Ramdani et al., 2012). 

 

Fig. 3-9: Coverage for nucleic acid (NA) and EPS glycoconjugates signals (a) and ratio of 

both (b) at t = 0, 2, 7 and 13 d in Exp2-aer. 

3.4 Conclusions of hydrolysis experiments of particulate organic matter from 

municipal wastewater under aerobic treatment 

Based on the obtained results, more detailed insight into the aerobic hydrolysis process of 

particulate organic matter (POM) originated from municipal wastewater was gained by 

combining two reactor systems with comparable conditions, i.e., an aerobic batch reactor and a 

respirometer. The conversion of POM into DOM was detected through measurements of sCOD 

and DOC during the entire experiment. By means of size exclusion chromatography coupled 

with online carbon and UV detectors (SEC-OCD-UV), it was possible to separate the released 

hydrolysis products into four molecular weight organic fractions of DOC (F1 through F4) in 

the aerobic batch reactor. These DOC-fractions were evaluated according to their 

biodegradability during the aerobic treatment of POM. The lower molecular weight fractions, 

i.e., F4 and F3, were recognized as easily biodegradable organic matter and it was determined 

that these two organic fractions were used for microbial growth. F2 was identified as the 

intermediate MW fraction, which mainly consisted of a more refractory type of organic matter 

by reason of an incomplete biodegradation of the organic matter during the aerobic treatment. 

F1, i.e., high molecular weight (HMW) organic matter, was found to be the most representative 
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fraction for the aerobic hydrolysis process. The occurrence of HMW organic matter produced 

during the hydrolysis of POM within the first three days of aerobic treatment indicated that 

during this time, the hydrolysis rate was faster than the utilization rate. The respirometer, 

operated in parallel, provided the oxygen consumption of the active bacteria. According to the 

oxygen utilization rate (OUR) evidence, the maximum microbial activity occurred on the 

second day. Supporting the data, the growth dynamics of bacteria originally associated to 

wastewater particles was visualized during the hydrolysis of POM by using the CLSM 

technique. Maximum intensity projection images showed that hydrolysis takes place on the 

surface of the wastewater particles and that the maximum bacteria activity occurred on the 

second day. Afterwards, the bacteria population decreased by reason of substrate depletion. 

Comparing the OUR together with the released DOC it was concluded that most of the 

hydrolysis products were directly consumed by bacteria. Only within the first three days, the 

largest size fraction, i.e., HMW organic compounds, accumulated in the liquid phase indicating 

that bacteria need a certain time to provide the enzymatic pathways for degradation of this 

DOC-fraction. The hydrolysis of these HMW organic compounds was identified as the limiting 

factor of hydrolysis. Most of the HMW organic fraction was degraded after 13 d; the 

non-biodegradable organic matter was associated to refractory compounds resulted from the 

incomplete biodegradation during the aerobic treatment.  
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Chapter 4: Results of anaerobic digestion of particulate organic 

matter originated from municipal wastewater 

4.1 Molecular weight distribution of the hydrolysis products released during 

the anaerobic digestion of particulate organic matter from municipal 

wastewater 

This Chapter highlights the nominal MW distribution of the hydrolysis products released during 

the anaerobic digestion of POM originated from municipal wastewater. Anaerobic digestion 

experiments were conducted in batch reactors at a constant temperature of 39 °C and at optimal 

pH conditions for hydrolytic and acidogenic bacteria, i.e., pH 6 ± 0.2 in experiment 1: Exp1-ana 

and at optimal pH conditions for acetogenic and methanogenic microorganisms, 

i.e., pH 7.0 ± 0.2 in experiment 2: Exp2-ana (Chapter 2.4). The SEC-OCD-UV technique 

(Chapter 2.6) was used to study the biodegradability of the released DOC-fractions 

(F1 through F4) produced in both experiments. 

The chromatographic results presented in Fig. 4-1 indicated that during the entire studied time, 

most of the hydrolysis products had a nominal MW distribution between 150 - 1550 g/mol 

corresponding to the DOC fraction F3 in Exp1-ana and Exp2-ana (see fractionation of DOC in 

Table 2-5, Chapter 2.6). The time resolved development of the main fraction F3 is shown in 

Fig. 4-2. Clearly the quick increase within the first days can be seen. F3 mainly refers to VFA, 

which seems to be degraded after 2 - 3 d. Fig. 4-1 shows on the other hand that a minor 

formation of other hydrolysis products with a different MW range than F3 were produced. Even 

though, strong UV-absorbance was observed for fraction F1 in Exp1-ana and fractions F1 and 

F2 in Exp2-ana indicating the presence of C=O double bonds or chromophores with conjugated 

C=C (e.g., aromatic compounds) (Frimmel and Abbt-Braun, 2011). Kuo and Parkin (1996) 

studied the production of SMP during the anaerobic treatment at pH of 7.0 ± 0.5 by using 

ultrafiltration. The authors found that the MW distribution of the SMP was bimodal, the first 

MW range was < 1000 g/mol and the second MW range was > 10,000 g/mol. 
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Fig. 4-1: Fractionation of DOC and UV (254 nm) according to its molecular size in 

Exp1-ana (pH = 6.0 ± 0.2) (a-b) at t = 0, t = 4 d (maximum accumulation of fraction F3) and 

t = 24 d; and in Exp2-ana (pH = 7.0 ± 0.2) (c-d) at t = 0, t = 2 d (maximum accumulation of 

fraction F3) and t = 24 d. The baseline and time shift of the detectors were corrected. 

Fig. 4-2: Development of the relative DOC fraction F3 in Exp1-ana (pH 6 ± 0.2) and 

Exp2-ana (pH 7 ± 0.2). The dilution factor of all the samples had to be adopted. 
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Fig. 4-3: Calculated DOC concentration [mg/L] in Exp1-ana (a-d) (n = 2) and Exp2-ana (e-h)  

(n = 2); fraction 1 (F1); fraction 2 (F2), fraction 3 (F3) and fraction 4 (F4). 

a) 

b) 

c) 

d) 

e) 

f) 

g) 

h) 

F1 F1 

F2 F2 

F3 F3 

F4 F4 
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Fig. 4-3 illustrates the time series of the DOC concentrations of the four MW fractions. The 

HMW organic fraction (F1) had a nominal MW distribution of 20,000 - 2 · 10 6 g/mol. Because 

of the persistence of fraction F1 throughout the experimentation, fraction F1 was related to 

non-biodegradable organic matter. The concentration of fraction F1 remained with values lower 

than 10 mg/L in both experiments (Fig. 4-3 a, e), while the strong amount of UV of 

fraction F1 (F1UV) indicated the presence of double bond or aromatic structures, which were 

only to some extent degraded during 24 d of anaerobic treatment (Fig. 4-1b, d). 

Intermediate MW organic matter, fraction F2, had a nominal MW between 

1550 - 20,000 g/mol. Exp1-ana (pH 6 ± 0.2) showed no significant production of F2 and no 

UV-response of fraction F2 (F2UV). However, in Exp2-ana (pH 7 ± 0.2) a strong increase of F2 

was observed at t > 12 d (Fig. 4-3f) as well as an increase of F2UV (Fig. 4-1d) at the same time. 

The results match the findings of Kuo and Parkin (1996), who worked with a pH of 7.0 ± 0.5 

and found that the concentration of SMPs with a nominal MW > 10,000 g/mol increased 

together with the SRT. Likewise, Jin et al. (2011) used high performance liquid chromatography 

SEC with a series-connected ultraviolet (UV) and Fluorescence (FL) detectors to characterize 

the effluent of eight different pilot WWTPs. The authors used sodium Polystyrene Sulfonates 

(PSS, Fluka) with a molecular weight of 210, 1400, 3400, 13,000, 32,000 g/mol as standards. 

The authors found an increase in compounds with a MW of 1700 g/mol; the fraction was related 

to humic-like substances. The same authors also found an increase of the MW 

fraction > 10,000 g/mol, which was related to SMPs or EPS formation. It seems that at optimal 

pH conditions for the hydrolytic bacteria (i.e., Exp1-ana: pH of 6 ± 0.2) there was no significant 

formation of fraction F2 (refractory organic matter) (Fig. 4-1b and Fig. 4-3b), while at optimal 

pH conditions for the methanogenic group (i.e., Exp2-ana: pH of 7 ± 0.2), refractory organic 

matter was produced. According to Xiao et al., 2020, the inert fraction of humic substances 

interacts with biopolymers forming granular aggregates, which decrease the active sites for 

enzymatic activity leading to inhibition of hydrolysis. 

Fraction F3 had a nominal MW of 150 - 1550 g/mol. This is the most representative fraction of 

hydrolysis products formed during the hydrolysis of POM from municipal wastewater and 

treated under anaerobic conditions (Fig. 4-2). The DOC concentration of the low MW fraction 

F3 reached a maximum concentration of 108 mg/L at t = 4 d in Exp1-ana and 62 mg/L at t = 2 d 

in Exp2-ana (Fig. 4e, f). Afterwards, a continuous decrease of F3 was observed in both 

experiments (Fig. 4-2). The decrease of DOC probably occurred due to a further conversion of 

the organic matter into smaller MW compounds, which were probably used as fast as they were 
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produced. The UV-absorption of F3 (F3UV) goes along with fraction F3 indicating a similar 

molecular composition (Fig. 4-1). It is recognized that low MW acids are easily removed by 

biological processes (González et al., 2013). Jin et al., (2011) found for several pilot WWTPs 

a decrease in the MW fraction of 1000 g/mol. They related the decrease with the sludge age, 

the longer the SRT the higher degradation obtained. They based their assumptions on specific 

UV-absorbance (SUVA) comparisons. However, the differences in their comparisons were 

overemphasized (i.e., SBR 1, SRT: 10 d, SUVA: 1.81 ± 0.10 vs SBR 2, SRT: 15 d, 

SUVA: 1.72 ± 0.10). 

The nominal weight of fraction F4 was < 100 g/mol. Fraction F4 showed no UV-response 

(F4UV) (Fig. 4-1), this was consistent with the results of aerobic hydrolysis of POM (see 

Chapter 3.1) and the findings of Huber et al., (2011a), who found no or little UV-response in 

this MW range. The reader must be aware that F4 may have been affected by interactions of 

the organic matter with the material of the column by reason of the hydrophilic or amphiphilic 

nature of the organic compounds eluting close to or slightly after the permeation volume of the 

SEC column (see Chapter 1.4.4).  
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4.2 Flux of organic matter during the anaerobic digestion of particulate 

organic matter from municipal wastewater 

During the current investigation, the biodegradation of the POM fraction (size: 25 - 250 µm) 

(Chapter 2.1) was studied under anaerobic conditions by using anaerobic batch experiments 

and the analytical methods described within Chapter 2, from Chapters 2.4 - 2.6 and Chapter 2.8. 

Table 4-1 shows the characteristics of the MLSS (wastewater particles plus tap water) at the 

beginning and at the end of Exp1-ana and Exp2-ana, while Table 4-3 present the determined 

and estimated kinetic parameters used within this Chapter. In Fig. 4-4 the organic matter flux 

during the anaerobic digestion of the POM fraction is depicted. The metabolic sequences or 

sub-processes (i.e., hydrolysis, acidogenesis and acetogenesis, and methanogenesis) shown in 

Fig. 4-4 are interconnected and occur simultaneously in an anaerobic digester (see Chapter 1.6). 

 

Fig. 4-4: Organic matter flux during the anaerobic digestion of POM and metabolic sequences 

of anaerobic digestion: hydrolysis, acidogenesis and acetogenesis, and methanogenesis. The 

percentages are averages from Exp1-ana and Exp2-ana measurements. The content of the initial 

POM was established to 100 %. Percentages obtained from results. 
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Table 4-1: Wastewater standard parameters in Exp1-ana and Exp2-ana at the beginning and end 

of the experiments. 

Parameters Unit 

Exp1-ana [n = 2] Exp2-ana [n = 2] 

Start End Start End 

Time d 24 24 

pH - 6 ± 0.2 7.0 ± 0.2 

TSS g/L 4.3 ± 0.3 2.1 ± 0.1 3.2 ± 0.1 1.9 ± 0.2 

VSS g/L 3.0 ± 0.2 1.3 ± 0.4 2.3 ± 0.1 1.1 ± 0.1 

sCOD mg/L 103 ± 11 86 ± 40 59 ± 5 64 

DOC mg/L 35 ± 1 34 ± 8 23 ± 3 22 

VFA mg/L 56 ± 4 4 ± 1 21 ± 5 1 ± 1 

Accumulated 

biogas* 
mL 800 600 

dTN mg/L 15 ± 1 59 ± 17 20 ± 1 52 

NH4
+- N mg/L 11 ± 5 41 ± 10 12 ± 2 20 ± 10 

* The accumulated biogas was obtained from simulation. 

The ADM1 (Batstone et al., 2002) considers disintegration and hydrolysis separately. 

Disintegration is the step in which the composite material (e.g., sludge waste, primary sludge) 

is converted into carbohydrates, proteins, and lipids, which are then further hydrolyzed into 

monosaccharides, amino acids, and long-chain fatty acids, respectively. Disintegration and 

hydrolysis are extracellular biological and non-biological processes that carry out the 

breakdown of POM (Batstone et al., 2002). Wastewater engineering literature does not have a 

clear distinction to whether the mechanisms of POM solubilization are hydrolytic or not 

(Kommedal, 2003). Therefore, in this work, the disintegration step was included in the term 

hydrolysis. 

It is accepted that hydrolysis of POM is the rate-limiting step of the overall anaerobic digestion 

process (Eastman and Ferguson, 1981; Vavilin et al., 2008, 1996) (see also Chapter 1.6). 

Therefore, hydrolysis of POM is the most important kinetic parameter because the subsequent 

hydrolysis of soluble organic matter occurs faster than the solubilization of POM into DOM 

(Batstone et al., 2002). Hydrolysis of POM can be estimated by following the VSS degradation 
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together with the production and utilization of the hydrolysis products, that is, DOM, which 

was measured within this work as sCOD and DOC. Hydrolysis of POM is commonly expressed 

in a first order manner (Batstone et al., 2002; Eastman and Ferguson, 1981; Pavlostathis and 

Giraldo-Gomez, 1991). Hence, equation (4-1) depicts the solubilization of POM (VSS) into 

sCOD based on a first-order reaction kinetics. The integrated equation is shown in 

equation (4-2). 

dVSS

dt
=  −khydanaer

∗  VSS                                                                                                     (4-1)           

VSS = VSS0 ∗ e−khyd_anaer∗t                                                                                                         (4-2) 

Where the VSS concentration at a time t depends on the initial VSS concentration and a kinetic 

constant (khyd_anaer). The khyd_anaer was found to be 0.034 1/d for Exp1-ana and Exp2-ana. 

Fig. 4-5 shows the simulation of the POM biodegradation for both experiments 

(see Chapter 2.9). After t = 24 d of experimentation, the VSS removal in Exp1-ana and 

Exp2-ana was 58 % and 53 %, respectively (Table 4-1). 

Fig. 4-5: VSS concentration in a) Exp1-ana and b) Exp2-ana. Symbols: Measured VSS at the 

beginning and end of the experiments. Lines: Simulation of VSS degradation. 

The main component in municipal solid waste is cellulose from toilet paper (Chen et al., 2017; 

Song and Clarke, 2009). After sieving of raw wastewater, Ruiken et al. (2013) found that the 

cellulose fraction in raw wastewater corresponds to 84 % of the organic mass. According to 

Grabber et al. (2009) and Lübken (2009) the particulate inert (non-biodegradable) matter is 

mainly determined by the lignin content. In the ADM1, Batstone et al. (2002) used a 

hypothetical composite material with only 10 % of non-biodegradable particulate matter. 



69 

Nonetheless, the VSS measurements shown in Table 4-1 indicate that the non-biodegradable 

particulate VSS fraction corresponds to 41 %. The results are in accordance with Ramdani et 

al. (2012), who stated that the influent non-biodegradable particulate organic matter may 

contribute to 25 % or more of the VSS in the MLSS, depending on the characteristics of the 

wastewater. 

Non-biodegradable soluble organic matter was estimated to 3 % (Fig. 4-4). The estimation was 

based on the chromatographic results presented in Chapter 4.1, where it is shown the persistence 

of the HMW (F1) and intermediate MW (F2) organic matter originated from the influent 

wastewater particles or formed during the anaerobic digestion of POM (Fig. 4-3, Chapter 4.1). 

The non-biodegradable soluble organic matter fraction was estimated when the maximum 

hydrolytic activity was registered, at t = 4 d in Exp1-ana and at t = 2 d in Exp2-ana (see 

Chapter 4.1). 

As DOC is formed at the same rate as the degradation of POM, the production of DOC in terms 

of sCOD (4-3) is determined by the VSS fraction being hydrolyzed to sCOD and the 

degradation kinetic constant of VSS (khyd_anaer). The integrated form is presented in 

equation (4-4). 

dsCOD

dt
=  khyd_anaer ∗ ʋ1 ∗ VSS                                                                                            (4-3) 

 

sCOD = sCOD0 + ʋ1 ∗ VSS0 (1 − e−khyd_anaer∗t)                                                                   (4-4) 

Where khyd_anaer is the degradation kinetic constant of VSS in 1/d and ʋ1 represents the fraction 

of VSS converted to sCOD (biodegradable and non-biodegradable). ʋ1 was estimated to 0.63 

for both experiments (Fig. 4-4). 

The chromatographic results demonstrated that during the anaerobic digestion of POM, the 

biodegradable fraction of the DOC is mainly represented by F3 (see Fig. 4-1 and Fig. 4-2 in 

Chapter 4.1). The measured DOC in F3 can be converted to sCOD by using the equations (3-1) 

and (3-2) presented in Chapter 3.2. sCODF3 can be determined through simulation by using 

equation (4-5). 

dsCODF3

dt
= khyd_anaer ∗  ʋ2 ∗ VSS                                                                                        (4-5) 
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Where ʋ2 accounts only the conversion of VSS (POM) into biodegradable soluble organic 

matter (sCODF3). ʋ2 was estimated to 0.6 for both experiments (see VSS in Table 4-1). The 

reader must be aware that the simulation reflects the behavior of the sCOD considering the 

interaction of the metabolic sequences during the anaerobic digestion. Therefore, the 

simulation contemplates the formation and the utilization of the sCOD. 

The amount of VFA formed by the degraded fraction of the sCODF3 can be calculated by using 

equation (4-6). 

dVFA

dt
= khyd_anaer II ∗ ʋ3 ∗ sCODF3                                                                                     (4-6) 

Where khyd_anaer II is the degradation kinetic constant of sCODF3 in 1/d. As the sCODF3 represents 

only the biodegradable fraction of the sCOD, a higher kinetic constant for the transformation 

of sCOD into VFA is expected (Batstone et al., 2002). Through data simulation, khyd_anaer II was 

set to 0.55 1/d for both experiments. The hydrolysis constant was comparable to the values 

found by Song and Clarke (2009), who worked with a mixed culture from landfill waste in a 

continuous reactor and found the hydrolysis rate value of 0.45 ± 0.07 1/d. Likewise, for primary 

sludge substrate, the ADM1 - appendix A shows hydrolysis constants of carbohydrates and 

proteins of 0.41 and 0.39 1/d, and 0.58 and 0.58 1/d at pH of 5.85 and 6.67, respectively. ʋ3 is 

the fraction of sCODF3 being transformed into VFA and it was estimated to 0.8 for both 

experiments. The estimation was based on the found values of sCODF3 at the end of the 

experiments. The latter was in accordance with de Lemos Chernicharo (2005), who stated that 

70 to 90 % of the biodegradable matter in an anaerobic digester is converted into biogas. 

It is important to clarify that acidogenesis and acetogenesis were contemplated as a lump stage 

(Fig. 4-4) because the reaction products of the acidogenesis and acetogenesis stages are H2 gas 

and COOH -, which are both substrates of the methanogenic bacteria (Anukam et al., 2019). 

Table 4-2 shows the maximum measured VFA concentrations found in Exp1-ana (pH 6 ± 0.2) 

and Exp2-ana (pH 7 ± 0.2). The percentage of acetic acid: propionic acid: butyric and 

iso-butyric acid at t = 4 d in Exp1-ana and at t = 2 d in Exp2-ana were 60:34:6 and 76:17:7, 

respectively. A larger amount of propionic acid was formed in Exp1-ana, while mostly acetic 

acid was formed in Exp2-ana. This is related to the optimal pH conditions for acidogenic and 

acetogenic bacteria (see Table 1-4 in Chapter 1.6). 
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Table 4-2: Maximum concentration of the organic acids in Exp1-ana (pH 6 ± 0.2) at t = 4 d and 

in Exp2-ana (pH 7 ± 0.2) at t = 2 d. 

VFA  Exp1-ana  

[mg/L]  

Exp2-ana  

[mg/L]  

Acetic acid  97 ± 23  41 ± 8  

Propionic acid  55 ±   3    9 ± 8  

Butyric acid    3 ±   2    1 ± 0  

Iso-butyric acid    6 ±   2    3 ± 0  

The found VFA corresponded to the most important products of glucose degradation depicted 

in the ADM1: 

Acetate C6H12O6 + 2 H2O →2 CH3COOH + CO2 + 4 H2 (4-7) 

Acetate, 

propionate  

3 C6H12O6 → 4 CH3CH2COOH + 2 CH3COOH + 2 CO2 + 2 H2O (4-8) 

Butyrate C6H12O6 → CH3CH2CH2COOH + 2 CO2 + 2 H2 (4-9) 

Lübken (2009) reported that glucose degradation occurred via reaction (4-7): 50 %, (4-8): 35 %, 

and (4-9): 15 %. 

Fig. 4-6 shows the measured and simulated soluble organic matter. The maximum measured 

accumulation of sCOD and VFA was perceived at t = 4 d in Exp1-ana (Fig. 4-6a) and at t = 2 d 

in Exp2-ana (Fig. 4-6b). The higher accumulation of sCOD in Exp1-ana (Fig. 4-6a) can be 

attributed to a major quantity of VSS and/or to a major activity of the acidogenic bacteria, being 

the pH of 6 within the optimal range for those microorganisms (Vavilin et al., 2008). The faster 

decrease of VFA in Exp2-ana was in agreement to von Sperling and Lemos Chernicharo (2005); 

who stated the optimal pH range for the degradation of acetate between 6.5 - 7.1 and for 

propionate between 7.2 - 7.5. After t = 14 d no major changes were observed in none of the 

experiments. The decrease of VFA was directly related to the formation of methane (de Beer et 

al., 1992). Even when the decrease of VFA started two days before in Exp2-ana at pH 7 than in 

Exp1-ana at pH 6, the VSS removal after 24 d was similar (i.e., Exp1-ana = 58 % and 

Exp2-ana = 53 %).
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Fig. 4-6: Formation and utilization of soluble organic matter originated from the hydrolysis of 

municipal wastewater particles in Exp1-ana (a) and Exp2-ana (b). Symbols represent measured 

values and lines data simulation. 

Due to a technical problem with the measuring system of the AMPTS II, the biogas was not 

recorded in any of the experiments. Nonetheless, the decrease of the organic products was 

observed in both experiments indicating biogas production. The biogas production can be 

calculated by using equation (4-10) and equation (4-11). As the production of biogas is the final 

result of the process-cascade of anaerobic digestion, i.e., hydrolysis, acidogenesis and 

acetogenesis and methanogenesis, the accuracy of the initial value of POM (measured as VSS) 

becomes a critical parameter of the simulation. The kinetic constant for methane formation 

(kCH4) was set to 1 1/d for Exp1-ana and 2 1/d for Exp2-ana; von Sperling and Lemos 

Chernicharo (2005) stated that pH values lower than 6.5 can cause a significant decrease in the 

methane rate. 

dVFA

dt
=  − kCH4 ∗  ʋ4 ∗ VFA                                                                                                (4-10) 

dCH4

dt
=  kCH4 ∗  ʋ4 ∗ VFA                                                                                                     (4-11) 

The stoichiometric factor ʋ4 was calculated as follows: 

ʋ4 = 0.35 ∗ V ∗  
1

0.6
                                                                                                               (4-12) 
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Where, V is the volume of the anaerobic batch reactor, V = 1.8 L, 0.6 was the assumed 

methane content in the biogas and 0.35 is the relation of L of methane produced per gram 

of COD consumed at standard conditions (0 °C, 1 atm) (Metcalf and Eddy, 2014). 

As acetate was found to be the major constituent of the VFA in both experiments 

(Table 4-2), acetate was converted to COD according to reaction (4-13). The COD of 

acetate is ≈ 1 g COD/g VFA. 

C2H4O2 + 2O2 → 2 CO2 + 2 H2O                                                                               (4-13) 
(60 g/mole) (64 g/mole) 

Fig. 4-7: Simulation of biogas production over time in a) Exp1-ana and b) Exp2-ana. 

The simulation of biogas in Exp1-ana and Exp2-ana is shown in Fig. 4-7. The main difference 

found among the experiments was the necessary time for the formation of biogas. Based on the 

accumulation of F3 (VFA), it was assumed that the full capacity of the methanogenic 

microorganisms started with the degradation of F3, i.e., t = 4 d in Exp1-ana and t = 2 d in 

Exp2-ana (Fig. 4-6). 

Although the accumulated biogas in Exp2-ana was lower than in Exp1-ana, i.e., 600 mL vs 

800 mL of accumulated biogas (Fig. 4-7), the biogas yield of 0.5 L biogas/g VSS used was the 

same for both experiments. It seems that under optimal pH conditions for the methanogenic 

group in Exp2-ana the production of methane started 2 days faster (Fig. 4-7b) than with a pH 

of 6 in Exp1-ana (Fi.4-7a). Moletta et al. (1994) found immediate response to small pH changes 

(e.g., 6.8 to 6.6) on the gas composition and production because methanogenic bacteria are 

strongly affected by pH changes (von Sperling and Lemos Chernicharo, 2005). Exp1-ana 

showed higher accumulation of VFA (Table 4-2) and a consequently accumulation of H2 

causing retardation of the methanogenesis process (Lohani and Havukainen, 2017). 
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Methanogenic bacteria can still be active at pH 6 but then more days are necessary for the 

bacteria to adapt to the adverse conditions. Consequently, the methanogenic step may become 

the limiting factor on the overall anaerobic digestion process. 

Table 4-3: Definition of the determined and estimated kinetic parameters used in the simulation 

of the formation and utilization of the soluble hydrolysis products of particulate organic matter 

originated from municipal wastewater and treated under anaerobic conditions in Exp1-ana and 

Exp2-ana. 

Parameter Definition Unit 
Value 

Exp1-ana Exp2-ana 

Xc Composite particulate organic matter g/L 3 2.3 

khyd_anaer Hydrolysis constant of POM  1/d 0.034 

khyd_anaer II Hydrolysis constant of sCODF3 1/d 0.55 

kCH4 Constant of methane formation 1/d 1 2 

ʋ1 

Fraction of Xc converted into 

non-biodegradable and biodegradable 

organic matter (sCODF3) 

- 0.63 

ʋ2 Fraction of Xc converted into sCODF3 - 0.6 

ʋ3 Fraction of sCODF3 converted into VFA - 0.8 

ʋ4 

Amount of methane produced 

estimating 60 % of the biogas as 

methane and a volume of 1.8 L 

L/d CH4 1.05 

 

4.3 EPS and nucleic acids visualization during the anaerobic process 

Benneouala et al. (2017) showed the importance of the initial amount of bacteria attached to 

the particulate matter on the hydrolysis process. In Chapter 3.3, the growth dynamics of the 

bacteria originally attached to the surface of the particles as well as the production of EPS 

were studied under aerobic conditions. Correspondingly, the CLSM technique was employed 

to quantify the bacteria and EPS during the anaerobic treatment of POM from municipal 

wastewater. 

Fig. 4-8 and Fig. 4-9 show the maximum intensity projections of the CLSM stacks in 

Exp1-ana and Exp2-ana, respectively. The major changes observed during the anaerobic 
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digestion of POM corresponded to the EPS architecture. Fig. 4-8 and Fig. 4-9 show the 

structure of the POM at t = 0; the interior of the particles had minimal amounts of fluorescence 

light, probably because of the self-voids of the particles or to the thickness of the particulate 

material (Chu et al., 2005; Wilderer et al., 2002). A decrease in the size of the particles after 

t = 7 d is visualized; the change in the morphology of the EPS was observed in both 

experiments (Fig. 4-8 and Fig. 4-9). The results match the findings of Chu et al. (2005), who 

studied the anaerobic digestion rate for flocculated sludge and found a significant reduction 

of the flocs size in parallel to the anaerobic digestion, that is, a deterioration of the floc´s 

structure. The same authors found a size decrease of until 55 % during the first 10 d of 

digestion. 

It is known that in the anaerobic digestion the organic matter removal occurs through a series 

of interconnected processes carried out by the acidogenic, acetogenic and methanogenic 

microorganisms (see Chapter 1.6 and Chapter 4.2). On the one hand, in Exp1-ana, 

agglomerations of bacteria onto the surface of the particles (bacteria-particles association) are 

observed at t = 7 d, most probably, this microbial activity is visible after 7 d because the 

removal of organic matter in Exp1-ana started after 4 d (see Fig. 4-2 in Chapter 4.1 and Fig. 4-6 

in Chapter 4.2) and at t = 6 d only 25 % of the maximum accumulated F3 was removed 

(see Fig. 4-3 in Chapter 4.1). On the other hand, in Exp2-ana, no significant microbial activity 

was observed (Fig. 4-9). From t = 2 d to t = 6 d, about 60 % of the maximum accumulated F3 

was removed (see Fig. 4-3 in Chapter 4.1). The latter together with the minor signal of nucleic 

acids detected at t = 7 d (Fig. 4-9 and Fig. 4-10a) leads to conclude that in Exp2-ana, the main 

microbial activity occurred before 7 d and most probably within the first 2 d (see Fig. 4-2 in 

Chapter 4.1). 
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By reason of the high standard deviation of the EPS coverage (Fig. 4-10b), no major 

interpretation between Exp1-ana and Exp2-ana can be done. However, the CLSM-images show 

that both experiments presented comparable EPS structure at t = 0. It is observed that smaller 

EPS aggregates are formed in Exp2-ana (see Fig. 4-9 and Fig. 4-8). The differences of the EPS 

agglomerates are evident up to t = 14 d. The EPS aggregates are the result of the microbial 

activity. The optimal pH for the methanogens in Exp2-ana lead to higher methanogenic activity 

and therefore, to higher removal performance producing smaller EPS aggregates. In Exp1-ana, 

the lower methanogenic activity at pH 6 lead to lower removal efficiencies producing bigger 

aggregates. At t = 14 d, the removal of F3 reached about 85 % in both experiments (Fig. 4-3 in 

Chapter 4.1). From t = 14 d to t = 24 d the CLSM-images did not show significant changes in 

none of the experiments (Fig. 4-8 and Fig. 4-9) but the removal of F3 at t = 24 d was about 

95 % in both experiments. A minor production of EPS is expected during the anaerobic 

digestion process in comparison to the aerobic process (Seghezzo, 2004). CLSM-images of 

both experiments (Fig. 4-8 and Fig. 4-9) show no EPS (biomass) production. A slight decrease 

of the bacteria population from t = 0 to t = 24 d by reason of substrate depletion was observed 

in both experiments (Fig. 4-10a) as well as a slight decrease of the NA/EPS ratio (Fig. 4-10c). 

Fig. 4-10: Coverage for nucleic acid (NA) (a) and EPS-glycoconjugates (b) signals. Ratio of 

NA/EPS (c) at t = 0, 7, 14 and 24 d. 15 - 30 stacks per sample.  
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4.4 Conclusions of anaerobic digestion of particulate organic matter from 

municipal wastewater 

Although the mechanism of degradation of particulate organic matter (POM) and the limiting 

factor of the anaerobic digestion, i.e., hydrolysis of solids, have been already identified, the 

results shown in this work brought new insight into the process by studying the influence of pH 

on the anaerobic digestion of POM. Optimal pH-values for hydrolytic and acidogenic bacteria 

(Exp1-ana) and for acetogenic and methanogenic microorganisms (Exp2-ana) were 

investigated. 

By means of size exclusion chromatography coupled with online carbon and UV detection 

(SEC-OCD-UV), the released hydrolysis products were separated into four molecular weight 

fractions of DOC (F1 through F4) in the anaerobic batch reactor. These DOC-fractions were 

evaluated according to their biodegradability during the anaerobic digestion treatment. The 

results showed that the formation of the low MW fraction, F3, was the main indicator of 

hydrolysis of POM during the anaerobic digestion process. F3 was related to soluble 

biodegradable organic matter. 

The solubilization of POM into dissolved organic matter was further investigated by following 

measurements of sCOD, DOC, and VFA throughout the experiments. In addition, a set of 

differential equations based on first order kinetics was applied in a simulation to determine 

kinetic parameters and biogas production. The results showed that changes of pH (i.e., 6 and 7) 

influenced the kind of VFA produced as well as the performance of removal of POM during 

the first days of anaerobic treatment. At optimal pH conditions for the acetogenic and 

methanogenic microorganisms, the removal occurred two days faster than at optimal pH 

conditions for the hydrolytic and acidogenic bacteria. Nevertheless, the overall removal 

performance of POM after 24 d of anaerobic treatment was comparable at pH 6 and at pH 7. 

Formation of intermediate MW organic matter after 20 d of anaerobic treatment was only 

observed at pH 7. The maximum intensity projections of the CLSM images showed a change 

in the morphology of the wastewater particles structure (decrease of the particles size). No 

production of biomass was observed. 
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Chapter 5: Conclusion and consequences for aerobic and 

anaerobic treatment of municipal wastewater 

The hydrolysis of particulate organic matter (POM) from municipal wastewater treated under 

aerobic and anaerobic conditions has been analyzed along this work. Both types of hydrolysis 

deliver comparable results with respect to reaction velocity but very different intermediate 

components before the final products of the entire aerobic (CO2 and biomass) or anaerobic 

(CO2, CH4 and biomass) process are achieved. The achieved results have to be discussed and 

compared in relation to the full scale (aerobic and anaerobic) biological treatment of municipal 

wastewater. 

 

Fig. 5-1: Organic carbon flow during aerobic treatment (activated sludge process) (left) and 

anaerobic treatment (anaerobic membrane bioreactor- AnMBR) (right) of municipal 

wastewater. Left image taken from Harald Horn and right image taken from pilot scale AnMBR 

at TU Munich, BMBF project No. 02WA0854/55.   

Fig. 5-1 shows the flow of the organic carbon along an aerobic and anaerobic treatment process 

for municipal wastewater. During aerobic treatment, around 45 - 50 % of the organic carbon is 

oxidized to CO2 and the remaining part (45 - 50 %) is mainly converted into biomass. 

Especially the latter has to be treated and finally disposed at high costs. 

During anaerobic treatment (and if the biomass is retarded by a membrane filtration) most of 

the organic carbon is converted into CO2 and CH4 (35 - 40 % and 50 - 60 %) and only a small 
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fraction is converted into biomass (i.e., ̴ 5 - 10 %). It seems that the anaerobic treatment does 

have a clear advantage over the aerobic one. However, the numbers for the anaerobic process 

shown in Fig. 5-1 can be achieved if the wastewater is treated at T > 25 °C and with an 

anaerobic membrane bioreactor (AnMBR), this has been shown by Martinez-Sosa et al. (2011). 

Independent of which process (aerobic or anaerobic) is chosen, a huge amount of 50 - 70 % of 

the organic load in wastewater is represented by the POM. Thereby, the question on how 

quickly these components can be hydrolyzed is essential for the following and final biological 

degradation by the involved microorganisms. As already stated above, the aerobic and 

anaerobic kinetic constant for hydrolysis of POM were found to be within the same magnitude. 

However, the velocity of aerobic hydrolysis found for the conducted experiments is 3 - 4 times 

higher than the anaerobic one, i.e., aerobic khyd_aer: 0.12 1/d versus anaerobic 

khyd_anaer: 0.034 1/d. 

In the end both processes can only be completed if the POM is kept within the biological 

treatment step for more than 10 days. In an activated sludge system this will be achieved by 

incorporation of the POM into sludge flocs and a solid retention time (SRT) > 10 d. For 

anaerobic treatment without sufficient floc formation and very bad settling properties of the 

biomass the SRT can only be controlled by membrane separation (Martinez-Sosa et al., 2011). 

Not only the velocity of the hydrolysis process but also the metabolic pathway and its 

intermediates must be understood if we want to optimize the processes. Within the experiments 

it was nicely shown that the DOC formed during the hydrolysis of POM at aerobic and 

anaerobic conditions presented a certain range of MW products (Fig. 5-2). The size exclusion 

chromatography coupled with online organic carbon and UV detectors (SEC-OCD-UV) 

worked out to be an extremely helpful analytical tool. Up to now it was mainly used for 

characterization of organic carbon in surface water and its value for analyzing processes in 

wastewater treatment was somehow underestimated. 

For aerobic hydrolysis, the HMW products (referring to F1) can be considered the best indicator 

of the process, since mainly F1 accumulated in the liquid phase. Significant amounts of the 

other three fractions (F2, F3 and F4) of the organic carbon could not be found within the liquid 

phase. One can conclude that smaller molecules (F3 and F4) are directly consumed by bacteria 

and not released to the liquid phase. A link between F1 and the microbial activity was detected; 

roughly 2 - 3 d were needed by the bacteria originally attached to the particles to grow and 

develop the required enzymes to start the degradation of F1 (Fig. 5-2, left stack). Therefore, the 

formation and subsequent degradation of the HMW products was considered the limiting factor 
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of aerobic hydrolysis. However, it must be considered that no adapted bacteria have been 

present at the beginning of the experiments. This can be shown with confocal laser microscopy 

(CLSM), which is able to visualize the formation of bacteria and EPS matrix on the surface of 

the wastewater particles. The CLSM-images show that during the aerobic digestion of POM 

after a short formation period for bacteria (first 2 - 3 days) mainly EPS is produced over time. 

As soon as the available hydrolysis products (F1) are decreasing the number of bacteria is 

decreasing too (Fig. 5-3, left). 

 

Fig. 5-2: Relative DOC signal in Exp2-aer (left) and in Exp2-ana (right). The dilution factor of 

all the samples had to be adopted. DOC in mg/g VSS added. 

The conclusion can be drawn, that the bacteria responsible for hydrolysis and/or the respective 

enzymes are directly growing or produced on the particles. Biomass (other bacteria in sludge 

flocs) not directly connected to the particles will not play a role for hydrolysis. With respect to 

mathematical models this is not easily to solve as we do not know the fraction of bacteria sitting 

or being directly connected to the particles. 
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Different from the aerobic hydrolysis, the hydrolysis of POM at anaerobic conditions does 

mainly show LMW products (F3) in the liquid phase. Only a minor production of other 

hydrolysis products with different MW range (F1 and F4) are formed (Fig. 5-2, right stack). As 

it is well known from the process cascade of anaerobic digestions the LMW products were 

mainly related to VFA. Compared to the aerobic process the anaerobic process chain is 

represented by different organisms working together. The methanogenic group is responsible 

for the final step of methane production. Therefore, F3 (produced by acidogenic and acetogenic 

bacteria) is accumulated in the liquid phase in the beginning as the methanogenic archaea 

needed more time to develop and thrive to convert the VFA into biogas. 

The period where F3 dominated the DOC within the liquid phase was found to be similar to the 

occurrence of F1 during the aerobic treatment, i.e., 2 to 3 d (see Fig. 5-2, right stack). For the 

visualization, no significant microbial activity was observed in the CLSM-images 

(Fig. 5-3, right). Comparing the growth rates of aerobic (µmax is around 6 1/d) and anaerobic 

microorganisms (µmax is around or even lower than 1 1/d) this result is not surprising. Moreover, 

in the anaerobic digestion there is minor production of biomass (including EPS). This is related 

to the yield of biomass, which is lower in the anaerobic digestion. For microbial oxidation of 

acetate the yield is around 0.4 - 0.6 g VSS/g COD and 0.03 g VSS/g COD by using O2 and CO2 

as electron acceptor, respectively. Anaerobic reactions in which carbon dioxide acts as an 

electron acceptor release less energy for microbial growth than aerobic reactions where oxygen 

is used as electron acceptor leading to less biomass production. However, as already identified 

for the aerobic hydrolysis the active microorganisms have to be close to the substrate, i.e., the 

particulate organic matter. 

The results presented within this thesis work contribute to both the aerobic and anaerobic 

hydrolysis process understanding. So far, the DOC produced from the hydrolysis of POM is 

generally regarded as dissolved organic matter. Nonetheless, efforts have been made to 

characterize the produced DOC (hydrolysis products), but no detailed information of the 

hydrolysis products formed and degraded during and along the aerobic and anaerobic treatment 

of POM was available. 

By using the size exclusion chromatography coupled with online carbon detector (SEC-OCD), 

the hydrolysis products (DOC) were characterized based on their MW and thus, it could be 

identified at which time these organic carbon fractions were formed and further degraded. The 

aerobic microorganisms are able to conduct both hydrolyze POM and then oxidize the dissolved 

large molecules (fraction F1) to carbon dioxide. The identification/quantification of this 
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fraction (F1) is a major finding of the work presented. Here the combination of SEC-OCD (for 

identification of intermediates) and parallel respirometric measurements (for calculation of 

OUR) worked out to be extremely helpful. 

On the other side the large molecular fraction (F1) cannot be seen (or analyzed) in the liquid 

phase for the experiments with anaerobic organisms. Here the pathway can be identified in the 

liquid phase by smaller molecules (fraction F3, referring to VFA). That is not surprising as 

(compared to the aerobic pathway) the anerobic degradation is done by a cascade of 

microorganisms. Important intermediates are VFA (especially acetate) whereas the end product 

is methane and carbon dioxide. A huge difference between pH 6 or 7 could not be seen. 

With respect to process optimization, it has become clear, that the acting microorganisms are 

fixed to the particles, that was nicely shown by the imaging with CLSM. As mentioned above 

the time needed for complete aerobic and anaerobic hydrolysis of POM is larger than 10 and 

20 days, respectively.  

However, one can think whether we want to optimize the conversion of POM during aerobic 

treatment to climate-damaging carbon dioxide and biomass or generate a benefit if we can 

produce chemicals (acetate and propionate) by an anaerobic treatment step. Especially 

propionate is a chemical, which does have a higher value compared to methane.  

Therefore, a partial reorganization of municipal wastewater treatment would be necessary. First 

of all, the huge load of POM has to be separated (micro sieve) before the aerobic biological 

treatment step. By running an optimized hydrolysis reactor, one could generate larger amounts 

of propionate and use membranes for down streaming. Necessarily, the second task is to provide 

enough organic carbon for denitrification. Both can only be done if we understand the processes 

before designing the reactors.  
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