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Abstract 

This work is focused on anaerobic reactors. The process is a complex syntrophic 

interaction between many different microorganisms to degrade organic compounds and 

obtain methane as final product; To determine the “health” of the reactor a Specific 

Methanogenic Activity (SMA) test is performed. Unfortunately, there is no standard for 

this test.  

Pharmaceutical Active Compounds have been appearing in effluents of wastewater 

treatment plants, becoming post-treatment with Activated Carbon a major area of interest, 

but becomes saturated and needs to be replaced; bioregeneration could be an 

economically feasible option to solve this issue. 

The aim of this work was to find the best SMA conditions to evaluate digester health and 

to study bioregeneration of PAC under anaerobic conditions. 

When testing SMA this work had better results using glucose as main carbon source 

rather than acetate, opposite from literature predictions. It also was found that no 

centrifugation was needed, indicated that possible some important cofactor was excreted 

by some microorganism. FISH showed a predominance of Methanosaeta in one 

inoculum. 

No results on PAC bioregeneration where found, but when less than 50 mgL-1 of 

diclofenac was used an increase of methane production was detected, since diclofenac 

was not degraded it could imply that supplies energy to methanogens.  
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CHAPTER 1. INTRODUCTION 

The world is moving fast, and all industrial and human conducted activities require freshwater, 

producing massive amounts of wastewater. Legislation and public concerns are continuously 

demanding better treatment for those effluents. Even more nowadays because of water 

shortage due to climate change and overuse of the resource. 

Wastewater treatment is a common technology in most developing and developed countries. 

Aerobic treatment is one of the most used technologies to treat low strength wastewater (low 

organic load). Lately, anaerobic reactors have been used also under such conditions. 

Although there seems to be a lack of public knowledge and myths in this field especially 

regarding difficulties to maintain an anaerobic reactor working properly, therefore both the 

private and public sector prefers aerobic over anaerobic treatment. However anaerobic 

treatment has a few advantages, which nowadays seem to be interesting for the international 

community, mainly in terms of clean energy production and economic reasons. First no 

oxygen is required therefore less energy is consumed. It also tolerates a higher organic load 

and degrades some recalcitrant compounds; and finally, but no less important, the final 

product is methane, so most of the energy is transformed into a valuable gas instead of 

microbial biomass (as in aerobic processes), making the process even more economically 

feasible and environmentally friendly. 

Anaerobic digestion is a complex reaction between many different microorganisms in close 

syntrophic interaction. Because of this, if one of the microorganisms involved is missing, the 

entire process might fail, and the digester becomes upset and unstable. This is one of the 

major disadvantages of the process. To determine the “health” of an anaerobic digester a 

Specific Methanogenic Activity (SMA) test is performed. Unfortunately, there is no general 

standard for this test. However major similarities can be found among different research 

groups, most of them agree that acetate is the main substrate to be tested. 

Lately, global concern has risen since the occurrence of pharmaceutical compounds (PHAs) 

in effluents of wastewater treatment plants that might affect the surrounding environment. 

Post-treatment of effluents has become one major area of interest among scientist and 

engineers. Activated Carbon (AC) has been used for decades to adsorb substances, 
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including contaminants in wastewater, and therefore is one process that has been used as a 

post-treatment. The main problem of this technology is the high cost, due to the constant 

replacement of the AC which becomes saturated easily. To solve this problem regeneration 

of AC has been studied, and among those technologies, bioregeneration seems to be an 

economically feasible option, since will utilise the same microorganism, although the 

phenomena itself needs to be studied deeply. 

Therefore, this work has two main goals. First to study deeply Specific Methanogenesis 

Activity Test. Second, to investigate the possibility of bioregeneration of PAC (Powdered 

Activated Carbon) using the same microorganism present in the anaerobic digester when 

PAC is saturated with recalcitrant compounds such as sodium diclofenac.  

This thesis is arranged as the following scheme to accomplish the objectives. Chapter 1 is 

dedicated to explaining the objectives, for each of the three main areas of the thesis. Chapter 

2 explains the basics of anaerobic processes to allow the reader a better understand of today 

knowledge and methods in anaerobic digestion. Attention will be drawn to methods to 

evaluate methanogenic activity of the reactor and to understand activated carbon saturation 

with molecules and possible regeneration of its adsorptive properties with microorganism.  

Chapter 3 will present the Materials and Methods used in the development of different 

experiment to accomplish main goals, more detailed protocols can also be found in the 

Appendix section A and B. Chapter 4 will be focused on discover the best approach to study 

methanogenesis activity of a reactor, meaning an anaerobic microbial consortium and also 

to study and understand the microbial consortium composition using molecular tools, 

especially those related with microbial DNA. Chapter 5 will present different approaches to 

understand the regeneration of powered activated carbon (PAC) with anaerobic 

microorganism. Finally, Chapter 6 will present the conclusions and recommendation drawn 

from the work presented in this thesis.  
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 OBJECTIVES 

The aim of this project can be divided into two different subjects: to study conditions to 

evaluate an optimum way to determine the specific methanogenic activity (SMA) investigating 

different parameters to standardise the assay and to evaluate bioregeneration of PAC 

utilising anaerobic microorganism in the presence of recalcitrant compounds, focusing on the 

microbial pathway involved. In order to complete these objectives, each main aim was 

structured into specific objectives. 

SMA objectives: 

1. To find the best assay conditions to evaluate methane production in SMA assays, 

parameters including pH, carbon source, methane volume measurement and culture 

media used need to be studied. 

2. To standardised parameters, different consortia must be evaluated and compared in 

terms of the SMA. 

3. To study microbial composition in anaerobic reactors using two molecular tools 

approaches 

a. To use FISH (Fluorescence In Situ Hybridization) as an approach to 

understand bacterial and archaea distribution of the consortia. 

b. To use TRFLP (Terminal Restriction Fragment Length Polymorphism) to 

compare consortia communities under study. 

Bioregeneration objectives 

1. To construct adsorption and desorption isotherms of different compounds onto 

powdered activated carbon (PAC). Including highly biodegradable and recalcitrant 

compounds (glucose, phenol and diclofenac sodium). 

2. To investigate bioregeneration process, two experiments must be performed. One 

using saturated PAC with model compound, as an offline bioregeneration and another 

where the compound and the PAC are added together to the biomass, as an in situ 

bioregeneration. 
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CHAPTER 2. LITERATURE REVIEW 

This chapter is focused on understanding Anaerobic Digestion (AD) Process in wastewater 

treatment and review the literature. It begins with the basics of the anaerobic process, then 

presents a detailed view of microorganism involved and SMA approaches to evaluate the AD 

reactor. The activated carbon process and its regeneration will be also review, including the 

use of microorganisms known as bioregeneration. The chapter concludes with an overview 

of systems biology in the anaerobic field. 

 WASTEWATER TREATMENT  

Until the mid-19th century, wastewater was discharged from cities into rivers and oceans 

without prior treatment. It was not until diseases started to spread out that countermeasures 

were taken, and wastewater started to be treated. 

The treatment is focused in reduce organics levels and pathogens. Nowadays it is mandatory 

by law to treat wastewater in most countries, and the technologies involved in it has grown in 

number and been considerably improved.  

There are basically three different wastewater treatments: physical, chemical, or biological. 

The latest is the most used since is economically and environmentally friendly. Biological 

treatment can be divided into aerobic or anaerobic processes, and the differences will be 

whether oxygen is used or not, and therefore what type of organisms is present in the 

process. Aerobic wastewater has been traditionally used, but lately, anaerobic treatment has 

received attention due to the economic advantages over aerobic especially since less energy 

is needed and the product of the process, methane, can be used as a valuable product.  

This thesis is focused on anaerobic wastewater treatment process, therefore in this chapter 

is deeply discussed its characteristics. 
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2.1.1 Anaerobic reactors 

The traditional and most popular wastewater treatment process is aerobic. However, in the 

last decades, anaerobic digestion has been successfully used in wastewater treatment 

plants, its recent rise in popularity is mainly because of a better understanding of the 

parameters and microbiology involved in the process and because it can be used as a 

renewable source of energy, due to methane being produced as the final product.  

They are also several favourable characteristics of anaerobic systems; advantages and 

disadvantages in terms of operation and maintenance, which are summarised in Table 2-1. 

Bitton (2011) enumerates the advantages of anaerobic digestion systems over aerobic and 

traditional process. 

1. Anaerobic digestion uses available CO2 as an electron acceptor. It requires no 

oxygen, reducing costs. Mainly because to add oxygen you need pumps and 

diffusers, which increases the cost of aerobic treatments. 

2. Produces lower amount of sludge (3-20 times less than aerobic processes), because 

anaerobic bacteria grow slower compared with aerobic where 50% of organic carbon 

is converted to biomass, but only 5% under anaerobic conditions.   

3. Most of the energy derived from substrate breakdown comes from methane, as final 

product. A particularly useful gas, nowadays, that can be either burn on-site and be 

used as heat for the process or be converted to electricity for other uses, even might 

have a commercial value by itself (green solution).  

4. It can be used for high and low strength industrial wastewater.  

5. It is possible to apply high loading rates to the digester. 

6. Anaerobic systems can also biodegrade xenobiotic and recalcitrant compounds such 

as chlorinated aliphatic hydrocarbons (e.g., trichloroethylene, trihalomethanes), 

lignin, which aerobic digestion cannot. 

On the other hand, anaerobic system has also some disadvantages: 

1. It is a slower process than aerobic digestion, mainly due to the slow growth rate of 

anaerobic microorganism, making the start-up step longer than with traditional 

treatments.  
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2. Merkel et al., (1999) state that the main problem is actually the fact that is a “complex 

and interdependent bacterial community”, which is sensitive to sudden changes in the 

feedstock. 

3. It is more sensitive to upsets by toxicants. 

4. As regards biodegradation of xenobiotic compounds by co-metabolism, the anaerobic 

process requires relatively high concentrations of primary substrates. Although lately, 

studies suggested that this is not always true. Hu and Stuckey  (2007)showed the 

success of treating low strength wastewater in Anaerobic Membrane Bioreactor 

(AnMBR).  

5. Sometimes post-treatment is required for anaerobic bioreactors treating wastewater 

(Gonzalez-Martinez, Gonzalez-Barcelo and Flores-Torres, 2011; Kim et al., 2011) 

 
Table 2-1: Advantages and disadvantages of the anaerobic process over aerobic ones 

Advantages Disadvantages 

• Low operational costs 

associated with low energy 

consumption mainly because 

no oxygen is required 

• Low land requirement 

• Low construction cost 

• Possibility of preservation of 

the biomass, with no reactor 

feeding, for several months 

• Tolerance to high organic 

loads 

• Application in small and large 

scale 

• Low nutrient consumption 

• Anaerobic microorganisms are 

susceptible to inhibition by a large 

number of compounds 

• Process start-up can be slow in 

the absence of adapted seeds 

sludge. 

• Some form of post-treatment is 

usually necessary 

• Possible generation of bad 

odours, although controllable 

• Possible generation of effluents 

with an unpleasant aspect 

• Unsatisfactory removal of 

nitrogen, phosphorus, and 

pathogens 

Source: Chernicharo (2007) 
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2.1.2 Anaerobic Digestion process 

Anaerobic reactor-based their operation parameters in the ability of a certain microorganism 

to degrade complex organic compounds into simple final products, like methane and carbon 

dioxide, in the absence of free oxygen. As other microbiological processes, microorganism 

involved in anaerobic digestion will convert those organic compounds into new cells, energy, 

and other oxidized compounds. 

In general terms, it is possible to simplify the overall biochemical reactions to: 

Organic material        CH4 + CO2 + H2 + NH3 + H2S 

The entire process can be divided into four correlated main steps (Bitton, 2011), where the 

products of one step will become the substrate for the next stage. Some authors identify only 

three steps, grouping step two and three together (McCarty and Smith, 1986; Franco et al., 

2007) 

1. Hydrolysis: In this step complex organic compounds, for example, proteins, lipids, and 

complex carbohydrates are converted into smaller, more soluble molecules, such as 

peptides, saccharides and fatty acids. The hydrolysis is carried out mainly by exo-

enzymes (cellulases, proteases, lipases) excreted by hydrolytic and fermentative 

bacteria. According to Chernicharo (2007) the process is usually slow under 

anaerobic conditions and can be affected by different factors: operational temperature 

of the reactor; residence time of the substrate in the reactor; substrate composition; 

size of the particles; pH of the medium; concentration of products from hydrolysis (e.g. 

volatile fatty acids), among others causes. 

2. 2.1) Acidogenesis: acid forming bacteria (acidogenic bacteria) convert the end 

products of the Hydrolysis step into simple molecules with low molecular weight, 

usually volatile fatty acids (VFA), some alcohols, and CO2, H2 and NH3. Although 

acetate is the main product of this stage 

2.2)  Acetogenesis: the low molecular weight molecules produced in the previous 

step, mainly VFAs and alcohols, are converted into acetate, CO2 and H2 by acetogenic 

bacteria. This group of microorganism requires a low hydrogen concentration in the 

environment 
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3. Methanogenesis: this step is performed by methanogens, these are strict anaerobes 

and able to use a limited number of substrates: acetate, CO2, H2, formate, methanol, 

and methylamines, which were mainly formed in the previous steps. When H2 is used 

as a substrate, it reduces H2 concentration in the bioreactor environment, improving 

in this way the performance of the acetogenic bacteria, also by converting VFA into 

methane, reduces its concentrations and creates a natural acid-base equilibrium. 

A simple schematic of the conversion process is shown in Figure 2-1 

Methane 

  

 

 

 

 

 
 

Organic acids, alcohols 

and other compounds 

Waste 

Hydrolysis 

Acidogenesis 

Acidogenic Bacteria 

Acetogenesis 

Acetogenic hydrogenating 

& Dehydrogenating Bacteria 

Acetic Acid & Acetate 

Methanogenesis 

Hydrogenotrophic methanogens                             Acetoclastic Methanogens 

   Reduction                              Decarboxylation 

Hydrogen & Carbon dioxide 

Figure 2-1: Representation of biogas production 
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2.1.3 Microorganism involved in anaerobic processes 

As well as the number of stages, it is also possible to recognise three main categories of 

microorganism involved in the process (Anderson, Sallis and Uyanik, 2003) 

1. Hydrolytic Bacteria: A consortia of anaerobic bacteria such as Clostridium, 

Peptococcus, Vibrio, Micrococcus and Bacillus break down complex organic 

molecules into soluble monomer molecules. The enzymes related to this process 

include protease, lipase, cellulose, pectinase, amylase, chitinase, etc. Anaerobic 

digesters contain between 108-109 hydrolytic bacteria per ml comprising both 

facultative and obligate aerobes. Protozoa and fungi have also been identified in 

anaerobic digesters; however, they are not thought to be important in the process 

itself. 

2. Acid-forming Bacteria: the monomers produced by the first group of bacteria are 

fermented during this second stage. There are two groups of acid-forming bacteria. 

2.1 Acidogenic Bacteria converts the products of the above group of bacteria to 

intermediary products, acetate, hydrogen, and carbon dioxide. Among this group are 

Clostridium, Bacteroides, Ruminococcus, Butyribacterium, Lactobacillus, 

Streptococcus, Pseudomonas and Escherichia. The facultative members of this 

group also play an important role by consuming any traces of oxygen that may enter 

the feed, protecting the methanogens. Typically, the anaerobic digester contains 

near 106-108 acidogens per ml. 

2.2 Acetogenic Bacteria: their main function is to convert fatty acids and alcohols into 

acetate, hydrogen and carbon dioxide. Two groups of acetogenic bacteria can be 

distinguished depending on their metabolism: the obligate hydrogen-producing 

acetogens (OHPA) whose final product is acetic acid, CO2 and hydrogen; and the 

homoacetogens which are strictly anaerobic microorganisms catalysing the 

formation of acetate from hydrogen and CO2, their number is relatively low 

compared with the methanogens.  

3. Methanogens: They are Archaea, instead of bacteria as are the other two groups, and 

are strict anaerobes, pH-sensitive (most active range between 6.5 and 8.0) and form 

methane gas as the end product of their metabolism. They are the key organisms in 

the production of methane from acetate, hydrogen, and carbon dioxide, and are 
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composed of both gram-positive and gram-negative microorganism with a wide range 

of shapes. These kinds of microorganisms grow slowly and so this step is the slowest 

in the anaerobic digestion process, and therefore rate limiting. Depending on their 

source of energy they can be divided into two groups: acetoclastic and 

hydrogenotrophic archaea (Ito et al., 2012). The first ones use acetate to produce 

methane; and the latest, as their name states, use hydrogen as their main energy 

source. 

The relationship between these can be simply shown (Figure 2-2) as: 

 

 

Figure 2-2: Flow in anaerobic digestion 
1= hydrolytic/fermentative bacteria; 2= Obligate hydrogen-producing acetogens; 3= Homoacetogenic bacteria; 

4a= acetoclastic methanogens; 4b= Hydrogenotrophic methanogens; 5= Fatty acid synthesising bacteria. 

Source (Colleran and Pender, 2002) 
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Most microorganisms used in anaerobic digestion are facultative anaerobic bacteria, 

meaning that they can live in the presence of oxygen, except for methanogens, which are 

strict anaerobes archaea. So, if in a case where oxygen might contaminate the microbial 

consortia, the facultative anaerobes will degrade the oxygen content enabling the strict 

anaerobes to remain alive. 

Microorganism needs to have a propitious ambient to be able to perform their activity in the 

appropriate way, conditions are mainly focused on pH, temperature, nutrients, and absence 

of toxic compounds. In the case of an anaerobic consortium, this is supported by symbiotic 

interactions among all microorganism involved in the process. The symbiotic relationship 

works because the first group of bacteria increases the content of VFA, H2, and CO2 , this 

affects directly to the second group that is inhibited by high concentrations of those 

compounds, but hydrogenotrophic methane-forming bacteria decreases the content of 

hydrogen and carbon dioxide. At the same time, acid-forming bacteria reduces VFA content, 

enabling acetogenic bacteria to produce acetate. Finally, acetoclastic bacteria utilise acetate 

to produce methane and carbon dioxide. Summarising, if conditions inside the anaerobic 

reactor are good enough, the process will be mainly self-controlled  (Alvarez et al., 2006), 

due to these symbiotic relations. 
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2.1.4 Environmental factors affecting anaerobic digestion. 

As mentioned before, to have an effective anaerobic degradation the relevant group of 

microorganisms must have optimal conditions to support their activities. Therefore, factors 

such as pH, nutrient composition, temperature and toxicity amongst others, must be 

monitored at all times (Anderson, Sallis and Uyanik, 2003) 

Nutrients: are essential to ensure the viability of all groups involved in the process and can 

be divided into two groups: micro and macronutrients, depending on the amount needed by 

the cell itself. Ideally, the nutrient level must be in excess, so they do not become rate-limiting 

in the kinetics of the cycle. A rough estimate of the amount of macronutrients, Nitrogen (N), 

phosphorus (P) and sulphur (S) might be needed. However, there are some authors that 

would rather relate COD with the amount of nitrogen required.  

Nitrogen can occur in a wide range of compounds, the most common are ammonia (NH3), 

nitrate (NO3
-), nitrite (NO2

-) and nitrogen gas (N2). Meanwhile, phosphorus can be found 

usually in aqueous systems as orthophosphate (e.g., PO4
-, HPO4

2-, H2PO4
-) polyphosphate, 

and organic phosphate; and sulphur as sulphide, sulphite, thiophosphate, sulphate or even 

amino acids (cysteine and methionine). Anaerobic bacteria also need trace elements for 

metabolism such as sodium, potassium, calcium, iron, cobalt, and zinc amongst others. 

It is important to consider some nutrients that might be toxic to methanogens, or for the 

syntrophic process. Concentrations of nitrate, sulphate, Mn (IV) and Fe (III) must be kept low, 

or methanogenesis process would be out-competed by anaerobic respiration. 

Temperature: is one of the most important factors because it controls the kinetic activity of 

all microorganisms involved: if it is high, the enzymatic reactions increase causing higher 

growth rates. Which is not bad per se, but this implies that growth may turn into a competition 

for the substrate. However, if the temperature becomes too high it may end up with the death 

of the microbial community because proteins and structural components of each cell become 

irreversibly denatured. Although some methanogens are thermophilic, most of the microbial 

community involved in the process are mesophilic, meaning that there is an optimal range 

temperature of around 35°C. Compared to many aerobic processes anaerobic digestion is 

sensitive to sudden temperature variation. It is important to mention that lately there has been 
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studies under psychrophilic (low temperature) conditions for anaerobic digestion, especially 

focused in countries with low average temperatures (Alvarez et al., 2006) 

pH: as mentioned in Section 2.1.3, methanogens are very sensitive to both extremes of pH 

(basic or acidic), therefore it is important to keep a stable pH of around 7 (between 6.5 and 

7.8 is optimal). This is because the hydrogen ion concentration is critical for the acetogenic 

bacteria, acting as an inhibitor of their metabolism at high concentrations. If the microbial 

community is in perfect condition, the pH should stay steady during the entire process. 

It is very important to synchronise the work among the different microorganism as mentioned 

before, because when methanogenesis does not occur rapidly, VFA tends to accumulate and 

leading to a lower pH and therefore digester upsets (Conklin et al., 2008) 

O2: the presence of oxygen is harmful to the strict anaerobic archaea; therefore, low or non-

free oxygen is required to maintain a good performance. However, it is also well known that 

most of the other microorganisms involved in the anaerobic digestion process are facultative, 

excluding methanogens which are strict anaerobes, meaning that they are able to use oxygen 

as a terminal electron acceptor. If there is a low concentration of oxygen it might be possible 

that it will not damage the methanogens since will be prior consumed by the other facultative 

anaerobic bacteria present in the digester.  
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2.1.5 Kinetics of anaerobic microbial growth 

In a batch system, microbial populations grow until nutrients are exhausted, specifically 

during the growth and decline phases, the specific growth rate of cells is dependent on the 

concentration of nutrients in the medium. Often, a single substrate exerts a dominant 

influence on their rate of growth; a component known as the growth-limiting substrate. The 

most common kinetics for these cases is the Monod equation, a homologue of the Michaelis-

Menten expression for enzymatic kinetics. 

Sk

S

S +
= max

                     Equation 2-1 : Monod Equation  

Where μ is the specific growth rate due to synthesis [d-1], S is the concentration of the rate-

limiting substrate [mg L-1] and ks is the half-saturation concentration of the substrate [mg L-1]. 

When S>>Ks,                      Equation 2-1 is reduced to μmax. 

In addition to this, Monod also relates the yield coefficient (YX/S) to the specific biomass 

growth and the specific rate of substrate utilization (q): 
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Since the net specific growth rate of active biomass is the sum of new growth and decay (b 

in this case [d-1]), due to cell lysis, predation, and natural cell death, the equation becomes:  
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                                            Equation 2-4 

Even though the Monod equation has been developed for pure cultures involving one 

substrate it is generally accepted that it can also be used to describe microbial growth in 

wastewater operations, the IWA Anaerobic Digestion Model N°1 (ADM1) uses Monod-like 



CHAPTER 2: LITERATURE REVIEW 

28 

 

equations for their biochemical reactions, and the ADM1 is the most accepted and used 

model in the anaerobic field (Batstone et al., 2002). 

When a substrate inhibits its own biodegradation, the original Monod equation has to be 

corrected. The Andrews equation is used in these cases incorporating the substrate inhibition 

constant (ki) 
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In wastewater treatment processes there is often more than one substrate present, therefore 

it can be described as a sum of different Monod relations. 
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 METHANOGENESIS 

As already mentioned, anaerobic digesters are based on the ability of certain microorganisms 

to degrade organic compound into methane. The last, and crucial step is carried out only by 

a reduced number of microorganisms, called methanogens, which themselves are incapable 

of using a wide range of organic compounds so that their energy source is reduced to a few 

single carbon compounds. Therefore, cooperation is established with another microorganism 

capable to reduce other complex organic compounds into single organic compounds later to 

be used by methanogens. As established before in this chapter, all processes are carried out 

simultaneously by syntrophic associations of microorganisms. This section is focused on the 

critical class of microorganisms involved in the anaerobic process: the methanogens. 

2.2.1 Methanogens 

Microorganisms able to produce methane are called methanogens or methane-forming 

bacteria. They are a unique group of microorganisms different from all other bacteria and 

crucial in the methanogenesis process. They belong to the archaea domain and have various 

distinctive characteristics. They are a diverse group of strictly anaerobic archaea, in terms of 

many shapes, growth pattern and sizes. Methanogens also have a high sulphur content 

(approximately 2.5% of total dry weight is sulphur) and they can use only a small number of 

substrates to obtain energy namely: CO2, H2, formate, methanol, methylamines and/or 

acetate. Another characteristic of methanogens is that they exhibit a low growth rate, and this 

is believed to be the limiting factor during methanogenesis (Gerardi, 2003). 

Three methanogenesis pathways are recognised (Browne and Cadillo-Quiroz, 2013): from 

carbon dioxide and hydrogen, from methylated compounds and from acetate. 

The following reactions might occur (Thauer, 1998) 

𝐶𝐻𝐶𝐻3𝐶𝑂𝑂− + 𝐻+ → 𝐶𝑂2 + 𝐶𝐻4                         ∆𝐺0′ =  −36 𝑘𝐽 𝑚𝑜𝑙−1  

4𝐻2 + 𝐶𝑂2 → 𝐶𝐻4 + 2𝐻2𝑂                                        ∆𝐺0′ =  −131 𝑘𝐽 𝑚𝑜𝑙−1 

4𝐻𝐶𝑂𝑂− + 4𝐻+ → 3𝐶𝑂2 + 𝐶𝐻4 +  2𝐻2𝑂            ∆𝐺0′ =  −144.5 𝑘𝐽 𝑚𝑜𝑙−1 



CHAPTER 2: LITERATURE REVIEW 

30 

 

In summary and according to the equations, methanogenic archaea reduce CO2 to CH4 and 

do not uses substrate-level phosphorylation (SLP) as an energy-generating mechanism but 

have membrane-bound enzymes that couple. All methanogens produce methane as the end 

product of their metabolism, although they are not phylogenetically closely related. They have 

different optimum temperature growth, different cell wall composition; some do not have a 

cell wall at all. There are six orders among methanogens: Methanobacteriales, 

Methanococcales, Methanomicrobiales, Methanopyrales, and Methanosarcinales  (Thauer, 

1998) and the recently proposed Methanoplasmatales (Browne and Cadillo-Quiroz, 2013). 

Among these, Methanosarcinales have the widest range of substrates. 

2.2.2 Substrates for methanogens 

It is well-known that acetate is the main intermediate substrate during methane production; 

previous works have found that around 70% of methane produced comes from acetate (Jeris 

and McCarty, 1965), whilst other authors have found that 65% to 96% of methane is 

generated from acetate (Weber et al., 1984), and of course the rest is produced by 

hydrogenotrophic methanogens. Methanogenesis from acetate has two different pathways: 

acetoclastic and syntrophic acetate oxidation (SAO) (Fotidis et al., 2013); or, but only to a 

minor extent, from methylated single carbon compound (Nikolausz et al., 2013).  

The genus Methanosaeta, which belongs to Methanosarcinales, is only capable of using the 

acetoclastic pathway. Meanwhile, other members of the same phylogenetic order might use 

either methane formation pathway. On the other hand, Methanomicrobiales, 

Methanomicrobiales, and Methanococcales can use only the SAO pathway.  

There are only two genera of methanogens able to transform acetate into methane: 

Methanosaeta and Methanosarcina  (Zheng and Raskin, 2000) and according to literature 

one of them will predominate in an anaerobic digester (Conklin et al., 2008) Methanosarcina 

has a higher Vmax for acetate than Methanosaeta, therefore, higher Km for acetate, meaning 

that they will predominate when high acetate content is present. On the contrary at low 

acetate concentration Methanosaeta, with low Km, will predominate under those conditions 

(Conklin, Stensel and Ferguson, 2006). Moreover, Conklin et al.,  (2008) suggest that Vmax,ac 

would be a good parameter to monitor anaerobic digester conditions and to understand the 

state of the acetoclastic population.   
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Although according to the metabolic pathway of acetate during methane production in 

methanogens is regulated either by an acetate kinase or by acetyl-CoA synthetase (Qiu, 

2013), a great number of investigations have been focused on establishing which pathway 

dominates the process. Nikolausz et al. (2013) demonstrated by isotope fingerprint 

techniques that in their lab bioreactors when fed with chicken manure hydrogenotrophic 

pathway was dominant. On the other hand, many researchers have demonstrated that 

acetoclastic methanogens are key to the digester capacity and stability.  

2.2.3 Methanogenesis Activity Test 

In 1979 the McCarty group (Owen et al., 1979) established a new method to determine the 

potential biodegradability of a compound by anaerobic digestion, it was called the 

Biochemical Methane Potential (BMP) Assay. This test consisted of adding anaerobic 

biomass together with nutrient solution into a serum bottle containing one or various organic 

substrates, depending on the purpose of the study. At the same time methane production, 

usually as mL produced, is measured in order to evaluate the anaerobic biodegradability of 

the compound. The same basis is used to determine the quality of an anaerobic sludge using 

a Specific Methanogenic Activity test (SMA), also called sometimes methane potential, 

methane activity or methane production, where, and according to Owen et al.(1979), acetate 

and propionate were used as a sole carbon source. The main difference between BMP and 

SMA is the final intention of the test, BMP will be used to study biodegradability of a specific 

substrate, meanwhile, SMA is performed in order to study the methanogenic activity of the 

sludge. Both should utilise the same culture media, same procedure to detect methane but 

different carbon source. The same procedure can also be useful to determine the toxicity of 

a specific substance, in this case, is called Anaerobic Toxicity Test (ATA) and is well 

described in Owen et al (1979). 

Since the late 1970s, several activity tests had been developed (Table 2-2). For example, 

assays are performed with different length time, varying from hours to months (Tale et al., 

2011). Most of the studies add substrate only once but others used two feeds (Ahn et al., 

2000), Jawed and Tare (1999) even used a third feeding to calculate methanogenic activity. 

Another variable noticed among research groups is the culture media utilised, most authors 

used a complex mixture to ensure nutrient conditions, including vitamins and metals that 

could be need as cofactors, macro and micronutrients (Owen et al., 1979) while others utilise 
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very simple biomedia, as Colleran and Pender (2002) in their work whereas they said “in 

order to evaluate the actual activity of the test population” they biomedia consisted only in 

bicarbonate, cysteine hydrochloride and resazurin.  

With so many variables: carbon sources, volume, method to measure methane production, 

temperature, etc. results are quite different and therefore difficult to compare among research 

groups. Colleran and Pender (2002) explain that “there is a need to define” an international 

standard to be able to compare results. Although it is important to emphasise that all of the 

studies conclude that this method is simple, reliable and the method of choice to evaluate 

methanogenic activity (Soto et al.,1993; Ahn et al., 2000). Because of this, there have been 

some studies whose purpose had been to find the standard conditions to run the test, in order 

to compare results. Souto et al., (2010) studied the influence of incubation conditions on SMA 

results, they conclude that F/M ratio seemed to be the most relevant  parameter for SMA, 

and concentration of acetate higher than 3.0 gCOD L-1 could cause inhibition. The optimum 

for the microbial consortia was 0.4gCOD gVS-1 and 2.0 gCOD L-1 of acetate. Also, the 

incubation time was 15 days, with a lag phase of approximately 1 day.  

These contradictions might appear because of a slight misunderstanding in some groups 

about SMA definition, some describe them as a way to estimate the capacity of methanogenic 

activity to convert “any” substrate into methane (Pagés Díaz et al., 2011), where others 

specify the substrate necessary to evaluated certain anaerobic community inside the reactor. 

In the work of Jawed and Tare (1999) they defined two different methods, one to describe 

only the acetoclastic microbial community (AMA) using acetate or acetic acid as the sole 

substrate and another for the total methanogenic activity (TMA) using, in this case Jaggery, 

although the latter seems to be a modified method of the Biodegradability Methane Potential 

(BMP) in a shorter period of time, 60 hours. It seems to be also a small contradiction in 

research since many studies study acidogenic activity and not really methanogenic activity 

when they performed SMA. Only a few studies point out the differences between those two 

results (Garcia-Morales et al., 2001) 

All of the contradictions found in the literature might indicate that there is not a consensus in 

terms of what  SMA really is, although they all agree that it is a good parameter, or in some 

cases the best parameter to evaluated anaerobic potential of a particular biomass or 
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anaerobic reactor performance, but actually they might refer to capacity of certain microbial 

community to degrade a specific compound (or mixture of compounds) instead of  

establishing a common parameter for all anaerobic digesters. 

As previously mentioned, anaerobic digestion involves the interaction of several microbial 

groups, making it difficult to evaluate the performance of the entire process. But, it is well 

known that the methanogenic community is the most sensitive to changes in the process 

conditions (Souto et al., 2010). As mentioned before, previous research has found that about 

70% of the methane produced in an anaerobic digester comes from the transformation of 

acetate by the acetoclastic methanogens (Jeris and McCarty, 1965) which is probably why 

many SMA tests use only acetate as a carbon source. James, Chernicharo and Campos 

(1990) studied SMA using acetic acid as carbon source. They found a correlation between 

the consumption of acetate and methane production, the Methane production ratio 

(Theoretical/Measured) was close to 1, indicating that acetate was completely converted to 

methane.  

But according to Le Hyaric et al.(2011), when acetate is used as the sole carbon source only 

one portion of the possible methane production pathways are studied, and emphasise that 

“using propionate measures both acetogenic and methanogenic activity”. This argument is in 

a good agreement with the protocol proposed by  Owen et al., (1979) where they also include 

propionate, but since acetate is the main precursor of methane, acetate could be studied 

alone as many researchers do (James, Chernicharo and Campos, 1990; Isa, Farooqi and 

Siddiqi, 1993; Ahn et al., 2000). However only two genera of acetoclastic methanogens have 

been described: Methanosaeta and Methanosarcina (Zheng and Raskin, 2000), hence 

having perfect results using only acetate will be not easy to obtain. Table 2-2 shows a 

compilation of different SMA assays, where is clear that there is no standard procedure 

followed by different research groups. 

SMA is based on the capacity of certain groups of anaerobic microorganisms to transform a 

specific substrate into methane. One of the most commonly used methods to measure 

methane is the syringe displacement method (Owen et al., 1979; Souto et al., 2010)  or 

Mariotte flask in other cases. Although only a few works considered the fact that 38% of 

methane is soluble when calculating methane production (Hartley and Lant, 2006).  
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Most works on methane production use the modified Gompertz (equation 2-7) to determine 

methane production potential (Souto et al., 2010).  

𝑃𝐶𝐻4(𝑡) = 𝑃𝑀𝐴𝑋 × 𝑒𝑥𝑝 {− exp [
𝑅𝑀𝐴𝑋 ×  𝑒

𝑃𝑀𝐴𝑋
 × (𝜆 − 𝑡) + 1]}                     Equation 2-7   

Where PCH4(t) is the cumulative methane production (mlCH4) at time t, PMAX is the methane 

production potential (mL CH4), RMAX is the maximum methane production rate (mlCH4d-1), λ 

is lag phase time (d-1) and e is exp(1) (Ho and Sung, 2010; Le Hyaric et al., 2011) 

The maximum methane production rate can be expressed, either in mLCH4gVS-1d-1 or as the 

equivalent in COD (mgCODgVS-1d-1).  
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Table 2-2: SMA assays compilation of bibliographic data 

Author 
Serum 
bottle 
(mL) 

gVSSL-1 
 

Headspace 
% 

Temp 
°C 

Carbon 
source 

gCOD L-
1 

Second 
feed 

SMA 
gCH4-
CODgVSSd 

(Ahn et al., 2000) 40 20 mg 75% 55 Acetate 2.5 After 38h 1.51 (max value) 

(Kato et al., 1994) 600 1.5 15% 30 Mixture 4 NS 0.4 – 2.3 

(Alvarez et al., 2006) 500 NS NS NS Acetic acid 1 NS 0.031-0.07 

(Garcia-Morales et 
al., 2001) 

125 0.51 NS 55 Acetate 1.5 NS 0.414 

(Lay, Miyahara and 
Noike, 1996) 

1000 1  35 Acetate 0.1   

(Ho and Sung, 2010) 250   25 HAc   65.7 

(Ryan et al., 2010)  2-5  37 mixture1    

(de Lucena et al., 
2011) 

500 5 10 30 mixture2 4  0.29-0.37 

 

1 Ethanol 30mM, propionate 30mM, butyrate 15mM and acetate 30mM 

2 Acetic, propionic and butyric acids at a ratio 1:1:1 
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2.2.4 Molecular tools to study methanogens 

In the past, and without the current knowledge of DNA, in order to study microorganism 

researchers needed to culture and isolate bacteria on agar plates and identify them via 

colonial morphology or specific activity, such as antibiotic resistance, however, only a small 

percentage of all existing microorganisms were able to be studied with that methodology. At 

present more than 60000 bacterial and archaea strains have been described (Reimer et al., 

2019). Sanz and Köchling (2007) estimate that the real number must be several orders of 

magnitude higher and state that this number corresponds just to “a small fraction and does 

not reflect the composition and diversity of a microbial community”. Therefore, those 

conventional methods are considered unsuitable to study the biodiversity of an ecosystem 

since they study only one particular microorganism at the time, and not the entire behaviour 

of the consortium.  

Recent advances in the molecular biology field (extraction of nucleic acids, DNA cloning, 

PCR, DNA sequencing) have made it possible to avoid such limitations, allowing us to study 

microbial communities as a whole, and be able to study uncultured microorganism.  

To quantify or identify microorganisms in an environmental sample, a variety of different 

techniques are now available. For example, dyes can be used that are able to stain 

specifically RNA or DNA or fluorescence antibodies that bind to a specific molecule in order 

to identify a single microorganism or a group of related microorganisms. Both these 

techniques can be used in some cases as a quantitative tool. A simple technique to identify 

methanogens could be the use of epifluorescence microscopy since most methanogens have 

a unique coenzyme F420 that fluoresce under such conditions (Cheeseman et al., (1972) in 

Leven and Schrurer (2010)). 

The most appropriate techniques used to identify and/or quantify microorganism in an 

environmental sample, are using a small fragment of DNA or RNA called a hybridization 

probe. This probe has a DNA sequence complementary to the target DNA. When studying 

evolution, or to monitor complex bacterial communities, one of the most commonly used 

targets are based on the RNA of the small ribosomal unit or the corresponding genes. 
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Techniques based on the RNA of the small ribosomal subunit (16S rRNA for prokaryotes) 

are well established and enable us to study biodiversity in an ecosystem. This molecule is 

useful as a biological marker because they are essential to protein synthesis and therefore 

are present in all microorganisms and usually in large quantities, but the most important 

characteristic is that they contain highly conservative areas, so that they have been 

conserved throughout evolution, but at the same time contain other highly variable regions, 

making it unique among other organisms of the same domain (Sanz and Kochling, 2007). 

This molecule is commonly called a “molecular clock” or “evolutionary chronometer”. 

These techniques have been classified into two main groups, depending on their capability 

to reveal information: partial community analysis approaches and whole community analysis 

approaches (Rastogi and Sani, 2011). Some methods are showed in Figure 2-.  

Most of the techniques that study partial communities are based on the polymerase chain 

reaction (PCR) which makes it possible to create larger quantities of DNA using a universal 

primer. Sometimes it is sensible to avoid PCR since it is a technique that replicates RNA and 

can lead to a misunderstanding of the population proportion in the community, because it 

could indicate that a particular microorganism is more abundant than others, but actually 

could it be that PCR amplification conditions were better for that microorganism, giving rise 

to misleading information regarding population composition.  

Although there are many other techniques which have been used to study an ecosystem that 

do not require PCR like Fluorescence In Vitro Hybridization (FISH). Most of techniques to 

study population, as mentioned before, are based on PCR, then the PCR fragments are 

studied by differentiation of amplified sequence by differential electrophoresis migration, the 

fragment pass through a gel (that serves as a sieve), and an electric current is applied 

allowing the fragment of DNA to move depending on the size or sequence.  

If size is the parameter to study, the following techniques could be use: Amplified rDNA 

(Ribosomal DNA) Restriction Analysis (ARDRA), terminal restriction fragment length 

polymorphism (t-RFLP) or Ribosomal RNA (rRNA) intergenic spacer analysis, (RISA). If the 

case is to study and differentiate the fragment by sequencing, meaning the order of the 

nucleotide bases (Adenine, Guanine, Cytosine, Thymine and Uracil) Denaturing Gradient Gel 
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Electrophoresis  (DGGE) or Temperature gradient gel electrophoresis (TGGE) could be 

used. All of the techniques mentioned above are simpler and cost-effective since they do not 

require prior clone library but can be the basis to provide one (Ranjard, Poly and Nazaret, 

2000). They are called genetic fingerprints because the band profiles are unique for each 

community under study, and so are like a fingerprint for humans. One problem with this 

technique is that they may not represent abundance, since one band may originate from 

different species and one cell may be represented by several bands because of PCR. 

Therefore, genetic fingerprint techniques are more suitable when comparing communities. 
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Figure 2-3:  

Figure 2-3: Schematic representation to study microbial 
community diversity 
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2.2.4.1 Genetic fingerprint techniques based on PCR 

Denaturing Gradient Gel Electrophoresis (DGGE) separates fragments of DNA with the 

same length but different sequences, differentiating the samples due to the denaturation 

properties of it (Ranjard, Poly and Nazaret, 2000). A mixture of 16S rRNA gene fragments 

amplified by PCR from complex environmental samples is separated on a polyacrylamide gel 

with an increasing concentration of denaturants. Thus generating patterns in the gel that can 

be correlated with the number of dominant species present, and reflecting at the same time 

the genetic diversity of the sample (Sanz and Kochling, 2007). 

Terminal Restriction Fragment Length Polymorphism (TRFLP) is a community profiling 

method an alternative to DGGE. In this case, the PCR involves using one fluorescently label 

primer, and the PCR product is digested with a restriction enzyme and then the restricted 

fragments are separated on an agarose gel. The results can be interpreted in an 

electrophoretic chromatogram which gives the sizes and relative abundance of a specific 

fluorescent fragment (basic representation of TRLFP can be seen in Error! Reference 

source not found.) These fragments can then be compared with fragments from data banks 

of 16sRNA fragments digested with different restriction enzymes, from a variety of 

microorganisms.  

McHugh et al (2004a), used TRFLP as a molecular tool to study microbial communities in 

two different anaerobic reactors treating wastewater under psychrophilic temperatures, one 

treating synthetic wastewater and the other feed with sucrose based wastewater. Scully et 

al.,(2005) studied the difference of microbial communities in two identical reactors but with 

different performances, one of which had a poor performance. 
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Figure 2-4: TRFLP representation 
Source:  (Stres, 2007) 

Fluorescent in situ hybridization (FISH) (Figure 2-) which uses fluorescent probes, is 

another technique frequently used. These probes are short DNA sequences (16-20 

nucleotides) labelled with a fluorescent dye. The probes recognise 16S rRNA sequences in 

cells that were previously fixed and hybridize with it in situ. The microorganism can then be 

identified under the microscope, and sometimes quantified if suitable software is used (Sanz 

and Kochling, 2007). This method is commonly used to identify the presence of one particular 

microorganism in a community. Although this is possible only if the probe can be designed, 

to do this a specific and unique so the 16S rRNA sequence needs to be known. Therefore, it 

is only suitable for those microorganisms that are already in the genome database.  Sanz 

and Kochling (2007) detail in their work the main advantages and disadvantages of this 

technique and their findings are summarized in Table 2-3 . 

A summary of some studies, relevant for anaerobic digestors, using finger print techniques 

is showed in Table 2-4  
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Table 2-3: FISH, Advantages and disadvantages 

Advantages Disadvantages 

Easy and fast if required probes are 
available 

A priori knowledge of the ecosystem under 
study and microorganism most likely to be 
detected is necessary 

Allows direct visualization of non-cultured 
microorganism 

If a particular microorganism has to be 
detected and quantified, its rRNA sequence 
must be known 

Quantification of specific microbial groups is 
possible, in contrast to conventional 
techniques 

Quantification can be tedious and subjective 
or complex 

Differential/preferential detection of active 
microorganism 

Structural analysis of aggregates (granular 
sludge, biofilms) requires a confocal 
microscope and an image analysis 
environment (expensive, trained personnel 
necessary) 

Apt for routine use, highly trained and 
specialized personnel is not necessary. 

The design and optimization of hybridization 
conditions for a new probe is a difficult 
process and requires experience and 
dedication 
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Figure 2-5: Schematic representation of FISH. Figure 2-5: Schematic representation of FISH 
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Table 2-4: Studies that use molecular tools to study methanogens. 

Author Molecular tools Primers and/or 
hybridization probes 

Restriction 
enzymes 

PCR cycle 

(McHugh et al., 2004b) T-RFLP Archaeal:21F & 958R 
bacterial 27F & 1392R  

HhaI AluI 95°C 5 min 
30 cycles  95°C for 1 min 
Annealing Archae :55°C Bacterial: 52° 1 min 
72°C for 10 min 

(Scully, Collins and 
O’Flaherty, 2005) 

TRFLP Archaeal 21 F & 958R 
Bacterial 27F & 1392R 

HhaI AluI 30 cycles of 95°C for 1.5 min 
Annealing archaeal: 52°C. Bacterial 55°C 
72°C for 1.5 min 

(Liu et al., 2010) Fish and DGGE probe ARCH 915  
Bacterial: 341 F 543R 
ARCHAEAL: arch344 
AND 519R 
A571F and UA1406R 
Archaeal: 27F and 
1492R 

  

(Plumb, Bell and 
Stuckey, 2001) 

FISH and 
analysis 
16sRNA 

1Af and 1492r 
EUB338, ARC915, 
ALF1b, BET42am 
GAM42a, SRB385, 
BAC303, CF319a, 
HGC69a, LGC354a, 
LGC354b, LGC354c, 
DVS698, DSB985, 
MX825, MS821  

HhaI and 
HaeIII 

 

(Rocheleau et al., 
1999) 

FISH CSLM MS1, MS2, MS5. 
MB1, MB3, MB4 
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 ACTIVATED CARBON AND WASTEWATER TREATMENT 

2.3.1 Activated Carbon 

One of the most important characteristics of activated carbon (AC) is its great adsorption 

capacity, due to its large surface area and especially to its cave-like pores. Activated carbon 

is made from high carbon content materials, as nutshells, peat, wood, lignite, coal and 

petroleum pitch. There are mainly two methods to produce activated carbon: physical or 

chemical activation. They are also produced in different physical forms, but the two most 

common are granular (GAC) and powdered (PAC), where the latter has a particle size less 

than 1 mm. 

Activated carbon is used in many different industries. Is expected to reach a world demand 

of 2.1 million tons by 2018 (Fredonian Group, 2014), this increase is believed to be due to 

strict environmental regulations in the US and Asia, especially related to the removal of 

pollutants.  

2.3.1.1 Role of Activated carbon in wastewater 

Activated Carbon (AC) adsorption has been used for decades, and with good results, as a 

polishing step on WWTP, in order to reach legal limits of contaminants in effluents. However, 

adding GAC columns to WWTP increase the operational cost, therefore several options have 

been evaluated; among those is the direct addition of GAC or PAC to a biological WWTP, 

called Powdered Activated Carbon Treatment process (PACT systems). When AC is added 

to the biological system process in the WWTP a better performance of the entire process has 

been demonstrated, including improvement in BOD, COD and refractory organics removal; 

improved stability to shock loads and toxic upset; among other benefits (Sublette, Snider and 

Sylvester, 1982; Goeddertz, Matsumoto and Weber, 1988). It is believed that AC might 

adsorb inhibitory organic components that might affect bacteria. Experience shows that AC 

can also adsorb slowly biodegradable compounds that will end up in the effluents and 

increase the BOD or COD. To date, the main problem of this technique is the high cost of 

PAC (Bruce E. Rittmann, 2001) 
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Also, PAC or GAC has been also successfully added to different Membrane Bioreactor 

(MBRs) to avoid their main problem of the lowering of fluxes over time. In MBRs the 

separation occurs inside the reactor, and not outside as the most common bioreactor 

treatments, where the separation step is an external unit.  Seo et al.(2004) studied organic 

removal under high concentration of PAC (80 g L-1) with excellent results, obtaining an 

effluent quality with less than 2 mg TOC-1. This statement was also confirmed by Munz et al. 

(2007) in their research with tannery wastewater, although smaller PAC concentrations were 

used (1.5 and 3.0 g L-1). Hu and Stuckey (2007) evaluated the effect of PAC addition (1.7 g 

L-1) to Anaerobic Membrane Bioreactor (AnMBRs) and reported a reduction in TMP and 

effluent COD. Also, Park et al.(1999) investigated the effect of PAC on the performance of 

MCAB achieving improvement of flux, a decrease in fouling and cake layer resistance with 

dose up to 5 g L-1. Lee et al. (2000) also used PAC to control organics and fine colloids; they 

observed an increase of the main particle size of the biosolids and thus a 50% decrease in 

the specific resistance of fouling and at the same time the effluent quality improved. Although 

Kim, Cai and Benjamin (2008) point out in their article that PAC does indeed reduce the 

amount of natural organic matter (NOM), it adsorbs mainly non-fouling material. To sum up 

not only the addition of PAC into MBR reduces fouling, but also improves the performance of 

the system, primarily about effluent discharges, similar to the improvements in PACT. 

AC has also been used as a post-treatment in some industries. This allowed more stringent 

discharge requirements to be met for toxic components and to reduced COD content in the 

effluent of a treatment plant. Another aim is to reuse the water for other purposes, such as 

irrigation/cooling water. Different aerobic studies have been carried out; Chernicharo (2006) 

compared different post-treatment techniques and reported an average TSS removal of 90% 

for effluents from UASB reactors. However, only a few studies have investigated the post-

treatment of anaerobic effluent with PAC (Vyrides, Conteras and Stuckey, 2010).  

The removal of organic solutes by AC takes place first by diffusion of the solutes onto the 

surface/pores of the carbon. Once inside the pore structure, the contaminants and the carbon 

surface/pores are bonded by weak electrostatic Van der Waals forces. These physically 

attractive forces are reversible; whereas the generation of chemical bonds between 

contaminants and carbon pore is considered irreversible the phenomenon is called 

chemisorption.  
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Some organic contaminants absorb more readily than others; organics such as toluene and 

chlorinated organics that have a low solubility in water can be adsorbed by activated carbon 

more easily than other organics that are more polar (Stenzel, 1993). Moreover, an adsorption 

test of a pure component is not an indication of its removal performance from a dynamic, 

multicomponent mixture. Giusti, Conway and Lawson (1974) studied the adsorption 

dynamics of AC with single and multiple components and found that the adsorption capacity 

of activated carbon decreased by 40% when subjected to a four-component solution 

compared with the high efficiency in a single-component solution. According to Martin and 

Al-Bahrani (1977) , this was due to competition for adsorption sites and mutual solubility 

effects. However, when the solutes had similar molecular weights, the competitive adsorption 

was not so pronounced.  

It is well established that techniques that use a combination of biological removal of 

contaminants and activated carbon have a better performance than each individually, but one 

main problem still is that AC will become saturated, decreasing its adsorption capacity over 

time, until the renewal is necessary. This is costly. One solution is to regenerate that capacity 

through chemical or thermal regeneration, but both scenarios imply high costs, becoming 

impractical on large scales. An alternative process, cheaper and more practical regeneration 

way is needed, bioregeneration appears as a good possibility. 

2.3.1.2 Adsorption isotherms 

As mentioned, PAC has the special characteristic of having a large adsorption area. 

Adsorption is a surface phenomenon that occurs when particles from liquid or gas accumulate 

on a solid surface; this allows separation of certain substances, for examples impurities or 

odours from industrial gases or effluents. Adsorption can be classified as either physisorption 

or chemisorption, although most of the adsorption is physical where the only interaction is by 

weak Van der Waals-type forces (Kumar et al., 2004). Equilibrium conditions are the most 

common method to predict and study adsorption phenomena. Equilibrium is when the 

adsorption rate is equal to the desorption rate. The most commonly used models to study 

this phenomenon are based in gas-solid systems, although they are commonly applied to 

liquid-solid systems too. The most commonly used models are Freundlich and Langmuir 

isotherms. Table 2-5 shows recent research in adsorption kinetics with PAC and/or GAC. 
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The Freundlich isotherm is used as a model for heterogeneous surfaces and does not 

assume monolayer capacity (Vyrides, Conteras and Stuckey, 2010), such that Qe, the 

amount of adsorbate adsorbed per unit weight of adsorbent is given by  

𝑄𝑒 = 𝐾𝑓 . 𝐶𝑒

1

𝑛     Equation 2-8 

 

Where Kf and n are empirical constants, Ce is the concentration of adsorbate in solution at 

equilibrium. The Freundlich constant Kf can be defined as a relative measure of adsorption 

capacity, while the n, is an empirical parameter that varies with the degree of heterogeneity 

indicating the degree of non-linearity between compounds uptake capacity and unadsorbed 

compounds concentration; and n is related to the distribution of bonded ions on the sorbent 

surface (Aksu, Tatli and Tunc, 2008). In the case of 1/n = 1, the partition between the two 

phases is independent of the concentration; when 1/n < 1, one of the most common 

situations, corresponds to a favourable adsorption; while 1/n > 1 is indicative of a cooperative 

sorption, which involves strong interactions between the molecules of adsorbate (El Sikaily 

et al., 2006). 

The constants are determined once the values obtained from the experiment are obtained by 

taking logs such that, 

ln(𝑄𝑒) = (
1

𝑛
) ln(𝐶𝑒) + ln 𝑘                     Equation 2-9   

Langmuir isotherm is also a method often used to model adsorption in aqueous solutions (Xu 

and Liu, 2008). The model assumes homogeneous surface and monolayer adsorption, and 

is described by the mathematical expression described by 

𝑄𝑒 =
𝑄0 𝑏 𝐶𝑒

1+𝑏𝐶𝑒
                          Equation 2-11 Equation 2-10 

 

where Q0 and b are Langmuir constants related to maximum adsorption capacity and energy 

of the adsorption (affinity between the sorbent and sorbent), respectively. 
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𝑄𝑒 =
𝑄0 𝑏 𝐶𝑒

1+𝑏𝐶𝑒
                          Equation 2-11 

The more normal form of the Langmuir equation is its linear form, namely.  

1

𝑄𝑒
=

1

𝑄0𝑏 𝐶𝑒
+ 

1

𝑄0
                        Equation 2-12 

However, when PAC is used in wastewater treatment the adsorption process involves many 

different molecules, and neither Freundlich nor Langmuir models will be adequate to describe 

the experimental data. Even so, it will often serve as an approximation and is widely used 

among scientist (Aktas and Cecen, 2001; Aksu, Tatli and Tunc, 2008; Xu and Liu, 2008; 

Kumar, Prasad and Mishra, 2010). 

Eventually, AC will lose its adsorption capacity due to lack of available sites for adsorption of 

molecules. Because adsorption on the surface involves only physical forces, the process is 

reversible; using appropriates techniques (heat, pressure, etc.) it is possible to return the AC 

to its original adsorption capacity. Although most of the processes involved are not perfect 

and adsorption capacity usually does not return to 100%. Reactivation uses up to 98% less 

water, it consumes up to 40% less energy, and it reduces the production of greenhouse gas 

emissions by up to 80% (Calgon Carbon Corportion, 2015). When thermal reactivation is 

used, the costs of the plant operation can be reduced around 20-40% compared with new 

AC. But the thermal and physical process to regenerate, or reactivate the carbon, are 

expensive processes, so that biodegradation of adsorbed compounds becomes a viable 

alternative process (Aktas and Cecen, 2007), especially if the process is carried out in situ 

(during PACT or BACT).  

2.3.2 Bioregeneration of activated carbon 

Bioregeneration is defined as the process where the adsorptive capacity of the carbon is 

restored through the action of microorganisms (Çeçen and Aktaş, 2011). This leads to an 

increase in the activated carbon life span. In the literature, two different mechanisms have 

been proposed to explain the bioregeneration of the adsorbent (Ng, Seng and Lim, 2010). 

One of which involves the degradation of the adsorbate on the surface of the adsorbent due 

to microbial exoenzymes (Perrotti and Rodman, 1974; Çeçen and Aktaş, 2011). According 

to this hypothesis, exoenzymes excreted by microorganisms diffuse into the carbon pores 
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and react with the adsorbate, so that the adsorption sites are free again, renewing the carbon 

adsorption capacity. However, when Xiaojian et al.  studied BAC process they found that the 

micropores and some mesopores were inaccessible to exoenzymes due to their size and 

considering the freedom of movement needed to be active. 

The second mechanism involves mainly physical properties, where desorption of the 

adsorbate occurs as a consequence of the concentration gradient of the substrate and the 

liquid phase. In this route, there is not a direct influence of the microorganisms in the 

bioregeneration process, where is actually a process where the microorganism degrades the 

pollutants in the bulk liquid as free particles. As this occurs further desorption occurs and so 

regeneration increases. Xiaojian et al., (1991) also suggested this hypothesis when studying 

the adsorption capacity of AC during BAC process utilising phenol as the testing pollutant. 

Their major finding was that microorganisms in BAC degraded the pollutant present mainly 

in the bulk liquid and near to the carbon particle not in the pores of AC, explaining that the 

mechanism should be considered as a simple combination of carbon adsorption and 

biodegradation. They also state that a very thin biofilm around the carbon forms, suggesting 

that the level of microorganisms attached to BAC is much lower compared to biological 

attached-growth systems. Ha et al. (2000) also studied the distribution of microorganism on 

the GAC, in this case with SEM images, where they observed that the microorganism was 

mainly on the outer surface of the carbon, and that clearly will depend on the SRT. 

Although both mechanisms suggest desorption and biodegradation processes in sequence, 

several bioregeneration kinetic studies assumed that bioregeneration is a more complex 

process. Most of the proposed kinetic models for bioregeneration consist of first-order 

desorption and biodegradation processes, where Ng. et al (2010), indicates that the 

desorption rate constant, kd, is the rate-determining step of the process. 

Bioregeneration can be accomplished mainly in two ways, by mixing saturated activated 

carbon with microorganism in offline systems, or in the course of biological treatments as in 

the case of PACT or BAC systems (Aktas and Cecen, 2007). There are several studies in 

carbon bioregeneration (Table 2-5) but, as can be seen, they are mainly focused on aerobic 

processes. It would be interesting to study bioregeneration under anaerobic conditions 

because anaerobic microorganism could also degrade recalcitrant compounds (Field, 2002). 
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2.3.3 Pharmaceutical Active Compounds in wastewater treatment plants 

Recently a new concern has appeared in wastewater treatment: namely the appearance of 

pharmaceutical active compounds in an aqueous medium, especially found in sewage water, 

in effluents and in some surface, water situated downstream from sewage plants. The major 

concern is their impact on the surrounding environment and because reuse of water in some 

regions has become common due to an increased lack of available freshwater.  

Most of the compounds found in water effluents are pharmaceutical active compounds 

(PhACs), industrial dyes and metabolites. Recent studies showed more than 80 different 

compounds of these classes of materials (Vlasov and Vergun, 2007). When focusing only on 

sewage treatment plants (SWT), most of the compounds found there comes from the 

excreted excess of medication in faeces and urine, since only a small percentage of the 

medical doses remains in the human body, and the rest comes from the intended disposal of 

unused medications into the toilet (Ying, Kookana and Kolpin, 2009).  

SWT was not designed to treat PhACs, that is why it is not a surprise to find those compounds 

in effluents and later in receiving surface waters. Different studies have observed low 

concentration of PhACs, in range of ng L-1 to low µg L-1. These concentrations might not affect 

directly wildlife or have an acute toxic effect on it, but the risk of long-term effects by 

bioaccumulation or development of antibiotic resistance of some microorganism makes them 

a concern and therefore important to study (Jiskra and Hollender, 2013). 

When studying the presence of pharmaceuticals in four different countries Ferrari et al. (2003) 

found that carbozamine was detected in all SWT  with the highest concentration and seems 

to be the most dangerous too, although also clofibric acid and diclofenac were also found in 

the SWT of the countries under study. According to Zhang et al. (2008), carbamazepine and 

diclofenac were the PHAs more frequently detected in aquatic environments. 

One of the proposed options to solve this problem is the use of Activated Carbon (AC) as a 

post-treatment step. Also, the possibility of using anaerobic digestion to degrade PhACs 

(Pharmaceutical Active Compounds) since it has been demonstrated that anaerobic 

consortia are capable of degrading toxic compounds, compared with active sludge treatment 

plants. 
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Table 2-5: research papers on PAC kinetic reaction  

Authors Organic particle studies Process  Microorganisms 
involved 

(Aktas and Cecen, 2006) Phenol PAC  
GAC  

Aerobic  

(Ng, Seng and Lim, 2010) Phenol  
p-nitrophenol (PNP) 

PAC 
PRH 

Aerobic  

(Ferro - Orozco, Contreras and 
Zaritzky, 2010) 

Cheese way PAC Aerobic  

(Ha, Vinitnantharat and Ozaki, 
2000) 

Phenol  
2,4-diclorophenol 

GAC Aerobic Mixed microorganism 

(DeWalle and Chian, 1977) Sewage and glucose-nutrient 
solution 

PAC Aerobic Mixed microorganism 

(Van der Zee et al., 2003) Azodyes PAC Anaerobic Mixed anaerobic 
microorganism 

(Coelho et al., 2006) Molinate GAC  
pellet shape AC 

Aerobic Mixed culture 

(Hutchinson and Robinson, 
1990) 

Phenol and p-cresol PAC Aerobic Mono-culture 
Pseudomonas putida 

(Aktas and Cecen, 2001) Landfill leachate PAC Aerobic Mixed microorganism 

(Aktas and Cecen, 2009) Phenol and 2-chlorophenol PAC  
GAC  

Aerobic Mixed microorganism 

(Lee and Lim, 2005) Phenol 
p-methylphenol 
p-ethylphenol 
p-isopropylphenol  

PAC Aerobic  

(deJonge, Breure and vanAndel, 
1996) 

o-cresol and 3-chlorobenzoic acid PAC Aerobic Pseudomonas mixed seed 

(Klimenko et al., 2002) Phenol  
ethoxylated alkylphenols 
alkylbenzenesulfonate (ABS) 

 Aerobic Pseudomonas 



CHAPTER 2: LITERATURE REVIEW 

51 

 

(Klimenko et al., 2003) Oxyethylated alkylphenols AC: AG-3, AG-
PR, and SKNP-1 

Aerobic Pseudomonas 

(Knappe et al., 1998) Atrazine PAC None None 

(Kumar, Prasad and Mishra, 
2010) 

Acrylic acid PAC None None 

(Vinitnantharat et al., 2001) Phenol  
2,4-dichlorophenol 

GAC Aerobic Mixed 

(Yamanaka et al., 2008) Bisphenol A PAC  Sphingomonas  

(Whang et al., 2004) Wastewater PAC None None 

(Wang and Li, 2007) Phenol GAC Aerobic Pseudomonas putida 

(Valderrama et al., 2007) PAHs GAC None None 

(Ip, Barford and Mckay, 2010) Reactive Black 5 F400, bone char 
and bamboo 
activated carbon 

Aerobic Aeromonas sp. 
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Summary of Literature Review 

a. Anaerobic digesters are an alternative to treat municipal wastewater and produces 

methane as a product which could be seen as an economic and environmental 

advantage over other traditional methods of treatment. 

b. Anaerobic digestion is a complex process, involving several steps to degrade organic 

matter into methane. These steps are strictly related with the microorganism involved 

in those reactions. The steps and microorganism involved are as follow: hydrolysis 

with hydrolytic bacteria; acidogenesis with acidogenic bacteria; acetogenesis with 

acetogenic bacteria; and finally, methanogenesis with methanogens, whose are a 

type of archaea (a different branch). 

c. It is common to find pharmaceutical compounds in the effluents of SWT and lately the 

use of PAC as a secondary treatment for effluents has increased. One obstacle, is 

that PAC becomes saturated easily and need to be replace. Although one 

economically and environmentally friendly solution is the use of microorganism to 

accelerate the process, called bioregeneration. 
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CHAPTER 3. MATERIALS AND METHODS 

This chapter contains a description of all materials and analytical techniques used during this 

study. 

 MATERIALS 

3.1.1 Biomedia solution 

Table 3-1: Stock solution composition and preparation of defined biomedia 

Solution Compound Concentration 
(g L-1) 

Volume added 
(mL) 

S1 Organic sample to be evaluated <2gCOD L-1  

S2 Resazurin 1 1.8 

S3 (NH4)2HPO4  26.7 5.4 

S4 CaCl2 2H2O 
NH4Cl 
MgCl2 6H2O 
KCl 
MnCl2 6H2O 
CoCl2 6H2O 
H3BO3 
CuCl2 2H2O 
Na2MoO4 2H2O 
ZnCl2 

16.7 
26.6 
120 
86.7 
1.33 
2 
0.38 
0.18 
0.17 
0.14 

27 

S5 FeCl2 4 H2O 370 1.8 

S6 Na2S 9 H2O 500 1.8 

S7 Biotin 
Folic Acid 
Pyridoxine hydrochloride 
Riboflavin 
Thiamin 
Nicotinic acid 
Pantothenic acid 
B12 
p-aminobenzoic acid 
Thioctic acid 

0.02 
0.02 
0.1 
0.05 
0.05 
0.05 
0.05 
0.001 
0.05 
0.05 

1.8 

Source: Owen et al., 1979 
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3.1.2 Activated carbon  

Activated carbon used in this work was powdered activated carbon (PAC) Norit SAE 2, 

obtained from Cabot Norit Activated Carbon (The Netherlands), and which, according to the 

manufacturer, is specially designed for wastewater treatment. The characteristics of PAC are 

given in Table 3-2. 

Table 3-2: PAC Norit SAE 2 properties 

Properties Norit SAE2 

Physical form Powdered 

Activation Thermal 

Total surface area  

(m2 g-1) 

925  

Apparent density 1.48g.cm-3 

pH (when dispersed 
in water) 

Alkaline 

 

3.1.3 Biomass Source  

Suspended biomass was collected from the anaerobic digester of a Sewage treatment plant 

in Santiago, Chile. The sludge was screened through N°45 sieve, mesh size 355 µm, before 

use. Granular biomass used was obtained from an anaerobic digester from a WWTP treating 

tobacco industry effluent in Chile. Batch 5L reactors were made with each biomass type using 

biomedia solution to reach 70% of bottle volume (Owen et al., 1979) and feed with glucose 

the first two weeks every two days and afterwards feed with glucose and acetate (1:1 ratio)  

on a weekly basis to reach about 2grCOD L-1, and kept at 30°C.  

 ANALYTICAL TECHNIQUES 

Experiments for anaerobic batch reactors were monitored by measuring the following 

parameters: pH, Chemical Oxygen Demand (COD), Volatile Fatty Acids (VFAs), biogas 

composition, biogas production, Total and Volatile Suspended Solids (TSS and VSS), 

porosity, and bacterial community analysis.  
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3.2.1 Biochemical methane potential (BMP) 

BMP analysis is analogous to the BOD test but is for the anaerobic process, therefore it is 

used to determinate the anaerobically biodegradable fraction of the organic matter under 

specific conditions. The assay was conducted using the media and serum bottle technique 

reported by Owen et.al (1979) and typically runs for 30 days. The carbon source used will 

depend on the organic matter to be tested. Sometimes this analysis is used to verify the 

states of an anaerobic community when an easily biodegradable organic compound is added. 

In most of this work, glucose was the model organic compound used. The assays consist of 

using small glass serum bottles (15, 30 or 160 mL), filled with biomass, biomedia and the 

substrate to be evaluated. Bottles are flushed with 100%N2 for 10 minutes to remove any 

possible traces of oxygen. Immediately after, bottles were sealed with butyl rubber stoppers 

and aluminium crimped, to maintain anaerobic conditions and a closed environment so that 

no gas lost in the process. Assays were undertaken in triplicated with respective control 

bottles and incubated in a 30°C controlled room. Gas samples from the headspace were 

taken on a daily basis for the first week, and every other day for the rest of the assay, until 

no further gas production was detected. Gas production was performed as explained in  

3.2.2 Specific Methanogenic Activity (SMA) 

This test follows the same rules as BMP, and was also developed by Owen et al. (1979). It 

has been commonly used by several other research groups; it is universally understood and 

accepted as the best procedure to evaluate the activity of methanogens in an anaerobic 

consortium. This test consists of employing key compounds to evaluate methanogens 

activity. McCarty´s group used propionate and acetate. In this work, only acetic acid was 

used, except when formic acid was evaluated. The VSS content was determined at the 

beginning and end of each test, and the average of both values was used to calculate specific 

activity. All test were done in triplicate. 

3.2.3 Anaerobic toxicity assay (ATA) 

ATA is used to determine potential inhibitory effects of a particular chemical on acetoclastic 

methanogens, where acetate is used as a primary substrate and potential inhibitory effects 

of the chemical are assessed by determining the initial rate of methane production. This test 
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was developed originally by McCarty’s group, and in this work will follow the Owen et al 

(1979)  procedure, with the exception that in this work only one acetic acid feed is used at 

the beginning of the assay. All test were done in triplicate. 

ATA is evaluated using Maximum Rate Ratio (MRR), which is the ratio between gas 

production (ml) of sample versus gas production (ml) of control flask. When MRR >0.95 the 

compound tested does not produce inhibition in the consortium tested, if 0.9<MRR<0.95 a 

possible inhibition can occur, and if MRR<0.9 a significant inhibition is noted.  

3.2.4 pH 

The pH was measured in situ using a calibrated pH meter (PCE-BHP). The calibration was 

done on a daily basis, using pH 4, 7 and 10 buffers.  

3.2.5 Chemical oxygen demand (COD)  

The measurement of COD is based on the Standard Closed Reflux Colorimetric Method 

described in section 5220-D of Standard Methods.1 mL sample (or diluted sample) were 

added to Hach tubes together with the digestion solution and the sulphuric acid. The tubes 

were sealed and inverted three times. The tubes were incubated in a COD digester (model 

Hach 45600 COD Reactor) for 2 h at 150°C. After cooling, the samples were analysed on a 

HACH DR5000. Potassium hydrogen phthalate (KHP) was used to prepare standard 

solutions in the range 20-900mg L-1, KHP has a theoretical COD of 1.176 mgO2 mg-1. 

Procedure weas done in triplicate to avoid possible errors. 

3.2.6 Biogas Composition and samples collection  

Biogas composition was determined using a Perkin Elmer GC-TCD fitted with an Alltech CTRI 

column (6 ft. x 1/4”) to determine H2, CO, CO2, O2, CH4, and N2 content. The program 

temperatures were 120, 70 and 120°C for injection port, oven, and detector, respectively. 

The carrier gas was helium at a flow rate of 30 mL min-1. Total gas concentration and final 

composition of the samples was calculated using Total Chrome as software. Samples were 

collected either using a 1ml plastic syringes or with 500 µL leak-tight glass syringe with a luer 

lock (Valco® Precision Sampling Syringe, Series A-2).  

 



CHAPTER 3: MATERIALS AND METHODS 

57 

 

3.2.7 Gas volume measurements 

The syringe displacement method was used (Owen et al., 1979). Glass syringes (Fortuna 

Optima, Luer Sigma-Aldrich, Germany) were used 5-60 mL depending on the pressure in the 

serum bottle septum. Readings were taken at incubation temperature and the syringe was 

held horizontal at the moment of measurement, allowing the syringe plunger to move freely 

until pressures (from the serum bottle and ambient) are equilibrated. Volume is annotated in 

mL and gas samples are discarded.  

3.2.8 Total Suspended Solids (TSS) and Volatile Suspended Solids (VSS) 

TSS and VSS were measured according to Standard Methods for the Examination of Water 

and Wastewater (APHA, 1999) as described in section 2540B and 2540E.  

First glass fiber filters (GFC, Whatman) were washed by filtering three times 20 mL deionized 

water, then filters were placed on aluminium or ceramic dishes and placed in a furnace at 

550°C for 1 hour. Later placed in a desiccator until needed to be used. The filter was weighted 

and recorded as pre-weight glass fiber filter and kept in a desiccator for future uses.  

To measure TSS, a known volume of sludge (range 0.25 mL to 1 mL depending on the 

viscosity of the sample to be use) is filtered through the pre-weighted filter. The filter is h 

overnight at 103-105°C in order to evaporate the liquid fraction. The filter is allowed to cool 

down in a desiccator, and later weighted to calculate TSS as follow: 

TSS mg L-1 = (A-B) x 1,000/C 

Where: 

A = weight of filter and dish + residue in mg 

B = weight of filter and dish in mg 

C = volume of sample filtered in mL 
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VSS is measure similar as TSS, but instead of using an oven, the filter used to measure TSS 

is placed in a muffle furnace to reach 550°C and kept for 1 hour. The final weight is recorded 

and use to calculate VSS according to the formula given in Standard Methods as follows: 

VSS mg L-1 = (A-B) x 1,000/C 

Where: 

A = weight of residue + filter and dish in mg from Total Suspended Solids test 

B = weight of residue + filter and dish in mg after ignition 

C = volume of sample filtered in mL 

 

3.2.9 Volatile Fatty Acids (VFA)  

VFA concentration was measured with High-Performance Liquid Chromatography (HPLC) 

(Shimadzu Model LC-20AB) fitted with Aminex GPX-87H Column (300mm x 7.8 mm), and 

0.01M H2SO4 as mobile phase solution at 0.68 mL min-1. The sample injection volume was 

50 µL and the column operating temperature was set at 55 °C. The UV detector wavelength 

was set at a wavelength of 210 nm. Samples were first filtered through a 0.22 µm filter prior 

to analysis. All samples had a coefficient of variation within ±5%. VFA calibration curves were 

made using Volatile Acid Standard Mix (SUPELCO). 

 MOLECULAR TOOLS 

To study the microbial community, molecular tools as Terminal Restriction Fragment Length 

Polymorphism, TRFLP analysis and Fluorescence in Situ Hybridization FISH were 

performed.  

3.3.1 Terminal Restriction Fragment Length Polymorphism 

TRFLP consists of the analysis of a fragment of 16sRNA. Therefore, the following steps are 

necessary: nucleic acid extraction, amplification of 16sRNA with PCR, digestion with 

restriction enzymes to obtain specific fragments to be later analysed using database.  
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3.3.1.1 Nucleic Acid Extraction  

DNA was extracted from an anaerobic batch reactor (or serum bottles depending on the 

experiment to be evaluated) using UltraClean Microbial DNA Isolation Kit (MoBio 

Laboratories, Inc., Carlsbad, CA) according to the manufacturer’s protocol. After purification, 

the DNA was checked for integrity using an agarose gel (1%) stained with ethidium bromide 

and visualising gel bands in a UV (Appendix ). 

3.3.1.2 Polymerase Chain Reaction (PCR) 

Two different pairs of primers were used to amplify the 16sRNA, for Archaeal primers 21F 

(5’-6FAM -TTCCGGTTGATCCYGCCGGA-3’) and the reverse primer 958R (5’-

YCCGGCGTTGAMTCCAATT-3’) (Scully, Collins and O’Flaherty, 2005). Bacterial 16S was 

amplified with the forward primer fD1: 5’-NED-AGAGTTTGATCCTGGCTCAG-3’ and the 

reverse primer rP2: 5’-ACGGCTACCTTGTTACGACTT-3’ (Wood et al., 1998; Urmeneta, 

2005). Primers were obtained from Integrated DNA Technologies (Coralville, IA, USA).  

The amplification of DNA fragments was performed with Taq polymerase (Promega). 

Reaction was carried out in 50 µL using the following components: 1 µM of both forward and 

reverse primers, buffer Taq 1X, 0.2 mM dNTPs mix (dATP, dCTP, dGTP and dTTP), 1.4 mM 

de MgCl2, 1 U Taq polymerase, 1-2 µL of template DNA (at least 10ng) and water to reach 

the desired final reaction volume. 

The cycle program used in the thermocycler was: initial denaturation at 95°C for 5 min (one 

cycle), and 30 cycles of: 95°C for 90 s, annealing for 1 min, 72°C for 90s , and a final cycle 

at 72°C for 5 min for final elongation. The annealing temperature for both archaea and 

bacteria was 50°C. 

3.3.1.3 Enzyme restriction analysis 

The amplified DNA samples were digested using two different restriction enzymes, HhaI and 

MspI, in a volume of 30 µL as the enzyme manufacturer-rec (Scully, Collins and O’Flaherty, 

2005) recommended: mixing DNA samples (15µL of PCR mixture) with 2U of each enzyme 

in buffer Buffer Tango (10X) and incubated at 37°C for 4 hours. Fragments were later sent to 

an external Laboratory to be quantified. This is accomplished by separating by capillary 
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electrophoresis the labelled fragments resulted from the enzyme digestion, and then sized 

by comparison to an internal standard, providing sizing and relative quantitation. 

3.3.2 Fluorescence in Situ Hybridization (FISH) 

The procedure to perform the FISH analysis was done according to Ohandja and Stuckey  

(2007). The preparation of solutions used, and a detailed protocol can be found in Appendix 

A. Oligonucleotides used are listed in Table 3-3. (Raskin, Poulsen, et al., 1994; Raskin, 

Stromley, et al., 1994)Oligos MS821 and MSX825 were purchased from Integrated DNA 

Technologies (Coralville, IA, USA) and oligos EUB388 and ARC344 from ATDBio 

(Southampton, UK) 

Table 3-3: oligonucleotide probes used for FISH 

Probe Target group Sequence (5’-3’) 5’ modification 

MS821 Methanosarcina CGCCATGCCTGACACCTAGCGAGC TamK 

MX825 Methanosaeta TCGCACCGTGGCCGACACCTAGC TamK 

EUB388 Bacteria GCTGCCTCCCGTAGGAGT Cy3 

ARC344 Archaea TCGCGCCTGCICCCCGT 6- Fam 

Samples were collected and centrifuged at 13000 g for 3 minutes. The supernatant was 

discarded and 1mL of phosphate buffer saline (PBS) added to the tube, mixed, vortex and 

centrifuged. This step was repeated until the supernatant was clear. Cell pellets were then 

resuspended in a fixative solution. The fixed cells were centrifuged in order to remove the 

fixative solution, and the cell pellet was resuspended in PBS, centrifuged, and resuspended 

in the same solution. One volume of ice-cold ethanol was added, and the sample was re-

mixed. Fixed cells could then be stored at - 20˚C or used immediately for hybridisation. Fixed-

cell samples (4µL) were applied to gelatine-coated slides, and allowed to air-dry, and 

dehydrated by a serial immersion of the slides in 50, 80 and 98% ethanol for 3 minutes each; 

The slides were then air-dry and 9µL of hybridisation solution together with 1 μL of each 

probe was added to each spot. The slide was incubated at 46°C for 4 hours in previously 

acclimatised moisture chamber, in this case, 50 mL polypropylene screw-top Falcon tubes. 

After hybridisation, the slides were transferred into another chamber containing wash buffer 

and incubated at 48°C for 15 minutes. After the wash, the slide was removed and rinsed with 
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water. The slide was then allowed to dry in the dark. For microscopic observation the slide 

was stained with 4, 6 diamidino-2-phenylindole (DAPI) for four minutes, washed and then 

was allowed to dry. Then, one drop of Citifluor was added to each spot and a coverslip was 

put on. Nail varnish was applied to the edges to prevent movements of the coverslip. 

Observations were made using an epifluorescent. Microscope (Zeiss) equipped with a digital 

photographic camera (Motican 2300). The camera was controlled by the software AxioVision. 

A mixture of Citifluor, VectaShield, and DAPi was used to improve images 

 COMPUTER SIMULATIONS 

3.4.1 In silico analysis of primers and restriction enzymes 

In silico simulations for each primer used were carried out using MICA 3 (Shyu et al., 2007) 

bioinformatics tools: Primer Sequence Prevalence Analysis (P.S.P.A),  

Enzyme Resolving Power Analysis (E.R.P.A) and Probe Match from the Ribosomal Data 

Base project (Cole et al., 2014).  

3.4.2 In silico analysis of TRFLP fragments 

Computer simulations of fragments from TRFLP were conducted using MICA 3 (Shyu et al., 

2007) bioinformatics tools: Virtual Digest (ISPaR) and TRFLP analysis (PAT+). Both 

enzymes used were analysed.  

 BIOREGENERATION EXPERIMENTS  

3.5.1 Acclimation of methanogenic sludge to the chemical under study  

The process was done as in Hernandez and Edyvean (2011) work. An initial concentration 

of the contaminant (previously determinate with ATA test) was added to a batch bioreactor. 

The reactor was inoculated with 500 mL of seed from an anaerobic digester of a wastewater 

treatment plant in Santiago, Chile and cultured for 30 days. 
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3.5.2 Diclofenac concentrations 

Diclofenac (SigmaAldrich, UK) concentration was measured with HPLC (Shimadzu Model 

LC-20AB) fitted with Purospher RP-18 column. 1 mL min-1 acetonitrile-water (50-50v/v) was 

used as mobile phase, and UV detector set at 293 nm. The oven temperature was set to 25° 

C. A calibration curve was obtained using diclofenac at concentrations: 10, 50, 75, 100 and 

200 mg L-1.  

3.5.3 Adsorption 

To determine adsorbability of the compound on PAC, batch experiments were done in a 167 

mL flask well sealed with a rubber septum. Each test was performed in triplicate. A 25% of 

gas head space was used in each bottle, therefore a total of 125 mL of liquid was added. 

Glucose, phenol, and sodium diclofenac were tested as compounds. Each test consisted of 

mixing different concentrations of PAC, a substrate (glucose, phenol or sodium diclofenac) 

and media (Owen et al., 1979).  The appropriate blank test for each substrate was carried 

out. All experiments were performed at 30°C, in a shaker, and were zeroed 5 minutes after 

the addition of the substrate. PAC concentrations were: 0.5, 1.7, 2.5, 5, 10 and 15 g L-1. 

Samples of 1mL were taken at 5, 15, 30, 45, 60 and 90 minutes, 4 and 12 hours or until 

equilibrium is reached. Samples were immediately filtered using 0.22 μm membrane filters. 

Each sample was then used to determine the concentration of the substrate used.  

3.5.4 Desorption  

Desorption isotherms were determined by running batch experiments similar to adsorption 

batch-test but in this case, the PAC used was previously saturated with the substrate to be 

tested. A known amount of PAC was contacted with the model compound (of a known 

concentration) and agitated for at least 24 hours to ensure adsorption equilibrium. Once 

equilibrium is reached, the solution was centrifuged 7500 RPM for 10 minutes and samples 

from the supernatant were taken and filtered (0.22 μm membrane filters) to determine the 

concentration of the substrate in the liquid phase, therefore the concentration adsorbed to 

the PAC can be calculated. The pellet was then added to 100 mL of media and placed in the 

shaker to evaluate desorption of the substrate adsorbed onto the PAC. Samples were taken 
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to determine the concentration of the substrate used in the liquid phase until equilibrium was 

reached.  All experiments were done in triplicate. 

Assay 1: In serum bottles (150 ml) batch studies of bioregeneration were done. A known 

weight of PAC was initially loaded with sodium diclofenac overnight at 30°C. The solution 

was then centrifuged (7500 RPM for 10 minutes) and the remaining pellet was used for 

the experiment, assuming saturation of PAC with the model compound. New batch 

reactors were set (160 ml vials) adding biomass and biomedia to reach 10% headspace 

and 2 grVSS L-1.  As in BMP bottles, the serum bottles were flushed with 100% N2 for 15 

minutes and immediately afterwards the bottles were closed and incubated at 30°C in a 

mechanical shaker to ensure proper mixing. After equilibration for 1 hour, the serum 

bottles were zeroed (ambient pressure) with a syringe and the bottles were incubated for 

15 days. All bioregeneration experiments were performed in duplicate and for diclofenac 

sodium only. The methanogenic activity was measured by syringe displacement and 

further GC analysis of gases. Gas samples were taken on a daily basis for 10 days. 

Assay 2: Another study was undertaken with PAC not saturated with the model substrate. 

Serum bottles (in duplicated) were prepared with biomass, sodium diclofenac, and PAC, and 

filled up to 144 ml with biomedia to reach a final concentration of 2grVSS L-1, 10 mg L-1 and 

0.1 g L-1 of each respectively. The same procedure as assay 1 was then followed, but the 

first samples were taken at day 0, 1 and 2, and then every two days, for a total period of 10 

days.  
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CHAPTER 4. STUDY OF BEST SMA CONDITIONS FOR AN 

ANAEROBIC BIOMASS FROM DIFFERENT SOURCES UNDER 

SIMILAR ENVIRONMENTAL CONDITIONS 

 INTRODUCTION 

Since wastewater treatment is more important nowadays, and biogas production has become 

a common way to produce bioenergy, the understanding of the anaerobic digestion process 

is becoming fundamental. Furthermore, when an anaerobic process is studied, 

microorganisms involved are understood to play key roles in the process, and therefore it is 

important to study and understand them too, to succeed in terms of biogas production and 

wastewater cleaning process. It is important to have a good understanding of the process 

itself; mainly on determining how methanogens function  because having a good inoculum 

source will define the most critical step on the process, the start-up. 

 METHODS 

Different approaches were studied during the progress of this study. The aim of these 

experiments was to evaluate the appropriate ratio of substrate-inoculum since previous work 

had failed using a 1:1 ratio as proposed in Owen et al.(1979); another objective was to 

understand how SMA works with this particular biomass source inoculum. Acetic acid was 

used as a sole carbon source, except when glucose and formic acid were evaluated to 

compare methane production. The procedure of the SMA test was performed as stated in 

Chapter 3.2. Different I/S ratios were studied 1:1, 1:4, 5:2 and 5:8. Blank and control flask 

was done for all experiments. All flasks were duplicated. The methane content was measured 

daily for the first week and weekly thereafter. VSS content was measured after the 

experiment was completed. Two inoculum consortia were used; both are characterised and 

described in Chapter 3.1.3. 

In previous chapters different approaches to evaluate SMA were mentioned, mainly referring 

to different parameters, including timespan of the experiment itself. Experiments performed 

in this chapter were run until methane production ceased or for at least 15 days since the lag 

phase seems to be longer than usual.  
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According to the results obtained in previous experiments, SMA conditions to study 

methanogenic activity will also depend on the source of biomass to be used. Therefore, to 

study the best conditions to perform SMA test with this specific biomass would be a good 

approach to understand the methanogenesis process.  

 RESULTS AND DISCUSSION 

The first experiment was developed to study SMA showed a better performance in terms of 

methane production when a feed ratio (biomass: carbon source) was 5 grVSS L-1 and 2g L-1 

of acetate. As showed in Figure 4-1, the lag phase was shorter and accumulated methane 

was higher, compared with other tests. However, the amount of methane expected was 

higher, closer to 100 mL, and this experiment only reached about 30 mL. In the other 3 cases 

no higher than 15 mL was obtained, when almost 400mL was expected if 8g L-1 of acetate 

were in each serum bottle. This indicates whether the biomass used in this case had a low 

content of acetoclastic methanogens and therefore low methanogenic activity, or a substrate 

inhibition was reached. On the other hand, it could also be that the traditional way to evaluate 

methanogenic activity (i.e., with acetate only) was not the most appropriate approach for this 

particular biomass. 

 

Figure 4-1: Methane production at different I/S ratio with acetic acid as carbon source.  
Where 2.8 means 2grVSS L-1 and 8 gr HAc 
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When a similar experiment was performed with glucose as carbon source (I/S ratio 1:1), the 

results were quite different (Figure 4-2). Higher mL methane accumulated, shorter lag phase 

and low incidence on I/F ratio were noted. 

 

Figure 4-2: Methane production with glucose as carbon source.  

Where 2.G means 2gVSS L-1 and 2 gHac L-1 

When the best results of both experiments are compared (Figure 4-3) as the total value of 
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same period of time. It is also known that are different pathways to produce methane inside 

an anaerobic consortium, directly by acetate or by H2 and CO2. One possible cause is that 

the consortium, in fact, could be more easily directed to methane through the H2/CO2 

pathway, compounds that are present when complex organic compounds are added, since 

hydrolytic bacteria degrade these substrates and convert them into H2 and CO2. 

The inoculum source comes from a mother batch reactor kept at 30°C and fed with only 

acetate. This mother batch reactor reaches good methane concentrations (above 50%) in 

less than 4 days. But when the inoculum is used in small batch assays it takes too long to 

reach methane productions, meaning exist a lag phase that should not be there since the 

inoculum comes from an active consortium feed the same way as the assays. 

It has also been noticed by other researchers that lab tests will not always indicate how the 

reactor will behave. When Colleran et al. (1992) were studying phenol anaerobic 

biodegradation, they found no signs of it over 50 days of trials, however when they seeded 

the same inoculum into an anaerobic reactor fed with a mixture of aromatic chemicals (phenol 

among others), the reactor had the capability to degrade phenol after 80 days, meaning that 

the phenol degrading community was present in the sludge but was not detected during BMP 

assays. In this case, the lag phase was longer when the reactor was running in contrast with 

the BMP test. But it will indicate somehow that is not completely reliable to predict the 

behaviour of an anaerobic community in small volumes, which is absolutely contradictory with 

literature which states that batch essays are the best way to evaluate large scale 

reactors.(Souto et al., 2010; Hussain and Dubey, 2017; Md Huzir et al., 2019; Astals et al., 

2020) 
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Figure 4-3: Glucose and acetate as carbon source comparison graph 
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On the other hand, the long lag phase is still questionable seen in contrast with no lag phase 

with glucose since glucose is thought to be degraded to VFA prior to being able to be used 

by methanogens to produce methane. A sulphate inhibition was investigated, but no 

degradation of acetate was seen during the lag phase (Figure 4-5). Another explanation could 

be acetate inhibition, so another run of the batch test to determine the best food over 

microorganism (F/M) ratio was evaluated (Figure 4-6), biomass content was kept constant at 

2gVSS L-1. The results showed no different behaviour among different vials; all reaching the 

amount of methane predicted  (Chernicharo, 2007) and showed similar slopes at the 

beginning indicating similar SMA.  

 

Figure 4-4: Methane production under different carbon sources: acetate only, glucose only, and glucose and 
acetate. 
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Figure 4-5: Methane production and acetate consumption, with acetate as only carbon source. 
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differences are temperatures, substrates used, time frames and sometimes the biomedia 

used. Although biomedia were similar, a study of the effect of it in the results was considered 

interesting. Two different biomedia were compared, Owen’s biomedia (Owen et al., 1979) 

and biomedia recommended by others (Chamy, 2013). Results (not shown) displayed no 

significant difference.  

 

Figure 4-7: BMP and SMA (April 2013) 
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explore the first hypothesis, the lack of centrifugation of the sludge, the following three 

experiments were designed. All flasks were duplicated, with a respective blank and control. 

Experiment 1: Biomass was centrifuged prior to use in batch bottles and fresh biomedia was 

added. 

Experiment 2: Biomass was centrifuged but biomedia already used was added. In this case, 

Biomass was centrifuged but instead of waste, the supernatant this was used as “old” 

biomedia. 

Experiment 3: the same conditions of mother batch reactors, already running, were kept. 

Meaning no centrifugation of biomass and therefore “old” biomedia was present.  

 

The results of this approach (Figure 4-8) showed similar methane volume production the first 

day and no visible lag phase, but a higher production is seen with experiment 3, i.e., when 

conditions are kept identical as the mother batch reactor, no biomass centrifugation and 

biomedia from the mother batch reactor is used. This could mean different things. First that 

the consortia might need a defined structure to function properly, or that the old media has 

either growth factors or metabolites important to degrade acetate, that are absent in the new 

biomedia. Both can explain why a notorious lag phase was shown in previous experiments, 

but still are not in agreement with literature, since most literature indicates as a proper 

protocol to run SMA tests, to centrifuge biomass prior to use (Garcia-Morales et al., 2001) 

and prepare new biomedia every time an SMA test must be performed, initially to avoid toxins 

originated in the mother batch reactor or high content of VFA.  
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Figure 4-8: Biomedia comparison: "old" and "new" 

When Pretorius (1972) was working with a mixed culture, from an active digester from SWT 

noted that under the same conditions the reactors fed with formate and acetate were more 

efficient rather than those fed only with acetate, and concluded that methane-producing 

bacteria obtained insufficient energy from acetate only to maintain themselves in a 

continuous culture over 20 days. Moreover, when Grobicki and Stuckey (1989) were studying 

an anaerobic baffle reactor detected formate in the first two or three compartments, 

concluding that formate must play an important role in anaerobic digestion, maybe as an 

intermediate. Considering relevant works sometimes obtained better methane production 

with formate rather than acetate (Wagner, Gstrauntaler and Illmer, 2010; Wagner et al., 

2011), it was decided to study formate and acetate at the same time.  

In view of the several results from previous experiments and considering that avoiding 

centrifugation of biomass could not explain why acetate has failed to be the main precursor 

of methane production, as universally recognised in literature, and because pH sometimes 

used to drop drastically during experiments, a different approach was determined in the 

following experiments. All carbon sources to be added will be neutralised (pH 7) before 

adding them to the batch reactor test (Chamy, 2013). Finally, two different biomass sources 
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were also evaluated to study methane production under different carbon source: Granular 

biomass (GB) from a tobacco treatment plant and suspended biomass (SB) from a WWTP. 

Therefore, three experiments were formulated for each biomass used, feed containing: 1. 

Acetate only (HAc); 2. Acetate and formate (HAc+Fo); and 3. Glucose (Glu). All three 

experiments were prepared in order to have the exact same CODeq concentration in each 

assay equal to 1.4 gCOD L-1. The results showed similar behaviour when two biomasses are 

compared. Methane production is enhanced by acetate; in contrast with most of the previous 

experiments performed, but according to the literature, both reaching more than 70 mL of 

methane in 15 days and 1.5 gVSS L-1, i.e. high SMA, ranging between 9.8 and 10.6 

mLCH4gVS-1d-1 (Figure 4-9 and Figure 4-10). Differences between assays could be 

explained because of pH, according to literature pH in an anaerobic digester should oscillate 

between 6.5 and 7.8, but in this case better results are shown when pH was higher than 

expected and close to 8 in the case of acetate feed, near optimum with glucose and higher 

than 8 when HAc and Fo was used (Figure 4-12). 

 

 

Figure 4-9: Methane production of granulate Biomass under different feeding conditions. 
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Figure 4-10: Methane production of suspended biomass with under different feeding conditions 

 

 

Figure 4-11: Methane production from suspended (SB) versus granular biomass (GB) when acetate was used 
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Figure 4-12: variation of pH during experiments 

 MOLECULAR ANALYSIS OF CHILEAN ANAEROBIC CONSORTIUM 

As was discuseed in section 3.2 , it is well established in the anaerobic field that acetate is 

the main precursor of methane formation in an anaerobic consortium. On the contrary, the 

consortia used in this study had a long lag phase when acetate was used, and a better 

performance when glucose was added. One of the first questions that came up in this study 

therefore was:  Why does this microbial consortium not behave as described in the literature 

when acetate was added? Several attempts to elucidate this question were undertaken, 

different SMA batch test, temperatures, different bacterial source (all from Chilean territory 

but different industries) and culture media, but all fail to answer it. Therefore what if the 

consortia used in this work has a different microbial population and composition relevance 

than others against which it was compared? Only molecular tools might be able to explain 

such different behaviour. DGGE will give a good answer, although it is more expensive and 

needs special instruments to be performed. On the other hand, FISH and TRFLP techniques 

are easy and relatively cheaper to perform, therefore both of these techniques were chosen 

since both tools allow us to compare different consortia, and therefore be useful in this case. 

Since methane production data were different than what was expected, according to 

literature, the samples used here were glucose, HAc and HFo to test for molecular diversity. 
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4.4.1 Fluorescence In Situ Hybridisation (FISH) of anaerobic consortium 

Oligonucleotides used in FISH were chosen from the literature and verified using informatic 

tools such as the Ribosomal Database Project (RDP). In the case of MS821 it was shown 

that it recognised 7082/8227 methanosarcina, which verified the specificity of the oligo used. 

In the case of MX825 had a hint of 4786/7843 for Methanosaeta, and that both ARC344 and 

EUB388 recognise all archaea ad bacteria respectively.3 

Problems encountered 

Several problems were encountered during the hybridisation process of the samples. Mainly 

they arose because the microscope slides used were not appropriate for this essay, since 

they were regular slides and did not have wells as proposed by Ohandja and Stuckey (2007), 

therefore some samples were washed out in the process. Also since MS821 and MX825 

were stained with the same fluorophore, because of cost issues, it was not possible to 

elucidate the spatial distribution of both archaeal families at the same time. Also, a diffuse 

fluorescence was noticed when using EUB388, that might be due to the presence of 

exopolymeric substances or old fragments of cells. Unfortunately, quantitative analysis was 

not possible due to a lack of informatics tools at the time, and because of blurry images.  

To avoid washout of cells from the slide, two protocols were tested. The first one followed 

Ohandja’s thesis (2004) consisting of applying direct dye to the sample on the microscope 

slide, and a second protocol where the sample was first filtered in a specific membrane 

incubated with lysozyme and later dye was applied to the membrane as suggested by 

Glockner et al. (1996).  

Several attempts were performed to get optimal images, but the camera resolution used at 

the beginning was not the most appropriate, so a second microscope from another facility 

was needed to be used (images comparison are shown in Appendix A), even better is the 

 

3 . It is worth to mention that those results correspond to May 2014, since the RDP is constantly updating their 
database and the numbers showed might change over time, but it is probably that the trend will not change. 
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camera at Imperial Chemical Engineering department compared to the one available at the 

University of Chile. 

4.4.2 Results 

Samples from the same bioreactor were analysed according to both methods of hybridization 

mentioned earlier and using the probes mentioned in Chapter 3.3.2. The batch reactor was 

running under acetate feed for six months to enhance methanosaeta content since SMA 

assays were failing on demonstrate high activity potential of the reactor. Both methods used 

showed good performance, but had clearest images without the use of a membrane. Another 

problem encountered and already mentioned, was the washout of the sample during the 

hybridisation protocol, to avoid it microscope slides must be well coated with gelatine and left 

to dry overnight when using regular slides without wells. 

According to the images, it can be noticed that there is an apparent low quantity of 

methanogens compared with the total microbial population, although the batch reactor was 

working well at that moment and had an SMA of 0.98 ml CH4VSS-1d-1 As illustrated in Figure 

4-13 and Figure 4-14 it can be noticed that bacteria (EUB388 red) tends to form filaments, 

that can not be seen if the stain was specific to archaea.  

 

Figure 4-13: (A): oligos EUB 388 and ARC344, for all bacteria and all archaea. (B) Showing only archaea 
population (green). Both zoom 63X. 

 

B A 
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Figure 4-14: (A) Images of the sample with no filter. (B) Showing all bacteria. Both with zoom 63X 

  

In all samples, spiral shapes were found (Figure 4-15 and Figure 4-16). It is hard to tell what 

these are; they could be fibres from the wastewater treatment process, but seem to be 

colonized by archaea and specifically methanosaeta. Again the filaments that can be seen in 

the microscope image (Figure 4-15) are not stained with the probes for archaea and 

methanosaeta used in this case. Also Figure 4-16 shows with arrows those archaea that 

probably are Methanosarcina, since are not noticed when only the methanosaeta probe is 

used, indicating that at least there is a small, but a visible population of them.  

 

Figure 4-15: (A) Showing archaea and Methanosaeta. (B)Microscopic image without application of filters 

 

A B 
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Figure 4-16:  (A) only Methanosaeta and (B) all archaea. Arrows shows probably Methanosarcina and circles 
Methanosaeta only.   

 

4.4.3 Terminal restriction fragment length polymorphism analysis of anaerobic consortia 

As well described in the Literature Review, TRFLP is a known molecular technique to 

compare two or more different microbial consortia. Is well documented as a technique used 

when analysing anaerobic communities is needed; it has also been used to study the “health” 

of an anaerobic reactor. Before T-RFLP analysis started, in silico studies are performed, to 

simulate probable results and choose the best primers and enzymes to use in the final 

analysis. Although Scully’s work (2005) states primers and conditions especially for the 

archaea community, the prior analysis in silico is recommended. Primers used in this study 

were: for Archaea primers 21F (5’-6FAM -TTCCGGTTGATCCYGCCGGA-3’) and reverse 

primer 958R (5’-YCCGGCGTTGAMTCCAATT-3’). Bacterial with forward primer fD1: 5’-NED-

AGAGTTTGATCCTGGCTCAG-3’ and reverse primer rP2: 5’-

ACGGCTACCTTGTTACGACTT-3’  

4.4.3.1 Results 

When analysis in silico of each primer used was done in BLAST and Virtual Digest (ISPaR, 

MICA3), the results (Appendix A: Molecular tools protocols) showed that the primers were 

unique for archaea and bacteria. Even when a double digest was tested using bacterial 

primer on archaea database, no hints for crossed missed products were shown.  
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According to Chaganti et al.  (2012) in their study of restriction enzymes, HhaI and HaeIII had 

the greatest correlation between virtual (in silico) and experimental fragments when TRFLP 

analysis was done to compare three different anaerobic microbial communities, followed by 

MspI and HinfI. On the other hand, when  Scully et al., (2005) studied failure on the anaerobic 

reactor with TRFLP, they used HhaI and AluI. An evaluation of all possible restriction 

enzymes was performed with bioinformatics tools available online, such as Microbial 

Community Analysis (MICA 3) from the University of Idaho 

(http://mica.ibest.uidaho.edu/enzyme.php). This tool allows predicting unique 5’ sequences 

depending on the enzyme and primer used. Higher unique sequences will predict a better 

characterization of the microbial community. The results showed that HhaI and MspI 

(available from lab stock) were good candidates to be used in TRFLP analysis, having 153 

and 155 unique forward fragments (5’).  

Samples from three different serum bottles feed with Hac only, Hac and HFo, and Glucose 

respectively were tested for microbial diversity. Since the behaviour of three batch reactors 

differed from what was expected according to the literature, TRFLP analysis was performed 

according to the protocol previously mentioned (Chapter 3.3.1). DNA extraction is a critical 

step in the process. It is difficult to extract microbial DNA from wastewater sludge since most 

of the microorganisms are attached to small particles such as sand. In this case, a DNA 

extraction kit was used in order to improve the DNA quantity extracted, although the quantity 

was obtained was small (around 15-20 µg mL-1), it was enough to perform PCR. To ensure 

good quality of DNA extracted, DNA was visualised in agarose gel electrophoresis (Figure 

4-17). After digestion, with restriction enzymes, the fragments were sent to an external lab to 

be analysed. Results showed that there are no important differences in all three batch 

reactors, in the archaea or bacteria community and that the bacteria community is too small 

to be detectable. Two chromatograms are shown, the rest are in Appendix D. The differences 

are mainly focused on the intensity of each fragment, which will give an idea on the 

concentration of each group of archaea or bacteria. In the case of archaea, there are two 

main identifiable fragments, 51 bp, and 60 bp. According to the in-silico simulations 

performed, both fragments would correspond to uncultured archaeon. Such a difference 

between predicted and experimental fragments have been noticed by other researchers, 

Chaganti et al. (2012) showed that virtual and experimental digested fragments are not 

http://mica.ibest.uidaho.edu/enzyme.php
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always in good correlation and to avoid this problem they do not consider fragments smaller 

than 50 bp.  

 

 

Figure 4-17: PCR amplification results 

 

 

Figure 4-18: TRFLP profile for archaea of batch reactor feed with HAc and HFo 

 

FISH and TRFLP are two methods commonly used in science to study microbial populations 

and composition of consortiums. However, it seems that it is not straight forward to utilise 

and is highly costly. 

In the case of this experiment, FISH does not show significant information regarding bacterial 

composition, rather than showing low presence of methanosarcina. This could be avoided by 

using different fluorescence probes; this also increases the cost of the experiment, although 

it is suggested to do it in future works. 
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TRFLP analysis of the bacterial community lacks relevant information, the main reason would 

be low bacterial count, and therefore low DNA content extracted to perform the digestions or 

low content of PCR fragments amplified. Another explanation would be DNA contamination 

since the source of the sludge is full of unknown compounds. Still TRFLP should be a 

powerful tool to study microbial communities, and specifically to compare two or more 

communities. This was the main idea of the experiment, to compare bacterial communities 

from Chile, different sources, and from the UK. 

The focus of next Chapter is to evaluate the possibility to regenerate Powdered Activated 

Carbon (PAC) which adsorption area has been saturated with pharmaceutical compounds 

(PHAs), using anaerobic bacteria from and anaerobic reactor treating municipal wastewater. 
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 CHAPTER CONCLUSIONS 

After a series of experiments to perform methanogenic activity tests, the optimal conditions 

were found to be different from those proposed in the literature, first and most important the 

biomedia has to be the one already in the mother batch reactor or at least it should be 

combined with fresh biomedia. Secondly, no centrifugation was needed. And third, pH plays 

an important role, even though a pH around 7 is the optimum, the biomass tested seems to 

have better performance in terms of methane production when pH is close to 7.5. Another 

consequence is that maybe acetate is not the best model to test methanogenic activity 

because methane production does not occur only from acetate but from hydrogen and carbon 

dioxide too, so if the entire process is the one to be evaluated a complex but simple 

biodegradable compound should be evaluated. This does not discredit the fact that 70% of 

methane comes from acetate, but it shows that not all microbial consortia have the “tools” to 

convert acetate into methane and most of all not of microbial consortia are made up from 

acetoclastic methanogens as the main percentage of the microbial population. 

SMA is a good approach to evaluate reactor conditions, however, because of so many 

variables, there is no standard protocol yet to be used. Fortunately, engineers and scientists 

are working on that, but there is something missing that not all engineers are able to see. In 

anaerobic reactors, most of the variables, physical and chemical, are possible to control, and 

then when SMA is performed those variables could stay fixed in the entire process. The 

biological variable of each reactor is different, and this is the most difficult variable to 

understand and even more difficult to control. The microbial population of each anaerobic 

digester will be different, because of the origin and nature of it, and will depend on 

temperature, pH, carbon source, probably toxins in the liquid, and others. All these different 

conditions will determine how the microbial population is defined, including what kind of 

methanogens are present and therefore what methanogenic pathway will be followed. Hence 

physical and chemical variables for standardised SMA will be difficult to find since they will 

be determined by the nature of the biological sludge used in the assay. 

In the next chapter it will be evaluated the possibility to use anaerobic digestion as a method 

to bioregenerate Powdered Activated Carbon (PAC) used to absorb PhACs 
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CHAPTER 5. BIOREGENERATION OF POWDERED ACTIVATED 

CARBON SATURATED WITH DIFFERENT COMPOUNDS 

 INTRODUCTION 

Activated carbon is regularly used to adsorb different substances, in the case of WWT, it is 

also used to improve effluent quality, together in the bioreactor to improve the results of the 

WWT or in MBR for fouling control, since it has been reported that it delays the fouling 

process.  

The AC becomes saturated and needs to be replaced, and because of its high-cost 

regeneration of its adsorption capacity, bioregeneration has become a new area of 

investigation to reduce costs. There are mainly two common regeneration processes used 

nowadays, thermal and chemical; both are expensive. But a new regeneration process has 

become interesting lately, namely bioregeneration. In other words, to use microorganisms 

already present in the biological process, that degrade compounds adsorbed onto the 

different pores of the AC, therefore restoring the AC adsorption capacity. 

The objective of these experiments was to study the biological regeneration of the activated 

carbon with a consortium of anaerobic microorganisms (AnMo). The bioregeneration was 

studied when AC was saturated with a specific compound, in this case, sodium diclofenac, a 

PhACs commonly found in WWTP effluent or nearby in aquatic environments. To study 

biodegradability it was needed to evaluate different compounds, usually, one that is easy to 

biodegrade, another that has been reported to be biodegradable by anaerobic microorganism 

and finally the PhAC under study. The compounds used were glucose, phenol, and diclofenac 

(DCF) respectively. Phenol was selected because it has been reported as a model compound 

to evaluate biodegradation, although some contradictions can be found in literature about the 

lag phase that could happen during anaerobic biodegradation of phenol. Battersby and 

Wilson (1989) studied the anaerobic biodegradation potential of several organic chemicals 

(concentration of 50 mg carbon per litter) at 35°C for 60 days and concluded that phenol was 

biodegradable but had a 6 days lag phase. This is significantly different from Colleran et al. 

(1992) study, where no degradation of phenol was obtained even after 50 days of assays.  
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 METHODS 

To accomplish the objectives of the project, batch-tests were carried out. Each experiment 

was done in triplicate following the procedure below: 

• PAC (saturated with specific substrate) + biomedia + Anaerobic Microorganism 

(AnMo). 

• And a blank serum bottle test containing only AnMo and media. 

All experiments were performed in 160 ml serum bottles at 30 0C and zeroed 5 minutes after 

the addition of the substrate. The methanogenic activity was detected by measuring the 

volume and composition of gas produced (as explained in Chapter 3.2.6.) over a time frame 

of 12 days.  

The experiment was conducted as follows: 

Adsorption isotherms were performed following the method explained in Chapter 3.5.3 

PAC saturation with single component: PAC is mixed with a suitable hydrophilic compound 

(Glucose, phenol or sodium diclofenac according to the experiment been evaluated) in 160ml 

conical flasks using a mechanical shaker in a 30°C room. The amount of PAC to be used and 

the time frame is determined by adsorption isotherms previously performed. The experiment 

was done in triplicate. The samples to analyse were then centrifuged at 12000 rpm for 2 

minutes and the supernatant filtered through a 0.45µm filter screen, prior to analyse 

compound concentration as described in Analytical Techniques (Chapter 3.2). 

Acclimation of methanogenic sludge to phenol. 

The process was done as in Hernandez and Edyvean’s  (2011) work. Where an initial phenol 

concentration previously determined by ATA was added to a batch bioreactor seeded with 

biomass from an anaerobic digester of a wastewater treatment plant in Santiago, Chile. After 

six days, the supernatant was eliminated prior a 24-hr. settling period and changed for a new 



CHAPTER 5: BIOREGENERATION OF PAC 

87 

 

one consisting of fresh biomedia and adding an increased amount of phenol. Increase of 50% 

phenol content per each cycle. 

 RESULTS AND DISCUSSION 

PAC bioregeneration with glucose.  

Glucose was intended to be used as a basic model when adsorption and bioregeneration 

were studied, mainly because this compound was known to be completely biodegradable 

and could be used as a model compound in bioregeneration, easy to obtain results and test 

the experiment design. Also because glucose was previously tested in another MSc thesis 

project, and had relatively good results (Iyer, 2010). Although after adsorption experiments 

and data analysis, it was found that glucose was not a stable adsorbable compound, when 

COD was determined at various times. It was found that especially during the first hours of 

the test, extremely variable values occurred (Figure 5-1), and no distinct trend was 

observable in the first hours. This could be attributable because glucose is a small molecule, 

very biodegradable, but according to Xiaojian, Zhansheng and Xiasheng (1991)  is also a 

“weakly carbon adsorbable” molecule, therefore not a useful compound model to study 

bioregeneration of PAC. Considering those results, if bioregeneration experiments were 

performed, it will be very difficult to identify if the biodegradation was on the PAC surface or 

in the bulk liquid. Therefore, glucose was discarded as a model compound to do an analysis 

of single compound biodegradation on PAC. Glucose concentration in all experiments was 

measured with the COD method.  

To apply an isotherm model, either Freundlich or Langmuir, equilibrium must be reached, 

and because the adsorption curves of glucose on PAC did not reach equilibrium no isotherm 

models were studied. 
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Figure 5-1: Adsorbance curve of glucose on PAC, with different concentrations of PAC 5, 10 and 15 g L-1 

 

5.3.1 Bioregeneration experiments with phenol. 

Adsorption isotherms of phenol were performed, followed by ATA experiments in order to 

decide the initial concentration of phenol to avoid toxic concentrations for the bioregeneration 

experiments.  

5.3.1.1 Phenol Adsorption curves onto PAC 

The same procedure as described in section 3.5.3 was performed, in this case with phenol 

as a single compound, although two different approaches were followed, one experiment with 

DI water and another with biomedia. A comparison between both results will be important to 

avoid misinterpretation of later results since in the bioregeneration test, biomedia is used and 

not DI water. 

Results (Figure 5-2) validate the hypothesis that adsorption behaviour will be different if 

biomedia or DI water was used. Other works showed adsorption isotherms under different 

conditions of bioregeneration. Although both adsorption curves showed similar behaviour, 

always when a higher PAC concentration was used, greater adsorption was observed. But 
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when only DI water was used, it was observed maximum adsorption percentages of  64, 93 

and 95% when 5, 10 and 15 g L-1 of PAC was used respectively. On the other hand, when 

biomedia media was used, the maximum adsorption percentages were slightly smaller at: 

53, 75 and 94% (Figure 5-2). This can be explained because biomedia contains more 

compounds and some of these could have also adsorbed onto PAC pores, reducing the PAC 

adsorption capacity. It has also been reported that the adsorption capacity of activated carbon 

decreased when is subjected to a multicomponent solution (Giusti, Conway and Lawson, 

1974). This  due to competition for adsorption sites and mutual solubility effects (Martin, Ciulla 

and Roberts, 1999). 

The aim of this experiment was to show that adsorption isotherms to evaluate bioregeneration 

of PAC will depend on the liquid media used. Therefore, following experiments of isotherm 

calculations, experiments should always be done with the same liquid media to evaluate 

bioregeneration, in order to have constant variables throughout the experiment.  

 

Figure 5-2: Comparison of phenol adsorption curves under different conditions 

 

Langmuir (Figure 5-4) and Freundlich's models (Figure 5-3) as mentioned in chapter 2.3.1.2 
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to equation when biomedia was used. Both models had a good correlation, 0.98 and 0.97 

respectively .  

 

Table 5-1: Langmuir and Freundlich isotherms constants for PAC and DCF 

Langmuir constants  Freundlich constants 

Q0 (mg g-1) b (1/mg) R2  Kf 1/n R2 

34.48 0.2 0.98  92.139 5.35 0.97 

 

A good correlation (R2) value means a good agreement between experimental and predicted 

data when using a mathematical model. In this case as presented in Table 5-1, both models 

have correlation values near 1 (optimum), however, the Langmuir isotherm model seems to 

be closer to experimental data. 

 

Figure 5-3: Freundlich isotherm of phenol adsorption onto PAC with biomedia 
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Figure 5-4: Langmuir Isotherm of phenol onto PAC with biomedia 
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Figure 5-5: ATA phenol 

5.3.2 Bioregeneration experiments with diclofenac sodium 

5.3.2.1 Diclofenac sodium calibration curve 

Diclofenac is usually detected by simple absorbance, but in these experiments the model 

compound was diluted in biomedia, which contains a number of different compounds that 

might interfere in absorbance, therefore HPLC was decided to be the most appropriate and 

reliable technique to measure DCF (Figure 5-6), in contrast to Barrath (2011), where only DI 

water was used and diclofenac concentration was measured with absorbance and a UV 

detector.  

 

Figure 5-6: DCF calibration curve with HPLC 
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5.3.2.2 Adsorption experiments with diclofenac sodium and PAC.  

Adsorption experiments showed that sodium diclofenac is adsorbed in the first hours of being 

in contact with PAC. Figure 5-7 shows the adsorption profile of sodium diclofenac during a 

three hour period, most sodium diclofenac (80%) is adsorbed the first 15 minutes, reaching 

equilibrium in less than three hours, except when 1 g L-1 of PAC was used where only 30% 

was adsorbed at that time, and at equilibrium reached 80% adsorption. 

 

Figure 5-7: Adsorption curves of Sodium diclofenac onto PAC  

 

5.3.2.3 Adsorption Isotherms of DCF on PAC 
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Figure 5-8: Freundlich Adsorption isotherm for DCF 

The data analysis (Figure 5-8) shows that the constants were Kf= 2.41, n = 0.8506 or 1/n 

1.1756 with a correlation coefficient of 0.9612. The 1/n value indicates the adsorption strength 

of the compound to the PAC. In this case, the value describes cooperative sorption, which 

involves strong interactions that might be difficult to disrupt easily, therefore desorption might 

not be reversible. 
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Figure 5-9: Langmuir adsorption isotherm for DCF in PAC 

 

Data analysis (Figure 5-9 and Table 5-2 ) shows that Langmuir constants are: Q0 equals to 

172.41 and b is 0.017, and the model showed a correlation coefficient of 0.9141. 

Table 5-2: Langmuir and Freundlich isotherms constants for PAC and DCF 

Langmuir constants  Freundlich constants 

Q0  

(mg g-1) 

b  

(1/mg) 

R2  Kf  1/n R2 

172.41 0.017 0.9141  2.41 1.1756 0.9612 

 

A good correlation coefficient (R2) value means a good agreement between experimental and 

predicted data when using a mathematical model. In this case as presented in Table 5-2, 

both models have correlation values near 1 (optimum), however, the Freundlich isotherm 

seems to be closer to the experimental data obtained in this experiment because of the 

correlation coefficient. 
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5.3.2.4 ATA assays with DCF 

Anaerobic toxicity is related to the effect of a certain substance on the microbial consortium; 

usually, this effect is considered adverse and therefore is named as toxic. The easiest way 

to examine the consequence on the consortia is by measuring the methane production 

content throughout time when the compound to be tested is added together with the main 

methane promoter compound as acetate and propionate, as well indicated in previous 

chapters (2.2.3 and 3.2.3).  

In this case, ATA assays for DCF were performed, as explained in Chapter 3.2.3, different 

concentrations of DCF were used with the same concentration of acetate, and the methane 

production was registered for 10 days (Figure 5-10: ATA assay for DCF , since a ceased of 

methane occurred from that period further on (Data not shown, but methane production was 

registered at day 15 also). 

 

Figure 5-10: ATA assay for DCF 

As indicated in Figure 5-10, the methane cumulative production is not affected negatively by 

DCF concentrations of 10 and 50 mg L-1, on the contrary, it seems to be that DCF increases 

methane production, on the other hand when DCF concentrations are higher than 50 mg L-1 

a negative effect can be seen, and therefore toxic effects on the anaerobic community might 
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happen, and at higher than 500mg L-1 a notorious inhibition of methane production occurs. 

Similar results were obtained by Barrath (2011), although he obtained a higher methane 

production rate, (about three times higher compared with this results). He concluded that 10 

mg L-1 of DCF was the only concentration not toxic for the consortia used, when comparing 

maximum rate ratio (MRR) of gas production among his results. In this case, 10 and 50 mg 

L-1 showed an MRR higher than 0.95, to be precise 1,93 and 1,45 respectively, showing that 

neither of these concentrations will inhibit the consortia tested. This is hard to explain with 

only this experiment, although some hypotheses can be proposed. First, that small quantities 

of diclofenac might enhance methane production because it could serve as energy source 

for methanogens, or the DCF has been degraded by the anaerobic consortia and therefore 

more acetate is produced increasing the methane production per se. 

In order to clarify whether acetate was degrading during methane production or it was DCF, 

acetate was measured throughout each of the ATA assays performed, data in figures (Figure 

5-11 to Figure 5-14) showed that acetate did not increase in concentration during 

experiments, therefore no DCF was transformed into acetate, suggesting that DCF 

participates in another form to increase methane production. For example, it may be providing 

the energy necessary to produce more methane.  

 

Figure 5-11: Methane production and HAc consumption during ATA 10 mg L-1 with DCF 
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Figure 5-12: Methane production and substrate consumption ATA DCF 50 mg L-1 

 

 

Figure 5-13: Methane production and substrate consumption ATA DCF 100 mg L-1 
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Figure 5-14: Methane production and substrate consumption ATA DCF 500 mg L-1 
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Figure 5-15: BMP results with 10 mg L-1 of DCF 
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therefore acting somehow as an energy supply for methanogens, but not as substrate 

producing methane per se. 

One problem in this experiment was the small activity showed by the consortium when 

acetate was added, i.e., the control flask to measure biodegradation of DCF. Although if it is 

considered that the consortium has a lag phase of at least 6 days as noticed in other 

experiments performed during this work, it is possible that the time frame of 12 days was not 

the best option. But at the time of this experiment this approach was considered appropriate, 

since no lag phase was expected to be when acetate was added. Also, the biomedia used 

was prepared new, and as seen in the previous chapters in the case of this inoculum some 

cofactors or metabolites needed to be present to avoid a long lag phase during experiments. 

Unfortunately, this information was not available when BMP experiments were performed for 

DCF. Now knowing those facts, it is not possible to assume that DCF was not degraded, but 

maybe in this particular case some other factors needed to be considered. When Barrath 

(2011) studied DCF biodegradability during a 30 days period, he concluded that no DCF was 

degraded since the DCF concentration did not change. Similar results were obtained in our 

experiments when methane production was evaluated, and no methane production was 

observed during the experiment. 

5.3.2.6 Bioregeneration of PAC in presence of DCF 

According to ATA experiments where the small concentration of DCF might enhance 

methane production and since BMP results showed no biodegradability of the compound, 

further experiments were planned, to study the behaviour of the consortium under DCF 

concentration, especially regarding PAC biodegradation, since other works (Barrath, 2011) 

showed better methane production when PAC was used. 

To study bioregeneration two different approaches were performed. The first was done by 

previously saturating PAC with DCF and then the saturated PAC was employed in BMP 

assays and a second one where DCF is added together with PAC into a standard BMP serum 

bottle, as a PACT process, where anaerobic biomass and nutrients are already present. 
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Figure 5-17: Methane production in PAC bioregeneration assays 

BM-PAC and PAC-SAT represents when DCF is added together with PAC and PAC is previously 
saturated with DCF, respectively. 

BMP assays showed no methane production at all, however when PAC is added together 

with DCF a slight improvement of gas production is noticed, although according to data this 

is still lower than expected according to Barrath (2011). In his work at least 4 mL of methane 

production in similar experiments was noticed, but it is necessary to indicate that the 

anaerobic biomass used in this experiment differs from the one used in his work, therefore it 

is difficult to compare results among different research works, as with the SMA results 

mentioned in previous chapters.  
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quantities and at a small rate to the liquid media, allowing the microorganism to degrade it 

and not become inhibited by its presence. This is similar to the way that PACT is believed to 

improve reactor capacity and reduce the toxins effect. However other theories suggests that 

biodegradability is performed by exoenzymes secreted by microorganisms, which diffuse into 

the PAC pores and react with the adsorbed compound in there (Aktas and Cecen, 2007; El 

Gamal et al., 2018).  
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5.3.2.7 Biodegradation percentage of DCF in PAC 

To determine the biodegradation percentage, the concentration of DCF must be measurable. 

Unfortunately, and as mentioned before, low concentrations of DCF were not possible to 

measure using the HPLC column available at the time. The column resolution does not allow 

small changes in concentrations below 15 mg L-1. Because a smaller concentration was used, 

HPLC does not give reliable results. Therefore, it would be inappropriate to argument these 

results and these experiments with a percentage of biodegradation.  

 CONCLUSION 

It is important to understand that adsorption and desorption studies appears to take place 

straight away, but in this case, it becomes difficult to interpret the results due to the existence 

of a dynamic and multi-component mixture. Several works have been published studying 

PAC, more complex models are used, in comparison with Langmuir and Freundlich 

isotherms, although there is an agreement among studies that those models will indicate a 

proper trend of the behaviour of adsorption/desorption curves. In most cases, adsorption 

isotherms are used for a certain point of the experiment, to describe the behaviour of a 

specific moment.  

After experiments performed in this chapter, it can be concluded that glucose was not an 

appropriate single compound to evaluate PAC bioregeneration since it is adsorbability 

showed unstable behaviour, because of its properties. Although it was thought at the 

beginning that it would have been a good compound to study since is highly biodegradable. 

On the other hand, phenol was also studied because it has been reported as highly 

biodegradable and highly adsorbable in PAC. The problem faced in this work was the small 

methane production when phenol was used, although ATA with 50 ppm of phenol showed 

better methane production, it was still at a level too low to generate accurate results. This 

could be attributable to the fact that the consortium used in all experiments, showed a small 

methanogenic activity and at least a 6-day lag phase, which was not expected and not studied 

at the time of experimentation. Assays for phenol adsorption isotherms were able to be 

performed, showing that the data followed a Langmuir model, with a correlation near to 0.98. 

Phenol was discharged as a model compound due to low methane production. 
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Diclofenac sodium was another compound studied, it showed that adsorption isotherms 

followed a Freundlich adsorption model, with a correlation coefficient of 0.96. When ATA 

assays were performed methane production increased, when 10 and 50 mg L-1 of DCF were 

used, MRR ratios were 1.93 and 1.45 respectively, indicating that those concentrations were 

not toxic for the biomass used in experiments. When BMP was tested, no significant amount 

of methane was detected for 12 days.  

The small and sometimes undetectable methane volumes could be attributable to the 

performance of the test. Now that it is known that this particular biomass used, had an initial 

lag phase of at least 6 days, and that it needed some co-factors or metabolites present in the 

biomedia, it is possible that the experiment itself needed more time to get measurable results. 

And since new biomedia was used in all the experiments of this chapter, maybe it was the 

procedure and not the low biodegradability of substances which led no clear results. 

Unfortunately, the only possibility to determine if it was the procedure or the compounds 

tested, the reason why methane failed to be produced, is to do all experiments under new 

conditions, and that will be suggested for further experiments. 

In the next chapter it will be studied how to evaluate the anaerobic consortium using 

mathematical modelling, specifically using Systems Biology and the genome of some 

microorganism, in order to understand deeper, the behaviour of the entire anaerobic reactor. 
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CHAPTER 6. FINAL CONCLUSIONS 

In Chapter 4 SMA results were studied under several varying conditions, including carbon 

source, biomass source, pH. All results showed that the biomass used in this study had a 

better performance in most of the cases when glucose was used instead of acetate, as 

opposed to what was expected by studying the literature. When glucose is added, the entire 

anaerobic community is studied, not just the methanogens involved in the process. Although 

most researchers agree with the fact that a good specific methanogenic activity will indicate 

that the entire community is able to perform in an effective way the degradation of compounds 

and gas production. According to the results indicated in this work, not all the anaerobic 

communities will react the same way. The anaerobic community studied here had a good 

methane content when was tested, around 60% or more of biogas produced was methane, 

which correlates well with the literature, and pH of the mother batch reactor kept constant 

and around 6.8. But when acetate was added less methane was produced and better 

performance was observed when glucose was added. This could mean several different 

things. For example, the microbial community could have been dominated by other 

methanogens other than Methanosarcina or Methanosaeta and needed more hydrogen and 

carbon dioxide in the media to produce methane. High hydrogen content was seen at the 

beginning of each test performed when glucose was used, as high as 20% of total biogas, 

and a sudden drop in its concentration and at the same time higher methane content was 

obtained. This could demonstrate the need of hydrogen to produce methane in this particular 

anaerobic consortium.  

In order to understand this particular anaerobic consortium,  molecular tools were used  to 

describe microbial composition in Chapter 4 showed the different attempts to study the 

bacterial structure, FISH showed that Methanosaeta and methanosarcina were present in 

the consortia but was not possible to correlate with the quantity of each one. When TRFLP 

analysis were done in order to compare experiments using different carbon sources to 

evaluated methane production and to see if the different results of those experiments were 

because of different microbial population in each, no significant differences were seen, and 

no specific archaea were found, neither species of Methanosarcina or Methanosaeta were 

found. 
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Specifically, when studying a microbial population with molecular tools, the most critical step 

is DNA extraction; this should be done with a DNA extraction kit exclusive for soil. Even in 

this work, this protocol was performed but no good results were obtained, even though 

experience from different groups working on environmental samples and studying them 

recommend this to improve results. Also, DGGE could be used to compare and identify 

archaea present in samples. This method also needs smaller quantities of DNA to have 

successful results, unfortunately at the time of this work no DGGE instrument was available, 

and only TRFLP was an option. 

Chapter 5 describes the work done in PAC bioregeneration. The results are not conclusive 

since low methane activity was perceived, but the scattered results showed a better sodium 

diclofenac biodegradation when PAC was present since DCF was degraded. Also, that a 

small concentration of DCF might help methane production when acetate was used, meaning 

that DCF might contribute somehow with the energy needed by methanogens to produce the 

gas. 

As future work, it is recommended to study two different anaerobic consortia: one with high 

SMA when acetate is used, and another with high SMA when VFA mix or complex 

compounds are used, in order to understand if there is a significant difference in methane 

production because of a significant difference in the microbial population composition. Also, 

this will suggest that when the entire process of anaerobic digestion needs to be evaluated, 

not just acetate should be the answer, but another compound to evaluate the performance of 

the community in terms of biogas production. Sometimes the main objective of an industrial 

process will be biodegradation of contaminants and at the same time good production of 

biogas, and if a wrong carbon source is used to evaluate such performance, a large bias 

could be obtained, affecting the decision making in the plant. 

Just a few mathematical models using systems biology have been developed to study entire 

communities of methanogenic bacteria, until 2016 only 3 microorganisms were investigated, 

it wasn´t until 2019 when 9 microorganisms were studied, but again the methanogens 

involved used a broad range of initial substrates. In this study the aim was to see how the 

entire community behaved when two methanogens were present, and they have different 

organic substrates to produce methane. The idea was to use Mathanococcus Maripaludis 
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which uses CO2, H2 and formate and Methanosaeta sp. Which only uses acetate as a carbon 

source to produce methane. The model described in Chapter 6 ended up with more 

metabolites than reactions, resulting in multiple alternatives. Meaning that more work in the 

development of the model is needed in order to have a single result to the conditions to be 

evaluate. This approach is novel since there is no mathematical model involving 

Methanosaeta sp. And the approach to have two methanogens using different carbon source 

has also not been evaluated. 

 

 

 



CHAPTER 8: BIBLIOGRAPHY 

108 

 

BIBLIOGRAPHY 

Ahn, Y. et al. (2000) ‘Monitoring of specific methanogenic activity of granular sludge by 

confocal laser scanning microscopy during start-up of thermophilic upflow anaerobic sludge 

blanket reactor’, Biotechnology Letters, 22(20), pp. 1591–1596. 

Aksu, Z., Tatli, A. I. and Tunc, O. (2008) ‘A comparative adsorption/biosorption study of Acid 

Blue 161: Effect of temperature on equilibrium and kinetic parameter’, Chemical Engineering 

Journal, 142(1), pp. 23–39. doi: DOI 10.1016/j.cej.2007.11.005. 

Aktas, O. and Cecen, F. (2001) ‘Addition of activated carbon to batch activated sludge 

reactors in the treatment of landfill leachate and domestic wastewater’, Journal of Chemical 

Technology and Biotechnology, 76(8), pp. 793–802. 

Aktas, O. and Cecen, F. (2006) ‘Effect of activation type on bioregeneration of various 

activated carbons loaded with phenol’, Journal of Chemical Technology and Biotechnology, 

81(7), pp. 1081–1092. doi: Doi 10.1002/Jctb.1472. 

Aktas, O. and Cecen, F. (2007) ‘Bioregeneration of activated carbon: A review’, International 

Biodeterioration & Biodegradation, 59(4), pp. 257–272. doi: DOI 10.1016/j.ibiod.2007.01.003. 

Aktas, O. and Cecen, F. (2009) ‘Cometabolic bioregeneration of activated carbons loaded 

with 2-chlorophenol’, Bioresource Technology, 100(20), pp. 4604–4610. doi: DOI 

10.1016/j.biortech.2009.04.053. 

Alvarez, J. A. et al. (2006) ‘Start-up alternatives and performance of an UASB pilot plant 

treating diluted municipal wastewater at low temperature’, Bioresource Technology, 97(14), 

pp. 1640–1649. doi: 10.1016/j.biortech.2005.07.033. 

Amann, R. and Fuchs, B. M. (2008) ‘Single-cell identification in microbial communities by 

improved fluorescence in situ hybridization techniques’, Nature Reviews Microbiology. 

Nature Publishing Group, pp. 339–348. doi: 10.1038/nrmicro1888. 

Anderson, K., Sallis, P. and Uyanik, S. (2003) Handbook of Water and Wastewater 

Microbiology, Handbook of Water and Wastewater Microbiology. Edited by D. Mara and N. 



CHAPTER 8: BIBLIOGRAPHY 

109 

 

Horan. Elsevier Inc. doi: 10.1016/B978-0-12-470100-7.X5000-6. 

APHA (1999) Standard Methods for the Examination of Water and Wastewater. Washington: 

American Public Health Association. 

Astals, S. et al. (2020) ‘Impact of storage conditions on the methanogenic activity of 

anaerobic digestion inocula’, Water (Switzerland). MDPI AG, 12(5), p. 1321. doi: 

10.3390/W12051321. 

Bailey, J. E. (1998) ‘Mathematical modeling and analysis in biochemical engineering: Past 

accomplishments and future opportunities’, Biotechnology Progress. AIChE, 14(1), pp. 8–20. 

doi: 10.1021/bp9701269. 

Barrath, N. (2011) Biological Regeneration of Powdered Activated Carbon (PAC) in a 

Submerged Anaerobic Membrane Bioreactor (SAMBR). Imperial College London. 

Batstone, D. . et al. (2002) ‘(PDF) Anaerobic digestion model No 1 (ADM1)’, Water Science 

and Technology, 45(10), pp. 65–73. Available at: 

https://www.researchgate.net/publication/11198259_Anaerobic_digestion_model_No_1_AD

M1 (Accessed: 15 February 2021). 

Battersby, N. S. and Wilson, V. (1989) ‘Survey of the Anaerobic Biodegradation Potential of 

Organic-Chemicals in Digesting Sludge’, Applied and Environmental Microbiology, 55(2), pp. 

433–439. 

Bitton, G. (2011) Wastewater Microbiology. Fourth. New Jersey: Wiley-Blackwell. 

Browne, P. D. and Cadillo-Quiroz, H. (2013) ‘Contribution of Transcriptomics to Systems-

Level Understanding of Methanogenic Archaea’, Archaea-an International Microbiological 

Journal. doi: Artn 586369Doi 10.1155/2013/586369. 

Bruce E. Rittmann, P. L. M. (2001) Environmental Biotechnology: Principles and Applications. 

Singapur: Mc Graw Hill. 

Calgon Carbon Corportion (2015) 2015 Annual Report. Available at: 

http://www.annualreports.com/HostedData/AnnualReportArchive/c/NYSE_CCC_2015.pdf 



CHAPTER 8: BIBLIOGRAPHY 

110 

 

(Accessed: 20 April 2020). 

Çeçen, F. and Aktaş, Ö. (2011) Activated Carbon for Water and Wastewater Treatment: 

Integration of Adsorption and Biological Treatment, Activated Carbon for Water and 

Wastewater Treatment: Integration of Adsorption and Biological Treatment. Wiley-VCH. doi: 

10.1002/9783527639441. 

Chaganti, S. R., Lalman, J. A. and Heath, D. D. (2012) ‘16S rRNA gene based analysis of 

the microbial diversity and hydrogen production in three mixed anaerobic cultures’, 

International Journal of Hydrogen Energy, 37(11), pp. 9002–9017. doi: DOI 

10.1016/j.ijhydene.2012.02.146. 

Chamy, R. (2013) ‘RE: Personal Communication about SMA protocols’. Valparaiso, Chile. 

Chernicharo, C. (2007) Volume 4: Anaerobic Reactor, Biological Wastewater Treatment 

Series. London: IWA Publishing. 

Chernicharo, C. A. L. (2006) ‘Post-treatment options for the anaerobic treatment of domestic 

wastewater’, Reviews in Environmental Science and Biotechnology. Springer, pp. 73–92. doi: 

10.1007/s11157-005-5683-5. 

Coelho, C. et al. (2006) ‘The influence of activated carbon surface properties on the 

adsorption of the herbicide molinate and the bio-regeneration of the adsorbent’, Journal of 

Hazardous Materials, 138(2), pp. 343–349. doi: DOI 10.1016/j.jhazmat.2006.05.062. 

Cole, J. R. et al. (2014) ‘Ribosomal Database Project: Data and tools for high throughput 

rRNA analysis’, Nucleic Acids Research, 42(D1). doi: 10.1093/nar/gkt1244. 

Colleran, E. et al. (1992) ‘Use of methanogenic activity tests to characterize anaerobic 

sludges, screen for anaerobic biodegradability and determine toxicity thresholds against 

individual anaerobic trophic’, Water Science and Technology. IWA Publishing, 25(7), pp. 31–

40. doi: 10.2166/wst.1992.0136. 

Colleran, E. and Pender, S. (2002) ‘Anaerobic Biodegradability, Methanogenic Activity and 

Toxicity Test Systems: Defining the Test Conditions’, in Nieman, J. L. and H. (ed.) Workshop 

on Harmonisation of Anaerobic Biodegradation, Activity and Inhibition Assays. Lago d’Orta, 



CHAPTER 8: BIBLIOGRAPHY 

111 

 

Italy. 

Conklin, A. S. et al. (2008) ‘Monitoring the role of aceticlasts in anaerobic digestion: Activity 

and capacity’, Water Research, 42(20), pp. 4895–4904. doi: DOI 

10.1016/j.watres.2008.09.024. 

Conklin, A., Stensel, H. D. and Ferguson, J. (2006) ‘Growth kinetics and competition between 

Methanosarcina and Methanosaeta in mesophilic anaerobic digestion’, Water Environment 

Research, 78(5), pp. 486–496. doi: Doi 10.2175/106143006x95393. 

deJonge, R. J., Breure, A. M. and vanAndel, J. G. (1996) ‘Bioregeneration of powdered 

activated carbon (PAC) loaded with aromatic compounds’, Water Research, 30(4), pp. 875–

882. 

DeWalle, F. B. and Chian, E. S. K. (1977) ‘Biological regeneration of powdered activated 

carbon added to activated sludge units’, Water Research, 11(5), pp. 439–446. doi: Doi: 

10.1016/0043-1354(77)90085-9. 

Ferrari, B. et al. (2003) ‘Ecotoxicological impact of pharmaceuticals found in treated 

wastewaters: Study of carbamazepine, clofibric acid, and diclofenac’, Ecotoxicology and 

Environmental Safety. Academic Press, 55(3), pp. 359–370. doi: 10.1016/S0147-

6513(02)00082-9. 

Ferro - Orozco, A. M., Contreras, E. M. and Zaritzky, N. E. (2010) ‘Dynamic response of 

combined activated sludge-powdered activated carbon batch systems’, Chemical 

Engineering Journal, 157(2–3), pp. 331–338. doi: DOI 10.1016/j.cej.2009.11.009. 

Field, J. A. (2002) ‘Limits of anaerobic biodegradation.’, Water science and technology : a 

journal of the International Association on Water Pollution Research. IWA Publishing, pp. 9–

18. doi: 10.2166/wst.2002.0276. 

Fotidis, I. A. et al. (2013) ‘Effect of ammonium and acetate on methanogenic pathway and 

methanogenic community composition’, Fems Microbiology Ecology, 83(1), pp. 38–48. doi: 

DOI 10.1111/j.1574-6941.2012.01456.x. 

Franco, A. et al. (2007) ‘Learning to Operate Anaerobic Bioreactors’, Communicating Current 



CHAPTER 8: BIBLIOGRAPHY 

112 

 

Research and Educational Topics and Trends in Applied Microbiology. Edited by A. (Ed. . 

Méndez-Vilas. Badajoz, Spain: Formatex, pp. 618–627. 

Fredonian Group (2014) World Activated Carbon Industry Study with Forecasts for 2018 & 

2023. Available at: www.freedoniagroup.com (Accessed: 19 April 2020). 

El Gamal, M. et al. (2018) ‘Bio-regeneration of activated carbon: A comprehensive review’, 

Separation and Purification Technology. Elsevier B.V., pp. 345–359. doi: 

10.1016/j.seppur.2018.01.015. 

Garcia-Morales, J. L. et al. (2001) ‘Comparison between acidogenic and methanogenic 

inhibition caused by linear alkylbenzene-sulfonate (LAS)’, Chemical and Biochemical 

Engineering Quarterly, 15(1), pp. 13–19. 

Gerardi, M. (2003) ‘The microbiology of anaerobic digesters’. Available at: 

https://books.google.cl/books?hl=es&lr=&id=kHRhlkmT0ggC&oi=fnd&pg=PR7&dq=gerardi+

2003+the+microbiology+of+anaerobic+digesters&ots=5O-

G3VQRR9&sig=D1EVo01157_FpMXlEEYv4I4Hgf4 (Accessed: 17 April 2020). 

Giusti, D. M., Conway, R. A. and Lawson, C. T. (1974) ‘Activated carbon adsorption of 

petrochemicals’, Journal of the Water Pollution Control Federation. Wiley, 46(5), pp. 947–

965. doi: 10.2307/25038736. 

Glöckner, F. O. et al. (1996) ‘An in situ hybridization protocol for detection and identification 

of planktonic bacteria’, Systematic and Applied Microbiology, 19(3), pp. 403–406. doi: 

10.1016/S0723-2020(96)80069-5. 

Goeddertz, J. G., Matsumoto, M. R. and Weber, A. S. (1988) ‘Offline Bioregeneration of 

Granular Activated Carbon’, Journal of Environmental Engineering-Asce, 114(5), pp. 1063–

1076. 

Gonzalez-Martinez, S., Gonzalez-Barcelo, O. and Flores-Torres, C. A. (2011) ‘Wastewater 

treatment in an anaerobic filter using small lava stones as filter media without temperature 

control’, Water Science and Technology, 63(6), pp. 1188–1195. doi: Doi 

10.2166/Wst.2011.357. 



CHAPTER 8: BIBLIOGRAPHY 

113 

 

Grobicki, A. and Stuckey, D. C. (1989) ‘The role of formate in the anaerobic baffled reactor’, 

Water Research. Pergamon, 23(12), pp. 1599–1602. doi: 10.1016/0043-1354(89)90126-7. 

Ha, S. R., Vinitnantharat, S. and Ozaki, H. (2000) ‘Bioregeneration by mixed microorganisms 

of granular activated carbon loaded with a mixture of phenols’, Biotechnology Letters, 22(13), 

pp. 1093–1096. 

Hamilton, J. J., Calixto Contreras, M. and Reed, J. L. (2015) ‘Thermodynamics and H2 

Transfer in a Methanogenic, Syntrophic Community’, PLOS Computational Biology. Edited 

by C. D. Maranas. Public Library of Science, 11(7), p. e1004364. doi: 

10.1371/journal.pcbi.1004364. 

Hartley, K. and Lant, P. (2006) ‘Eliminating non-renewable CO2 emissions from sewage 

treatment: An anaerobic migrating bed reactor pilot plant study’, Biotechnology and 

bioengineering, 95(3), pp. 384–398. doi: Doi 10.1002/Bit.20929. 

Hernandez, J. E. and Edyvean, R. G. J. (2011) ‘Comparison between a two-stage and single-

stage digesters when treating a synthetic wastewater contaminated with phenol’, Water Sa, 

37(1), pp. 27–32. 

Ho, J. H. and Sung, S. H. (2010) ‘Methanogenic activities in anaerobic membrane bioreactors 

(AnMBR) treating synthetic municipal wastewater’, Bioresource Technology, 101(7), pp. 

2191–2196. Available at: http://www.sciencedirect.com/science/journal/09608524. 

Hu, A. Y. and Stuckey, D. C. (2007) ‘Activated carbon addition to a submerged anaerobic 

membrane bioreactor: Effect on performance, transmembrane pressure, and flux’, Journal of 

Environmental Engineering-Asce, 133(1), pp. 73–80. doi: Doi 10.1061/(Asce)0733-

9372(2007)133:1(73). 

Hussain, A. and Dubey, S. K. (2017) ‘Specific methanogenic activity test for anaerobic 

degradation of influents’, Applied Water Science. Springer Science and Business Media LLC, 

7(2), pp. 535–542. doi: 10.1007/s13201-015-0305-z. 

Hutchinson, D. H. and Robinson, C. W. (1990) ‘A Microbial Regeneration Process for 

Antigranulocytes Activated Carbon .2. Regeneration Studies’, Water Research, 24(10), pp. 



CHAPTER 8: BIBLIOGRAPHY 

114 

 

1217–1223. 

Le Hyaric, R. et al. (2011) ‘Influence of substrate concentration and moisture content on the 

specific methanogenic activity of dry mesophilic municipal solid waste digestate spiked with 

propionate’, Bioresource Technology, 102(2), pp. 822–827. doi: 

10.1016/j.biortech.2010.08.124. 

Ip, A. W. M., Barford, J. P. and Mckay, G. (2010) ‘Biodegradation of Reactive Black 5 and 

bioregeneration in upflow fixed bed bioreactors packed with different adsorbents’, Journal of 

Chemical Technology and Biotechnology, 85(5), pp. 658–667. doi: Doi 10.1002/Jctb.2349. 

Isa, M. H., Farooqi, I. H. and Siddiqi, R. H. (1993) ‘Methanogenic Activity Test for Study of 

Anaerobic Processes’, Indian Journal of Environmental Health, 35(1), p. 8. 

Ito, T. et al. (2012) ‘Identification and quantification of key microbial trophic groups of 

methanogenic glucose degradation in an anaerobic digester sludge’, Bioresource 

Technology, 123, pp. 599–607. doi: DOI 10.1016/j.biortech.2012.07.108. 

Iyer, S. K. (2010) Biological regeneration of Powdered Activated Carbon (PAC) treating 

Effluent from Anarobic Membrane Bioreactors. Imperial College London. 

James, A., Chernicharo, C. A. L. and Campos, C. M. M. (1990) ‘The Development of a New 

Methodology for the Assessment of Specific Methanogenic Activity’, Water Research, 24(7), 

pp. 813–825. 

Jawed, M. and Tare, V. (1999) ‘Microbial composition assessment of anaerobic biomass 

through methanogenic activity tests’, Water Sa, 25(3), pp. 345–350. 

Jeris, J. S. and McCarty, P. L. (1965) ‘The Biochemistry of Methane Fermentation Using C14 

Tracers’, Water Pollution Control Federation. Wiley, 37(2), pp. 178–192. doi: 

10.2307/25035234. 

Jiskra, M. and Hollender, J. (2013) ‘Fate of the pharmaceutical diclofenac in the aquatic 

environment’, Biogeochemistry and Pollutant Dynamics, (2000), pp. 1–16. Available at: 

https://www.researchgate.net/publication/265159678 (Accessed: 20 April 2020). 



CHAPTER 8: BIBLIOGRAPHY 

115 

 

Kato, M. T. et al. (1994) ‘Feasibility of Expanded Granular Sludge Bed Reactors for the 

Anaerobic Treatment of Low-Strength Soluble Wastewaters’, Biotechnology and 

bioengineering, 44(4), pp. 469–479. doi: DOI 10.1002/bit.260440410. 

Kim, J. et al. (2011) ‘Anaerobic Fluidized Bed Membrane Bioreactor for Wastewater 

Treatment’, Environmental Science & Technology, 45(2), pp. 576–581. doi: Doi 

10.1021/Es1027103. 

Kim, J., Cai, Z. and Benjamin, M. M. (2008) ‘Effects of adsorbents on membrane fouling by 

natural organic matter’, Journal of Membrane Science, 310(1–2), pp. 356–364. doi: 

10.1016/j.memsci.2007.11.007. 

Klimenko, N. et al. (2002) ‘Role of the physico-chemical factors in the purification process of 

water from surface-active matter by biosorption.’, Water research, 36(20), pp. 5132–40. doi: 

10.1016/s0043-1354(02)00278-6. 

Klimenko, N. et al. (2003) ‘Bioregeneration of activated carbons by bacterial degraders after 

adsorption of surfactants from aqueous solutions’, Colloids and Surfaces a-Physicochemical 

and Engineering Aspects, 230(1–3), pp. 141–158. doi: DOI 10.1016/j.colsurfa.2003.09.021. 

Knappe, D. R. U. et al. (1998) ‘Predicting the capacity of powdered activated carbon for trace 

organic compounds in natural waters’, Environmental Science & Technology, 32(11), pp. 

1694–1698. 

Kumar, A., Prasad, B. and Mishra, I. M. (2010) ‘Isotherm and kinetics study for acrylic acid 

removal using powdered activated carbon’, Journal of Hazardous Materials, 176(1–3), pp. 

774–783. doi: DOI 10.1016/j.jhazmat.2009.11.102. 

Kumar, K. V. et al. (2004) Solid Liquid Adsorption for Wastewater Treatment: Principle Design 

and Operation. Available at: https://eco-web.com/edi/040201.html (Accessed: 20 April 2020). 

Lay, J. J., Miyahara, T. and Noike, T. (1996) ‘Methane release rate and methanogenic 

bacterial populations in lake sediments’, Water Research, 30(4), pp. 901–908. 

Lee, K. M. and Lim, P. E. (2005) ‘Bioregeneration of powdered activated carbon in the 

treatment of alkyl-substituted phenolic compounds in simultaneous adsorption and 



CHAPTER 8: BIBLIOGRAPHY 

116 

 

biodegradation processes’, Chemosphere, 58(4), pp. 407–416. doi: DOI 

10.1016/j.chemosphere.2004.09.027. 

Lee, S.-J., Choo, K.-H. and Lee, C.-H. (2000) ‘Conjunctive Use of Ultrafiltration with 

Powdered Activated Carbon Adsorption for Removal of Synthetic and Natural Organic 

Matter’, Journal of Industrial and Engineering Chemistry. Korean Society of Industrial and 

Engineering Chemistry / 한국공업화학회, 6(6), pp. 357–364. 

Leven, L. and Schnurer, A. (2010) ‘Molecular characterisation of two anaerobic phenol-

degrading enrichment cultures’, International Biodeterioration & Biodegradation, 64(6), pp. 

427–433. doi: DOI 10.1016/j.ibiod.2010.04.009. 

Liu, C. et al. (2010) ‘Estimation of dominant microbial population sizes in the anaerobic 

granular sludge of a full-scale UASB treating streptomycin wastewater by PCR-DGGE’, 

World Journal of Microbiology & Biotechnology, 26(2), pp. 375–379. doi: DOI 

10.1007/s11274-009-0175-3. 

de Lucena, R. M. et al. (2011) ‘Study of the microbial diversity in a full-scale UASB reactor 

treating domestic wastewater’, World Journal of Microbiology & Biotechnology, 27(12), pp. 

2893–2902. doi: DOI 10.1007/s11274-011-0771-x. 

Martin, D. D., Ciulla, R. A. and Roberts, M. F. (1999) ‘Osmoadaptation in archaea’, Applied 

and Environmental Microbiology. American Society for Microbiology, pp. 1815–1825. doi: 

10.1128/aem.65.5.1815-1825.1999. 

Martin, R. J. and Al-Bahrani, K. S. (1977) ‘Adsorption studies using gas-liquid 

chromatography-II. Competitive adsorption’, Water Research. Pergamon, 11(11), pp. 991–

999. doi: 10.1016/0043-1354(77)90157-9. 

McCarty, P. L. and Smith, D. P. (1986) ‘Anaerobic wastewater treatment’, Environmental 

Science & Technology. American Chemical Society, 20(12), pp. 1200–1206. doi: 

10.1021/es00154a002. 

McHugh, S. et al. (2004a) ‘Reactor performance and microbial community dynamics during 

anaerobic biological treatment of wastewaters at 16-37 degrees C’, Fems Microbiology 



CHAPTER 8: BIBLIOGRAPHY 

117 

 

Ecology, 48(3), pp. 369–378. doi: DOI 10.1016/j.femsec.2004.02.012. 

McHugh, S. et al. (2004b) ‘Reactor performance and microbial community dynamics during 

anaerobic biological treatment of wastewaters at 16-37 degrees C’, Fems Microbiology 

Ecology, 48(3), pp. 369–378. doi: DOI 10.1016/j.femsec.2004.02.012. 

Md Huzir, N. et al. (2019) ‘Effect of Specific Methanogenic Activity (SMA) of Anaerobic Sludge 

under High Salinity’, Journal of Advanced Research in Applied Sciences and Engineering 

Technology Journal homepage, 16, pp. 35–40. Available at: 

www.akademiabaru.com/araset.html (Accessed: 6 September 2020). 

Merkel, W. et al. (1999) ‘Population dynamics in anaerobic wastewater reactors: Modelling 

and in situ characterization’, Water Research. Elsevier Science Ltd, 33(10), pp. 2392–2402. 

doi: 10.1016/S0043-1354(98)00454-0. 

Munz, G. et al. (2007) ‘Powdered activated carbon and membrane bioreactors (MBR-PAC) 

for tannery wastewater treatment: long term effect on biological and filtration process 

performances’, Desalination, 207(1–3), pp. 349–360. doi: DOI 10.1016/j.desal.2006.08.010. 

Ng, S. L., Seng, C. E. and Lim, P. E. (2010) ‘Bioregeneration of activated carbon and 

activated rice husk loaded with phenolic compounds: Kinetic modeling’, Chemosphere. 

2009/12/29, 78(5), pp. 510–516. doi: S0045-6535(09)01398-8 

[pii]10.1016/j.chemosphere.2009.11.041. 

Nikolausz, M. et al. (2013) ‘Evaluation of stable isotope fingerprinting techniques for the 

assessment of the predominant methanogenic pathways in anaerobic digesters’, Applied 

Microbiology and Biotechnology, 97(5), pp. 2251–2262. doi: DOI 10.1007/s00253-012-4657-

0. 

Ohandja, D.-G. (2004) Biodegradation of Perchloroethylene (PCE) in a Membrane Aerated 

Biofilm Reactor (MABR). Imperial College London. 

Ohandja, D.-G. and Stuckey, D. C. (2007) ‘Biodegradation of PCE in a Hybrid Membrane 

Aerated Biofilm Reactor’, Journal of Environmental Engineering. American Society of Civil 

Engineers, 133(1), pp. 20–27. doi: 10.1061/(ASCE)0733-9372(2007)133:1(20). 



CHAPTER 8: BIBLIOGRAPHY 

118 

 

Owen, W. F. et al. (1979) ‘Bioassay for monitoring biochemical methane potential and 

anaerobic toxicity’, Water Research, 13(6), pp. 485–492. doi: Doi: 10.1016/0043-

1354(79)90043-5. 

Pagés Díaz, J. et al. (2011) ‘Co-digestion of different waste mixtures from agro-industrial 

activities: Kinetic evaluation and synergetic effects’, Bioresource Technology. Elsevier, 

102(23), pp. 10834–10840. doi: 10.1016/j.biortech.2011.09.031. 

Park, H., Choo, K. H. and Lee, C. H. (1999) ‘Flux enhancement with powdered activated 

carbon addition in the membrane anaerobic bioreactor’, Separation Science and Technology, 

34(14), pp. 2781–2792. 

Perrotti, A. E. and Rodman, C. A. (1974) ‘Factors involved with biological regeneration of 

activated carbon’, Am. Inst. Chem. Eng. Symp. Ser., 70, pp. 316–325. 

Plumb, J. J., Bell, J. and Stuckey, D. C. (2001) ‘Microbial populations associated with 

treatment of an industrial dye effluent in an anaerobic baffled reactor’, Applied and 

Environmental Microbiology, 67(7), pp. 3226–3235. 

Pretorius, W. A. (1972) ‘The effect of formate on the growth of acetate utilizing methanogenic 

bacteria’, Water Research. Pergamon, 6(10), pp. 1213–1217. doi: 10.1016/0043-

1354(72)90021-8. 

Qiu, Y.-Q. (2013) KEGG: Kyoto Encyclopedia of Genes and Genomes. Available at: 

https://www.genome.jp/kegg/ (Accessed: 17 April 2020). 

Ranjard, L., Poly, F. and Nazaret, S. (2000) ‘Monitoring complex bacterial communities using 

culture-independent molecular techniques: application to soil environment’, Research in 

Microbiology, 151(3), pp. 167–177. doi: Doi 10.1016/S0923-2508(00)00136-4. 

Raskin, L., Stromley, J. M., et al. (1994) ‘Group-specific 16S rRNA hybridization probes to 

describe natural communities of methanogens’, Applied and Environmental Microbiology. 

American Society for Microbiology, 60(4), pp. 1232–1240. doi: 10.1128/aem.60.4.1232-

1240.1994. 

Raskin, L., Poulsen, L. K., et al. (1994) ‘Quantification of methanogenic groups in anaerobic 



CHAPTER 8: BIBLIOGRAPHY 

119 

 

biological reactors by oligonucleotide probe hybridization’, Applied and Environmental 

Microbiology. American Society for Microbiology, 60(4), pp. 1241–1248. doi: 

10.1128/aem.60.4.1241-1248.1994. 

Rastogi, G. and Sani, R. K. (2011) ‘Molecular techniques to assess microbial community 

structure, function, and dynamics in the environment’, in Microbes and Microbial Technology: 

Agricultural and Environmental Applications. Springer New York, pp. 29–57. doi: 

10.1007/978-1-4419-7931-5_2. 

Reimer, L. C. et al. (2019) ‘BacDive in 2019: Bacterial phenotypic data for High-throughput 

biodiversity analysis’, Nucleic Acids Research, 47(D1), pp. D631–D636. doi: 

10.1093/nar/gky879. 

Rocheleau, S. et al. (1999) ‘Differentiation of Methanosaeta concilii and Methanosarcina 

barkeri in anaerobic mesophilic granular sludge by fluorescent in situ hybridization and 

confocal scanning laser microscopy’, Applied and Environmental Microbiology, 65(5), pp. 

2222–2229. 

Ryan, P. et al. (2010) ‘Enrichment of acetogenic bacteria in high rate anaerobic reactors 

under mesophilic and thermophilic conditions’, Water Research, 44(14), pp. 4261–4269. doi: 

DOI 10.1016/j.watres.2010.05.033. 

Sanz, J. L. and Kochling, T. (2007) ‘Molecular biology techniques used in wastewater 

treatment: An overview’, Process Biochemistry, 42(2), pp. 119–133. doi: DOI 

10.1016/j.procbio.2006.10.003. 

Scully, C., Collins, G. and O’Flaherty, V. (2005) ‘Assessment of anaerobic wastewater 

treatment failure using terminal restriction fragment length polymorphism analysis’, Journal 

of Applied Microbiology, 99(6), pp. 1463–1471. doi: DOI 10.1111/j.1365-2672.2005.02743.x. 

Seo, G. T. et al. (2004) ‘Domestic wastewater reclamation by submerged membrane 

bioreactor with high concentration powdered activated carbon for stream restoration’, Water 

Science and Technology, 50(2), pp. 173–178. 

Shyu, C. et al. (2007) ‘MiCA: A web-based tool for the analysis of microbial communities 



CHAPTER 8: BIBLIOGRAPHY 

120 

 

based on terminal-restriction fragment length polymorphisms of 16S and 18S rRNA genes’, 

Microbial Ecology. Springer, 53(4), pp. 562–570. doi: 10.1007/s00248-006-9106-0. 

El Sikaily, A. et al. (2006) ‘Removal of Methylene Blue from aqueous solution by marine green 

alga Ulva lactuca’, Chemistry and Ecology.  Taylor & Francis , 22(2), pp. 149–157. doi: 

10.1080/02757540600579607. 

Soto, M., Mendez, R. and Lema, J. M. (1993) ‘Methanogenic and Non-Methanogenic Activity 

Tests - Theoretical Basis and Experimental Set-Up’, Water Research, 27(8), pp. 1361–1376. 

Souto, T. F. et al. (2010) ‘Influence of incubation conditions on the specific methanogenic 

activity test’, Biodegradation, 21(3), pp. 411–424. doi: 10.1007/s10532-009-9311-x. 

Stenzel, M. H. (1993) ‘Remove organics by activated carbon adsorption’, Chemical 

Engineering Progress, 89(4), pp. 36–43. Available at: https://www.osti.gov/biblio/6776480 

(Accessed: 19 April 2020). 

Strez, Blaz (2007) 'The first decade of terminal restriction fragment length polymorphism (T-

RFLP) in microbial ecology' Acta agriculturae Slovenica (Slovenia), 88(2), pp. 65-73 

Sublette, K. L., Snider, E. H. and Sylvester, N. D. (1982) ‘A review of the mechanism of 

powdered activated carbon enhancement of activated sludge treatment ’, Water Research, 

16, p. 7. 

Tale, V. P. et al. (2011) ‘Methanogen community structure-activity relationship and 

bioaugmentation of overloaded anaerobic digesters’, Water Research, 45(16), pp. 5249–

5256. doi: DOI 10.1016/j.watres.2011.07.035. 

Thauer, R. K. (1998) ‘Biochemistry of methanogenesis: a tribute to Marjory Stephenson’, 

Microbiology-Uk, 144, pp. 2377–2406. 

Urmeneta, C. (2005) Dinamica de la Diversidad biologica en el tratamiento de aguas servidas 

mediante lodos activos. Universidad de Chile. 

Valderrama, C. et al. (2007) ‘Kinetics of sorption of polyaromatic hydrocarbons onto granular 

activated carbon and Macronet hyper-cross-linked polymers (MN200)’, Journal of Colloid and 



CHAPTER 8: BIBLIOGRAPHY 

121 

 

Interface Science, 310(1), pp. 35–46. doi: DOI 10.1016/j.jcis.2007.01.039. 

Vinitnantharat, S. et al. (2001) ‘Quantitative bioregeneration of granular activated carbon 

loaded with phenol and 2,4-dichlorophenol’, Environmental Technology, 22(3), pp. 339–344. 

Vlasov, А. and Vergun, А. (2007) ‘Application of sorption and membrane methods in the 

process of water purification from diclofenac’, Bulletin of the Tomsk Polytechnic University, 

310(1), pp. 124–126. Available at: http://www.norittac.com/ (Accessed: 20 April 2020). 

Vyrides, I., Conteras, P. A. and Stuckey, D. C. (2010) ‘Post-treatment of a submerged 

anaerobic membrane bioreactor (SAMBR) saline effluent using powdered activated carbon 

(PAC)’, Journal of Hazardous Materials, 177(1–3), pp. 836–841. doi: 

10.1016/j.jhazmat.2009.12.109. 

Wagner, A. O. et al. (2011) ‘Effects of various fatty acid amendments on a microbial digester 

community in batch culture’, Waste Management. Pergamon, 31(3), pp. 431–437. doi: 

10.1016/j.wasman.2010.10.020. 

Wagner, A. O., Gstrauntaler, G. and Illmer, P. (2010) ‘Utilisation of single added fatty acids 

by consortia of digester sludge in batch culture’, Waste Management. Pergamon, 30(10), pp. 

1822–1827. doi: 10.1016/j.wasman.2010.05.013. 

Wang, C. and Li, Y. (2007) ‘Incorporation of granular activated carbon in an immobilized 

membrane bioreactor for the biodegradation of phenol by Pseudomonas putida’, 

Biotechnology Letters, 29(9), pp. 1353–1356. doi: DOI 10.1007/s10529-007-9405-7. 

Weber, H. et al. (1984) ‘Microbial acetate conversion to methane: kinetics, yields and 

pathways in a two-step digestion process’, Applied Microbiology and Biotechnology. 

Springer-Verlag, 19(4), pp. 224–228. doi: 10.1007/BF00251840. 

Whang, G. D. et al. (2004) ‘The removal of residual organic matter from biologically treated 

swine wastewater using membrane bioreactor process with powdered activated carbon’, 

Water Science and Technology, 49(5–6), pp. 451–457. 

Wood, J. et al. (1998) ‘Estimation of the relative abundance of different Bacteroides and 

Prevotella ribotypes in gut samples by restriction enzyme profiling of PCR-amplified 16S 



CHAPTER 8: BIBLIOGRAPHY 

122 

 

rRNA gene sequences.’, Applied and environmental microbiology. American Society for 

Microbiology, 64(10), pp. 3683–9. Available at: 

http://www.ncbi.nlm.nih.gov/pubmed/9758785 (Accessed: 20 April 2020). 

Xiaojian, Z., Zhansheng, W. and Xiasheng, G. (1991) ‘Simple Combination Of Biodegradation 

And Carbon Adsorption The Mechanism Of The Biological Activated Carbon Process’, Water 

Research, 25(2), pp. 165–172. 

Xu, T. and Liu, X. (2008) ‘Peanut Shell Activated Carbon: Characterization, Surface 

Modification and Adsorption of Pb2+ from Aqueous Solution’, Chinese Journal of Chemical 

Engineering. Elsevier, 16(3), pp. 401–406. doi: 10.1016/S1004-9541(08)60096-8. 

Yamanaka, H. et al. (2008) ‘Efficient microbial degradation of bisphenol a in the presence of 

activated carbon’, Journal of Bioscience and Bioengineering, 105(2), pp. 157–160. doi: Doi 

10.1263/Jbb.105.157. 

Ying, G. G., Kookana, R. S. and Kolpin, D. W. (2009) ‘Occurrence and removal of 

pharmaceutically active compounds in sewage treatment plants with different technologies’, 

Journal of Environmental Monitoring. The Royal Society of Chemistry, 11(8), pp. 1498–1505. 

doi: 10.1039/b904548a. 

Van der Zee, F. P. et al. (2003) ‘Activated carbon as an electron acceptor and redox mediator 

during the anaerobic biotransformation of azo dyes’, Environmental Science & Technology, 

37(2), pp. 402–408. doi: 10.1021/es025885o. 

Zhang, Y., Geißen, S. U. and Gal, C. (2008) ‘Carbamazepine and diclofenac: Removal in 

wastewater treatment plants and occurrence in water bodies’, Chemosphere, pp. 1151–1161. 

doi: 10.1016/j.chemosphere.2008.07.086. 

Zheng, D. and Raskin, L. (2000) ‘Quantification of Methanosaeta species in anaerobic 

bioreactors using genus- and species-specific hybridization probes’, Microbial Ecology, 

39(3), pp. 246–262. 

 

 



APPENDIX A 

123 

 

APPENDIX A: MOLECULAR TOOLS PROTOCOLS 

PROTOCOL USED IN FISH EXPERIMENTS 

SOLUTIONS USED FOR FISH  (Ohandja, 2004) 

PBS: to prepare 500 mL of PBS buffer add the following chemicals. 

 
Table 10-1: PBS Buffer 

 3X (g) 1X (g) 

Na2HPO4  1.56 0.520 

NaH2PO4  0.497 0.166 

NaCl  1.131 0.377 

 

Hybridisation Buffer 

Table 10-2: Hybridisation Buffer 

Formamide concentration 

(%) 

 10%FA 20%FA 30%FA 40%FA 

4.5 M NaCl  mL  0.2 0.2 0.2 0.2 

0.2 M Tris-HCl  mL  0.1 0.1 0.1 0.1 

10% SDS  μL  10 10 10 10 

Deionised Formamide (FA)  mL  0.1 0.2 0.3 0.4 

MilliQ Water  mL  0.6 0.5 0.4 0.3 

Total Volume  mL  1 1 1 1 
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Wash Buffer: Note: The stringency in the washing buffer is achieved by adjusting the NaCl 

concentration. This avoids the use of excess amounts of formamide. 

Table 10-3: Wash Buffer  

Formamide concentration 

(%) 

 10% FA 20% FA 30% FA 40% FA 

4.5M NaCl  mL  2 1 0.5 0.25 

0.5M EDTA  μL  - 200 200 200 

200mM Tris-HCl  mL  2 2 2 2 

10% SDS  μL  200 200 200 200 

MilliQ Water up to  mL  20 20 20 20 

 

Gelatine Solution: 0.1 % gelatine and 0.01% CrK(SO4)2 w/w 

DAPI solution 

Table 10-4: DAPI solution composition 

1M Tris pH 7.2 10 mL 

5M NaCl 18 mL 

25 mgDAPI/mL 25 µL 

H2O 72 mL 

Fixation paraformaldehyde  

Heat 65 mL of deionised water to 60C. Add 4g of paraformaldehyde; stir it rapidly and add a 

couple of drops of NaOH until the solution has clarified (1-2 min). Remove from the heat 

source and add 33 mL of 3x PBS. Adjust the pH to 7.2. Filter the solution while it is still warm 

and cool it to 4C. 
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FISH protocols (Amann and Fuchs, 2008) 

Source Silva Ribosomal Database Project. Fish Protocols 

Hybridisation of cultures organism on glass slides, similar as in Ohandja (2004) 

Fixed cells are transferred onto gelatine-coated slides and incubated in a moisture chamber 

with a buffer containing an oligonucleotide probe. After a short washing, the cells are 

embedded in antifading reagent for microscopic visualization. 

1. Heat a 0.01% CrK(SO4)2 (prevents fouling of gelatine) / 0.1% gelatine solution to 

65°C; dip precleaned multi-well slides in this solution; let air-dry.  

2. Spot 2-20 µL of fixed cell suspension (depending on cell density) in the wells of the 

gelatine-coated slide; let air-dry, then dehydrate for 3 minutes each in 50, 80 and 

100% ethanol. 

3. For the hybridization mixtures add 1 volume of probe working solution (50 ng DNA 

µL-1) to 9 volume of hybridization buffer in a 0.5-ml microfuge tube; keep probe 

solutions 

4. dark and on ice. 

5. Prepare hybridization vessels from 50 ml polyethylene tubes: insert a piece of blotting 

paper into a polyethylene tube and soak it with the remaining hybridization buffer; use 

separate tubes for each concentration of formamide.  

6. Add 10 µL of hybridization mix to the samples in each well and place the slide into the 

polyethylene tube (in a horizontal position). 

7. Incubate at 46°C for at least 90 min (maximum: 3 hours). 

8. Prepare 50 ml of washing buffer (see table 2) in a polyethylene tube and preheat in a 

48°C water bath. 

9. Quickly rinse the slide carefully with a bit of washing buffer, transfer slide into 

preheated washing buffer and incubate for 25 min at 48°C (water bath); 

10. Rinse slide with distilled H2O, let air-dry. 

11. For counterstaining cover each well with 10 8l of a 1 8g ml-1 DAPI solution and 

incubate for 3 minutes; rinse the slide with distilled H2O let air-dry. 

12. Samples are mounted in a 4:1 mix of Citifluor and Vecta Shield; Vecta Shield contains 

a superior antibleaching reagent, but quenches DAPI fluorescence; the wells have to 
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be completely dry before embedding, otherwise, a fraction of cells will detach during 

inspection. 

13. Double stained and air-dried preparations, as well as mounted slides, can be stored 

in the dark at -20°C for several days without substantial loss of probe fluorescence. 

14. Probe-conferred fluorescence fades much more rapidly than DAPI fluorescence in 

the microscopic image, and UV excitation will also bleach the probe signal; for 

counting, it is, therefore, safer to first quantify probe-stained cells and subsequently 

all cells from the same field of vision in UV excitation 

 

A. Hybridization of fixed cells on membrane filters  (Glöckner et al., 1996) 

1. Cut sections from membrane filters with a razor blade and label filter sections with a 

pencil, e.g., by numbering them. 

2. Put filter sections on glass slides (cells facing up!), several filter sections can be 

placed on one slide and for simultaneous hybridization with the same probe. 

3. Prepare 2 ml of hybridization buffer in a microfuge tube (360 µL 5 M NaCl, 40 µL 1M 

Tris/HCl, formamide % depending on the probe, add water to 2 ml, add 2 µL SDS 

(10%)). 

4. Remove an aliquot of 20 µL per filter piece into a separate cap and add 2 8l probe 

working solution (concentration: 50 ng DNA µL-1) per filter piece. 

5. Prepare moisture chamber by putting a piece of blotting paper into a 50 ml 

polyethylene tube and soaking it with the remaining hybridization buffer without probe 

(see above). Carefully cover the filter section with the hybridization mix and place the 

slide with filter sections into the polyethylene tube (in a horizontal position). 

6. Incubate at 46°C for at least 90 min (maximum: 3 hours). 

7. Meanwhile prepare 50 ml of washing buffer in a polyethylene tube (X ml 5M NaCl, 

depending on formamide concentration in the hybridization buffer (see table A in 

Appendix), 1 ml 1 M Tris/ HCl, 5008l 0.5M EDTA (if formamide concentration of the 

hybridization buffer was G20%), add to 50 ml with water, 50 µL 10% SDS). 

8. Quickly transfer filter sections into preheated washing buffer and incubate for 15 min 

at 48°C (water bath). 
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9. Pour washing buffer with filter sections into a petri dish. Pick filter sections and rinse 

them by placing them into a petri dish with distilled H2O for several seconds, then let 

them air-dry on blotting paper. 

10. For counterstaining put filter sections on a glass plate, cover with approximate 50 µL 

of DAPI solution (1 µg ml-1), and incubate for 3 min. Afterward, wash filter sections 

subsequently for 1 min. in distilled H2O and for 1 min. in 80% ethanol to remove 

unspecific staining. Let air-dry. 

11. Samples are mounted in a 4:1 mix of Citifluor and Vecta Shield. The filter sections 

have to be completely dry before embedding, otherwise part of the cells might detach 

during the inspection. 

12. Double stained and air-dried preparations, as well as filters mounted on slides, can 

be stored in the dark at -20°C for several days without substantial loss of probe 

fluorescence 

 

 

Oligonucleotides probes to do FISH were analysed with Probe Match Test (RDP) in order to 

establish the correct correlation with a specific group of microorganisms. The results are 

shown in the Figure 10-1 to Figure 10-5: Restriction enzyme in silico analysis were studied 

to match the desired group of microorganism in Ribosomal Data Base Project (Cole et al., 

2014), the results were: 
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 Figure 10-1: Probe Match Result RDP EUB 388 5’-GCTGCCTCCCGTAGGAGT-3’ 
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Figure 10-2: Probe Match RDP for ARC344 5’ TCGCGCCTGCTGCDCCCCGT-3’ 
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Zoom in of the Methanosarcinaceae 
family showing specificity of the probe 
for Methanosarcina and nothing else 

 

 

 

 

 

Figure 10-3: Probe Match for MS821 only methanosarcina 
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Figure 10-4: Probe Match Result RDP for MX825 5’-
TCGCACCGTGGCCGACACCTAGC-3’ 

 

  

Zoom in of the Methanomicrobiota 
class showing specificity of the probe 
for Methanosaeta and nothing else 
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Figure 10-5: Restriction enzyme in silico analysis 
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APPENDIX B: TRFLP PROTOCOL 

PROTOCOL TO STUDY ANAEROBIC MICROBIAL COMMUNITY 

WITH TERMINAL-RESTRICTION FRAGMENT LENGTH 

POLYMORPHISM (T-RFLP) 

 

STANDARD DNA EXTRACTION PROTOCOL 

15 mL samples were taken from the serum bottles or mother batch reactor and collected in 

falcon tubes. Tubes were centrifuged at 1000 RPM: Separating supernatant and pellet in two 

different falcon tubes. Samples collected were centrifuged for 10 min at 10000RPM and the 

supernatant was discarded. 4 mL of PBS was added to wash out impurities that might affect 

later DNA extraction and centrifuged for 10 minutes at 10000RPM. The supernatant was 

discharged. The same step was repeated three times. Hereafter manufacturer protocol was 

followed.  

Extraction Protocol for DNA kit UltraClean Microbial DNA Isolation 

According to the manufacturer, the following procedure must be followed. Gloves must be 

used at all times.  

1. Add 1.8 ml of microbial (bacteria, yeast) culture to a 2 ml Collection Tube (provided) and 

centrifuge at 10,000 x g for 30 seconds at room temperature. Decant the supernatant and 

spin the tubes at 10,000 x g for 30 seconds at room temperature and completely remove the 

media supernatant with a pipette tip. NOTE: Based on the type of microbial culture, it may be 

necessary to centrifuge longer than 30 seconds. 

2. Resuspend the cell pellet in 300 µL of MicroBead Solution and gently vortex to mix. 

Transfer resuspended cells to MicroBead Tube. 

3. Check Solution MD1. If Solution MD1 is precipitated, heat the solution at 60°C until the 

precipitate has dissolved. Add 50 µL of Solution MD1 to the MicroBead Tube. 

4. Optional: To increase yields, to minimize DNA shearing, or for difficult cells, see 

Alternative lysis methods in the “Hints & Troubleshooting Guide” section before continuing. 
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5. Secure MicroBead Tubes horizontally using the MO BIO Vortex Adapter tube holder for 

the vortex (MO BIO Catalog# 13000-V1) or secure tubes horizontally on a flat-bed vortex pad 

with tape. Vortex at maximum speed for 10 minutes. (See “Hints & Troubleshooting Guide” 

for less DNA shearing). 

6. Make sure the 2 ml MicroBead Tubes rotate freely in the centrifuge without rubbing. 

Centrifuge the tubes at 10,000 x g for 30 seconds at room temperature. CAUTION: Be sure 

not to exceed 10,000 x g or tubes may break. 

7. Transfer the supernatant to a clean 2 ml Collection Tube (provided). 

8. NOTE: Expect 300 to 350 µL of supernatant. 

9. Add 100 µL of Solution MD2, to the supernatant. Vortex for 5 seconds. Then incubate at 

4°C for 5 minutes. 

10. Centrifuge the tubes at room temperature for 1 minute at 10,000 x g. 

11. Avoiding the pellet, transfer the entire volume of supernatant to a clean 2 ml collection 

tube (provided). Expect approximately 450 l in volume. 

12. Shake to mix Solution MD3 before use. Add 900 µL of Solution MD3 to the supernatant 

and vortex for 5 seconds. 

13. Load about 700 µL into the Spin Filter and centrifuge at 10,000 x g for 30 seconds at 

room temperature. Discard the flow through, add the remaining supernatant to the Spin 

Filter, and centrifuge at 10,000 x g for 30 seconds at room temperature. NOTE: A total of 2 

to 3 loads for each sample processed are required. Discard all flow through liquid. 

14. Add 300 µL of Solution MD4 and centrifuge at room temperature for 30 seconds at 

10,000 x g. 

15. Discard the flow through. 

16. Centrifuge at room temperature for 1 minute at 10,000 x g. 

17. Being careful not to splash liquid on the spin filter basket, place Spin Filter in a new 2 ml 

Collection Tube (provided). 

18. Add 50 µL of Solution MD5 to the centre of the white filter membrane. 

19. Centrifuge at room temperature for 30 seconds at 10,000 x g. 

20. Discard Spin Filter. The DNA in the tube is now ready for any downstream application. 

No further steps are required. 

The manufacturer recommends storing DNA frozen (-20°C).  
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Collect Cells 

 

 

 

 

Cell Lysis 

 

 

 

 
Protein Precipitation 

 

 

 

 

Bind DNA 

 

 

 

Wash 

 

 

Elute 

 

 

 

 

 

 

Centrifuged 

Centrifuged 

Centrifuged 

Centrifuged 

Centrifuged 

- Resuspend Cells in MicroBed 

Solution 

- Transfer cells to MicroBed Tube 

- Add Solution MD1 

- Vortex 

- Add solution MD2 

- Vortex 

- Incubate at 4°C 

- Add solution MD3 

- Vortex 

- Load into Spin Filter 

- Wash with Solution MD4 

- Elute with Solution MD5 

Figure 11-1: UltraClean Microbial DNA Isolation Kit 
Protocol* 
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DNA QUANTIFICATION 

There are several ways to quantified DNA, in this work two were performed: quantification 

through absorbance and quantification by fluorescence. 

1. Absorbance method 

Place samples in quartz cuvettes and requires the use of a spectrophotometer. Zero the 

instrument with distilled water. And read absorbance at 260nm to determine DNA presence, 

and at 280 nm to measure protein contamination. Afterwards, the following equation must be 

used to determine DNA concentration. 

[𝐷𝑁𝐴] = 𝐴𝑏𝑠260 ∗ 50 ∗
𝑆𝑎𝑚𝑝𝑙𝑒 𝑣𝑜𝑙𝑢𝑚𝑒

𝑇𝑜𝑡𝑎𝑙 𝑆𝑎𝑚𝑝𝑙𝑒
 

Calculate ratio Abs260/Abs280 as an indicator of nucleic acid purity. If the ratio is around 1.8 

DNA extraction was good and low contamination. Lower ratios might indicate protein 

contamination.  

2. Fluorescence Method 

A Qubit 2.0 fluorometer (Invitrogen) was used. Instructions were according to manufacturer 

protocol, as follow: Manufactured protocol was followed. 

1. Set up two Assay Tubes for the standards (three for the protein assay) and one tube for 

each user sample. 

2. Prepare the Qubit™ Working Solution by diluting the Qubit™ reagent 1:200 in Qubit™ 

buffer. Prepare 200 μL of Working Solution for each standard and sample. 

3. Prepare the Assay Tubes* according to Table 11-1.  
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Table 11-1: Measuring DNA 

 Standard 

Assay Tubes 

User Sample 

Assay Tubes 

Volume of Working Solution 

(from step 2) to add 

190 µL 180-199 µL 

Volume of Standard (from kit) 

to add 

10 µL — 

Volume of User Sample to add — 1-20 µL 

Total Volume in each Assay 

Tube 

200 µL 200 µL 

* Use only thin-wall, clear 0.5 mL PCR tubes. Acceptable tubes include 

Qubit® assay tubes (set of 500, Cat. no. Q32856) or Axygen PCR-05-C 

tubes (VWR, part no. 10011-830). 

4. Vortex all tubes for 2–3 seconds. 

5. Incubate the tubes for 2 minutes at room temperature (15 minutes for the Qubit™ protein 

assay). 

6. Insert the tubes in the Qubit® 2.0 Fluorometer and take readings. For detailed instructions, 

refer to the Qubit® 2.0 Fluorometer manual. 

7. Optional: Using the Dilution Calculator feature of the Qubit® 2.0 Fluorometer, determine 

the stock concentration of your original sample. 
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Figure 11-2: Diagram of Fluorescence DNA quantification protocol.  

Source: Quick reference card Qubit 2.0    
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3. Agarose Gel electrophoresis  

It is a standard lab procedure to visualized DNA extraction, and also DNA size fragment, 

using agarose gel electrophoresis.  

Agarose gel 1%(w/v) in TBE 1X, 5 µL of ethidium bromide were added to visualise DNA 

fragments. Samples were loaded into the gel as 1 µL gel-loading buffer and 5µL of the 

sample. 1kb DNA ladder (Fermentas) was used as a molecular weight standard. 

Electrophoresis was performed at 45V for 40 minutes. Finally, agarose gel was visualised 

under UV transilluminator. 

 

Figure 11-3: Electrophoresis of digested PCR products with HhaI and MspI 



APPENDIX C 

140 

 

APPENDIX C: HPLC calibrations curves 

HPLC CALIBRATION DATA FOR VFA 

VFA calibration curves were obtained using Volatile Acid Standard Mix (SUPELCO) that 

contains, according to the manufacturer (Table 11-1), the following compounds. Calibration 

curves were done at least three times during the time of collecting data for this work.   

Table 11-1: VFA Standard Mix Composition 

Analyte Molarity mM 

Acetic Acid 10.16 

Butyric Acid 10.08 

Formic Acid 10.78 

Heptanoic Acid 10.23 

Hexanoic Acid 10.01 

Isobutyric Acid 10.08 

Isocaproic Acid 10.03 

Isovaleric Acid 10.32 

Propionic Acid 10.49 

Valeric Acid 10.32 
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APPENDIX D: TRFPL RESULTS 

TRFLP results 

The following spectophotograms correspond to: 

A: DNA obtained from the pellet of SMA test, when primer used was for archaea 

 

B: DNA obtained from the pellet of SMA test, when primer used was for bacteria 

 

C: DNA obtained from the supernatant of SMA test, when primer used was for archaea 
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D: DNA obtained from the supernatant of SMA test when primer used was for bacteria 

 

E: DNA obtained from the pellet of batch test feed with acetic acid and formic acid, when 

primer used was for archaea 

 

F: DNA obtained from the pellet of batch test feed with acetic acid and formic acid, when 

primer used was for bacteria. 
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G: DNA obtained from pellet of batch test feed glucose only, when primer used was for 

archaea 

 

H: DNA obtained from the pellet of batch test feed glucose only, when primer used was for 

bacteria 
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