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 ABSTRACT 

Specific methanogenic activity is a cost-effective tool to characterize the 

biological activity of biosludge, to monitor reactor performance, and study the 

kinetics of acetate and H2 conversion to methane in anaerobic-digestion-based 

systems. More established protocols are applied for acetoclastic activity tests, 

while hydrogenotrophic activity tests are still less widespread and not 

standardized. Due to methodological differences, the few results found in the 

literature for hydrogenotrophic activity are difficult to compare. Drawbacks are 

observed when analyzing solids digesters, dealing with low activity values 

associated with biomass dilution by the substrate and inert, long measurement 

times, and significant microbial growth. Having a standardized technique is of 

utmost importance, and this thesis intends to contribute to this line. Full 

calculation and design conditions for hydrogenotrophic activity test are developed 

over this manuscript, based on kinetics for the H2/CO2 conversion to methane. 

An equation to calculate inoculum size is proposed, suitable for a wide variety of 

biosludge samples. Zero-order model fitted adequately for hydrogenotrophic 

activity determined in pilot-scale and full-scale reactor samples, with standard 

deviations for triplicates between 3 and 12%, based on headspace pressure 

measures. Kinetics for the four reactions involved in the last step of the anaerobic 

digestion process was considered to estimate methanogen fractions in microbial 

population and study pathway contributions during methanogenic activity tests. 

The inhibitor 2-Bromoethanesulfonate was dosed during methanogenic activity 

tests, obtaining a IC50 of 3 and 20 mM for acetoclastic and hydrogenotrophic 

methanogens, respectively, in granular sludge samples. Homoacetogens 

contributed about 6% of the hydrogenotrophic activity obtained without inhibitor;



 
 

whereas, during the acetoclastic activity test, about 23% of methane was 

produced via syntrophic acetate oxidation, evidencing the importance of studying 

this route in anaerobic digestion systems. Finally, a case of solid waste digestion 

was analyzed, and a simple method was proposed to solve drawbacks during 

hydrogenotrophic test. The evolution of biomass, degradable, and non-

degradable substrate was modeled for solids digestion during a batch incubation 

and then in a CSTR digester. Biomass correction factors were estimated and 

used as correctors of activity values to reflect microbial activity more accurately 

and improve the design of methanogenic activity tests. 

KEYWORDS: Anaerobic digestion; Biodegradation kinetics; Hydrogenotrophic 

methanogenesis; Specific methanogenic activity; Waste digestion



 
 

RESUMEN 

 Los ensayos de actividad metanogénica constituyen una herramienta 

rentable para la caracterización biológica de lodos, el monitoreo de reactores y 

el estudio cinético de la conversión de acetato e hidrógeno a metano en sistemas 

de digestión anaerobia. Existen protocolos establecidos para el ensayo de 

actividad acetoclástica, mientras que el ensayo hidrogenotrófico está poco 

difundido y carece de protocolo estandarizado, lo que dificulta la comparación de 

los pocos resultados disponibles en bibliografía. Además, existen inconvenientes 

en su aplicación para lodos de digestores de sólidos, debido a la dilución de la 

biomasa por sustrato e inerte, causando actividades bajas y tiempos largos de 

prueba, con creciemiento microbiano significativo. Con esta tesis, se pretende 

contribuir a la estandarización de la técnica, abordando la base de cálculo y 

discutiendo las condiciones de diseño mediante modelos cinéticos simples. Se 

propone una ecuación para el cálculo del tamaño del inóculo a utilizar en la 

prueba. Se aplica un modelo de orden cero para obtener la actividad 

hidrogenotrófica a partir de la presión de cámara del vial, obteniéndose un buen 

ajuste y desviaciones estándares de 3 a 12% para muestras de reactores 

industriales y de banco. Se analiza asimismo la cinética de las cuatro reacciones 

involucradas en la metanogénesis, para estimar las fracciones de metanogénicos 

en la biomasa y estudiar la contribución de cada vía en los ensayos de actividad. 

Al aplicar el inhibidor 2-Bromoetanosulfonato de sodio, se obtienen IC50 de 3 y 

20 mM para acetoclásticos e hidrogenotróficos en lodo granular, 

respectivamente.  Se  observa  una  contribución de la homoacetogénesis de 6%



 
 

 en la actividad hidrogenotrófica, mientras que se obtiene 23% de metano por la 

vía de oxidación sintrófica de acetato acoplada a la metanogénesis 

hidrogenotrófica durante el ensayo acetoclástico, evidenciando la importancia 

del estudio de esta ruta. Finalmente, se analiza un caso de digestores de sólidos, 

modelando la evolución de la biomasa y de las fracciones biodegradables y no 

biodegradables. Se determinan factores de dilución de biomasa, mostrando un 

método simple para mejorar el diseño de los ensayos metanogénicos y corregir 

los valores obtenidos para que reflejen mejor la actividad biológica de lodos de 

digestores de sólidos. 

PALABRAS CLAVE:  

Actividad metanogénica específica; Cinética de degradación biológica; Digestión 

Anaerobia; Digestión de residuos; Metanogénesis hidrogenotrófica 
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  INTRODUCTION 

 TRACKING PATHWAYS IN ANAEROBIC DIGESTION PROCESS 

ANAEROBIC DIGESTION (AD) represents widespread technology for waste 

digestion, water management and renewable energy production (Lier et al., 

2015; Vutai et al., 2016). Understanding the phenomena involved in the AD 

process is crucial to optimize organic matter removal and methane production 

and to diagnose and solve operational problems. A general scheme for the AD 

of polymeric substrates is shown in Figure 1-1.  

 

Figure 1-1. Scheme for the AD of polymeric substrates and the groups of microorganisms 
involved: (1) Hydrolytic and fermentative bacteria; (2) Acetogenic bacteria; (3) Homoacetogenic 
bacteria and SAOBs; (4) Hydrogenotrophic methanogens; and (5) Acetoclastic methanogens. 
Extracted from Henze, M.; van Loosdrecht, M. C.; Ekama, G. A.; Brdjanovic (2008), p. 418 
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Depending on the type of substrate, different steps such as hydrolysis, beta-

oxidation, or METHANOGENESIS could be rate-limiting in the AD process. In 

particular, methanogenesis implies two different pathways: (i) acetoclastic 

methanogenesis, which represents the conversion of the methyl group of acetate 

to methane, and (ii) hydrogenotrophic methanogenesis, which involves the 

reduction of CO2 coupled to the oxidation of formate or H2 to produce methane. 

By the 1960s, researchers studied the mechanisms of these reactions by using 

radiolabelled compounds: Jeris and McCarty (1965) used labelled bicarbonate, 

detecting labelled methane associated with hydrogenotrophic methanogenesis 

and assuming that the totality of non-labelled methane was exclusively produced 

by acetic acid fermentation (one step). On the other hand, Smith and Mah (1966) 

used labeled acetic acid in the methyl group instead of labeled bicarbonate, and 

determined the depletion of that species as a direct measure of the rate of 

consumption of acetoclastic methanogenesis. In both cases, about 70% of the 

methane produced was attributed to acetoclastic methanogenesis. However, by 

then, neither HOMOACETOGENESIS nor SYNTROPHIC ACETATE-OXIDATION (SAO) was 

known or considered in anaerobic digestion systems (associated with #3 in Figure 

1.1). In the 1980s, a syntrophic association was discovered, supporting the idea 

of methane formation from acetate via hydrogenotrophic methanogenesis (Zinder 

and Koch, 1984). Years later, the phenomenon of homoacetogenesis, also known 

as ‘reversible acetogenesis’ began to be studied more deeply (Zinder, 1994). In 

the recent years, using acetate labelled in the methyl group (C-2) and measuring 

the production of 14CH4 and 14CO2, studies showed that syntrophic acetate-

oxidation coupled with hydrogenotrophic methanogenesis (SAO-HM) was a 

relevant pathway in ANAEROBIC DIGESTERS operating under stress conditions, 
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such as high levels of total ammonia nitrogen, high levels of VOLATILE FATTY ACIDS 

(VFA), extreme pH or elevated temperature (Bi et al., 2020; Fotidis et al., 2013; 

Ho et al., 2013; Oosterkamp et al., 2019; Westerholm et al., 2016).  In these 

studies, the 14CO2 produced from [2-14C] acetate remained diluted by the non-

labelled CO2 introduced as sodium bicarbonate, making negligible the 14CH4 

obtained via hydrogenotrophic methanogenesis, and been able to distinguish 

SAO-HM from acetoclastic methanogenesis. Kim et al. (2013) found an absolute 

dominance of hydrogenotrophic methanogens in full-scale digesters for sewage 

sludge, based on the quantitative Polymerase Chain Reaction (qPCR) of the 16S 

rRNA gene. Also, Demirel (2014), in a review, identified hydrogenotrophic 

methanogenesis as the main pathway for methane production in digesters of 

energy crops, when using Sequence-Specific Oligonucleotide Probe 

Hybridization. Hence syntrophic acetate-oxidation and hydrogenotrophic 

methanogenesis drew researchers’ attention. On the other hand, Xia et al. (2014) 

showed by using a metatranscriptomic approach that the acetoclastic step was 

more active than the hydrogenotrophic step in a thermophilic Sequential Batch 

Reactor (SBR) for cellulose wastewater treatment, even though acetoclastic 

members were in a lower abundance. Consequently, the predominance of a 

particular methanogenic step in anaerobic systems is currently under discussion. 

More approaches should be incorporated to understand this key step in the AD 

process. Also, it must be considered that most researchers have studied systems 

for solid substrate digestion. More in-depth studies in wastewater treatment 

systems are needed.  

In another vein, the hydrogenotrophic pathway became interesting for 

BIOGAS UPGRADING to biomethane for fuel usage, with the challenge of controlling 
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the process to favor methane production from the injected hydrogen to enrich the 

BIOGAS in methane content, instead of producing acetate from hydrogen via 

homoacetogenesis (Agneessens et al., 2018; Angelidaki et al., 2018). More 

recently, researchers proposed an alternative method of biogas upgrading by 

converting CO2 from biogas into chemicals (e.g., volatile fatty acids) using H2 and 

acetogenic mixed culture (Omar et al., 2019). 

For a laboratory scale, techniques based on radiolabelled compounds are 

suitable for rigorous studies, determining the percentages of target species for 

each trackable pathway; however, they cannot characterize the conversion rate 

of each substrate, desirable for kinetics study. On the other hand, microbiological 

tools could provide information on the microbial population in terms of 

composition and quantity and could distinguish between active and non-active 

microorganisms according to the method considered (for example, mRNA 

quantification). The METATRANSCRIPTOMIC APPROACH allows the determination of 

the transcriptomic activity, represented by the ratio between the reads per 

kilobase per million mapped reads for RNA and DNA (RPKM-RNA to RPKM-

DNA); despite that, it is unable to determine how metabolically active the 

methanogens are in terms of kinetics (which means in terms of rates). Then, it is 

relevant to include a tool to measure the consumption rate, study kinetics, and 

understand system dynamics, and the SPECIFIC METHANOGENIC ACTIVITY (SMA) 

tests can do so. When considering full-scale ANAEROBIC REACTORS, having a cost-

effective tool to monitor their performance and a reasonable kinetic model to 

predict behaviour is valuable and necessary. SMA could play the role of providing 

both kinetic parameters and diagnosis information, complementing the 

characterization of a microbial population, for both pilot and full-scale reactors. 
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   SPECIFIC METHANOGENIC ACTIVITY 

  SMA (gCOD gVSS
-1 d-1) is defined as the maximum production rate of 

methane, expressed in grams of CHEMICAL OXYGEN DEMAND (COD), from a 

substrate (that could be acetate, VFA, H2/CO2, among others), expressed per 

weight of BIOMASS; thus, it represents a valuable tool to assess the metabolic 

activity of ANAEROBIC BIOSLUDGE. In this thesis, the term ‘biomass’ refers to 

microorganisms present in biosludge, estimated by the VOLATILE SUSPENDED 

SOLIDS (VSS) content.  

  Activity tests for both acetoclastic and hydrogenotrophic pathways must 

be considered to characterize anaerobic biosludge and monitor the performance 

of reactors. They can provide information about a system imbalance associated 

with methanogens inhibition, or by the contrary, help to detect a sub-utilization of 

the reactor capacity. Established protocols are followed by researchers to 

determine specific acetoclastic methanogenic activity (SAMA), using acetate as 

the substrate (Dolfing and Bloeman, 1985; Soto et al., 1993; van Loosdrecht et 

al., 2016). Other authors use a neutralized mixture of acetate, propionate, and 

butyrate to obtain information related to acetogenic, acetoclastic, and 

hydrogenotrophic pathways altogether (Gonzalez-Gil et al., 2002; Jeison and van 

Lier, 2007). There are works reporting values for the specific hydrogenotrophic 

methanogenic activity (SHMA), but with an evident lack of standardization among 

the techniques and conditions used (Bassani et al., 2016; Bhattad et al., 2017; 

Coates et al., 1996; Gonzalez-Estrella et al., 2013; Hao et al., 2017; Keating et 

al., 2016; Liu et al., 2016; McKeown et al., 2009; Molina et al., 2008; Pereira et 

al., 2003; Regueiro et al., 2012). 
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   AIM OF THE THESIS 

  Having a standardized technique for hydrogenotrophic activity is of utmost 

importance, and the aim of this thesis is to contribute to this line, with special 

emphasis on the discussion of test conditions and results. Some years ago while 

trying to organize an inter-laboratory work between various research groups to 

standardize this technique, it began to be clear the need of a roadmap that can 

be used and adapted when test conditions and equipment differed or when 

analyzing different type of samples.  

   A ROADMAP FOR STANDARDIZATION 

 In Chapter 2 of the present thesis, a full calculation structure is outlined to 

accomplish the main objective: establish a basis for the design and selection of 

the test conditions for a wide variety of types of biosludge (from a wastewater 

treatment plant to solids digesters, from a high-rate reactor to lagoons). The 

technique introduced by Coates et al. (1996) is the most widespread among 

scientists; but there is a lack of modelling and the test conditions were adjusted 

in a purely experimental way using biosludge from a single source. The authors 

themselves tried without success applying the selected conditions in an essay of 

biosludge from a different source, a solids digester. The main problem was 

applying, without any adjustment, the design rules extracted from the essay of 

biosludge with good activity to biosludge with low activity. In Chapter 2 of the 

present thesis, a calculation formula to size the INOCULUM used in the SHMA 

assay is proposed and tested to solve this drawback based on biosludge 

characteristics and operational data of the source reactor. The kinetics of Monod 

applied to model the microbial growth rate, and the test designed under zero-
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order conditions and negligible growth. The methane production is calculated 

based on the stoichiometry of the H2/CO2 conversion to methane, simplification 

initially suggested by Coates et al. (1996). A comparison between these 

hypothesis simplifications and a full calculation based on the organic matter 

removed to produce methane is also presented in Chapter 2. 

   A DEEPER STUDY BASED ON ACTIVITY TESTS 

  Coates et al. (1996) considered homoacetogenesis to be negligible during 

the SHMA test, based on an unpublished work of Golden and Colleran. Despite 

not having found the published version of that work, in an article from the same 

laboratory, Ryan et al. (2008) published very similar tests that support the idea of 

Coates et al. (1996), showing a lag phase of about 60 hours that the authors 

associated with the adaptation of homoacetogens. They claim that the tests were 

performed under negligible growth conditions; however, there are reports of 

homoacetogens doubling-times of between 1.75 and 29 hours (Noike and Li, 

1989; Saady, 2013). Moreover, there are, for example, reports of homoacetogens 

been problematic in hydrogen production systems that already have low SOLIDS 

RETENTION TIME (SRT) (Saady, 2013). Although it is a different system, it 

illustrates the point that homoacetogens resist low solid retention times. 

Homoacetogenic microorganisms are diverse and versatile (Schink, 1994), so it 

is worth studying homoacetogenesis when first-approaching a system or when 

drastic changes occur affecting the microbial population. Additionally, syntrophic 

acetate-oxidation bacteria (SAOB) could be important for acetate-consumption 

when acetoclastic methanogens were inhibited (Oosterkamp et al., 2019; 

Westerholm et al., 2016). Ryan et al. (2008) already worked with the SHMA test 



22 

 

and complete inhibition of methanogenesis to study homoacetogenesis 

exclusively. In the present thesis, one of the objectives is to study the four 

reactions involved in the last step of the AD process: acetoclastic 

methanogenesis (r1), hydrogenotrophic methanogenesis (r2), syntrophic acetate-

oxidation (r3), and homoacetogenesis (r4) (Figure 1-2). A specific objective is to 

obtain correction factors to discount the influence of r4 and r3 to feedback AD-

model with appropriate parameters for the methanogenic acetoclastic and 

hydrogenotrophic population. Different levels of a methanogenesis-inhibitor were 

used in the SAMA and SHMA tests to accomplish objectives; the results and 

discussion on this topic presented in Chapter 3. 

 

Figure 1-2. Reactions involved in the last step of the AD process 

   SOLVING DRAWBACKS OF THE TECHNIQUE  

  When analyzing a sample from a solids digester, Coates et al. (1996) 

obtained a time-lapse of around 70 hours, being unable to determine SHMA 

accurately, due to microbial growth. The problem was attributed to a low quantity 

of hydrogenotrophic methanogens, which is consistent with the sludge source. 

Inside solids digesters, microorganisms are diluted by the remaining substrate 

and the inert material. The challenge is to consider this dilution effect to properly 

size the inoculum for SHMA and SAMA tests on solids digester samples. Thus, 

in Chapter 4 of the present thesis, a correction factor for the biomass in the sludge 

CH3COO- + H+ + 2H2O 4H2 + CO2 + CO2 

CO2 + CH4 + 2H2O 

r3 

r4 

r1 

 
r2 
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sample, determined by modeling the solids digester operation, is introduced to 

the base formula proposed in Chapter 2 to size inoculum. The activities informed 

for solids digesters are usually significantly less than those reported for 

wastewater reactors; also, there are reports of activity decrease when increasing 

solids concentration inside the digester or rising the organic loading rate (Liu et 

al., 2016). To distinguish whether the efficiency drop is due to an affectation of 

the microorganisms or is simply due to a dilution effect, the SHMA and SAMA 

should be expressed per mass of microorganisms instead of grams of VOLATILE 

SOLIDS (VS), since the VS might englobe microorganisms, substrate, and inert 

material. The correction factor calculated in Chapter 4 is also applied to adjust 

SHMA and SAMA and obtain more representative values for the microorganism 

activities, and see if the performance drop in the digester represents an 

improvable situation or a collateral effect; this issue is discussed in Chapter 4. 

   SUMMARIZING OBJECTIVES 

  Establish a basis for the design and selection of the test conditions to 

determine the specific hydrogenotrophic methanogenic activity for a wide variety 

of types of biosludge. In particular: 

▪ Propose a formula to size inoculum according to sludge characteristics. 

▪ Study the four reactions involved in the last step of the AD process, using 

activity tests as the main tools. 

▪ Obtain correction factors to discount the influence of SAO-HM and 

homoacetogenesis from SAMA and SHMA determined in routine tests 

without inhibitors, to feedback AD-model with appropriate parameters. 
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▪ Propose a strategy to consider the dilution effect of substrate and inert 

material in sludge samples from solids digester to design the activity tests. 
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CHAPTER 2 

HYDROGENOTROPHIC ACTIVITY: A TOOL TO 
EVALUATE THE KINETICS OF METHANOGENS  
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 HYDROGENOTROPHIC ACTIVITY: A TOOL TO 

EVALUATE THE KINETICS OF METHANOGENS 

   INTRODUCTION 

  Anaerobic digestion (AD) technology has a fundamental role in 

waste digestion and energy and material recovery (Kougias and Angelidaki, 

2018). For decades, researchers have been studying the processes 

involved in the AD of organic substrates, in particular, the methanogenesis, 

considered to be the rate-limiting step when hydrolysis is favoured. 

Understanding the transformation steps that lead to methane production is 

crucial to optimize the operational conditions of anaerobic reactors for waste 

digestion and biogas production. Efforts have been made by several 

researchers to determine the relevance of the hydrogenotrophic and 

acetoclastic methanogenesis in different anaerobic systems, using tools 

such as DNA and mRNA quantification, radiolabelled molecules, and 

methanogenic activities. The use of microbiological tools could provide 

information on the microbial population composition and quantity and 

distinguish between active and non-active microorganisms depending on 

the technique applied (for example, mRNA quantification). However, these 

tools cannot determine how active microorganisms are. The knowledge of 

the kinetics involved is essential for understanding the dynamics of 

methanogenesis, and the tools selected for its study must consider this. The 

specific methanogenic activity (SMA) is one of these tools, defined as the 
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maximum rate of methane produced from a substrate and expressed per 

weight of volatile suspended solids (VSS) as a rough estimation of the 

biomass (the term ‘biomass’ used to refer to the microorganisms present in 

biosludge).  

  In recent years, many studies using radiolabelled sodium acetate 

have shown that syntrophic acetate oxidation coupled with 

hydrogenotrophic methanogenesis is relevant for methane production in 

solid digesters operating under stressful conditions, such as high levels of 

total ammonia nitrogen, high levels of volatile fatty acids, extreme pH or 

elevated temperature (Bi et al., 2020; Fotidis et al., 2012; Ho et al., 2013; 

Jiang et al., 2018; Oosterkamp et al., 2019; Westerholm et al., 2016). In 

another vein, researchers have recently focused their attention on the 

upgrade of biogas to methane for fuel usage purposes by adding H2 to 

convert the remaining CO2 of the biogas into methane (Angelidaki et al., 

2018). In this context, hydrogenotrophic methanogens have a crucial role in 

proper performance. Hence the utility of studying hydrogenotrophic 

methanogenesis in biogas production and upgrading systems. In this 

context, SMA test represents a cost-effective and quickest method to 

monitor the activity of pilot-scale and full-scale reactors for biogas 

production and upgrading. It can provide information on-site, where most 

times, other approaches are not readily available to operators of the AD 

systems or require significantly more experimental apparatus and expertise. 

The specific acetoclastic and hydrogenotrophic methanogenic activities 
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(SAMA and SHMA) indirectly measure the consumption rates of acetate and 

H2, respectively. Thus, these two activity values can provide information 

about a system imbalance associated with methanogens inhibition (low 

activities) or help to find opportunities to increase the ORGANIC LOADING 

RATE (OLR) applied to a reactor (high activities). Established protocols are 

followed by researchers to determine SAMA, using acetate as a substrate 

(Dolfing and Bloeman, 1985; Soto et al., 1993; van Loosdrecht et al., 2016). 

Also, some works are reporting SHMA (Bhattad et al., 2017; Gonzalez-

Estrella et al., 2013; Hao et al., 2017; Keating et al., 2016; Liu et al., 2016; 

Regueiro et al., 2012). Nevertheless, there is a lack of standardization 

among the techniques used to determine SHMA. The novelty of this work 

mainly consists of outlining the full calculation structure to accomplish the 

main objective: re-design and select the test conditions for a wide variety of 

types of biosludge (from a wastewater treatment plant to solid digesters, 

from a high-rate reactor to lagoons) and lay a basis for a discussion of inter-

laboratory work and standardization of the SHMA technique.  

  Coates et al. (1996) assayed a variety of test conditions for SHMA 

considering biosludge from a single source and obtained an experimental 

concentration range for the biosludge inoculum in the batch test. In the 

same work, when the design was applied to a biosludge sample from a solid 

digester with low activity, the assay took more than 70 hours, which implied 

significant microbial growth, distorting the SHMA determination. The same 

issue is observed in the work of Bhattad et al. (2017), where test bottles 
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containing a VSS concentration of ≤0.3 g L−1 were used, obtaining assays 

of about 50 to 100 hours, and no adjustment made in the design for those 

samples for which lower activities were expected. One of the specific 

objectives of this work is to solve this drawback; thus, a calculation formula 

is proposed and tested to size the inoculum used in the SHMA assay based 

on the biosludge characteristics and operational data of the source reactor. 

In the present Chapter, the basis for the design of the SHMA test is 

discussed, using the detection method proposed by Coates et al. (1996), 

but designing the test conditions considering the kinetics of the H2/CO2 

conversion to methane. The second specific objective of this work is 

verifying the zero-order model fit to data, and the suitability of the hypothesis 

simplifications applied when the stoichiometric formula of the H2/CO2 

conversion to methane is used to calculate the methane production during 

a SHMA test. The third specific objective is testing the conditions resulting 

from the SHMA assay design in a wide variety of samples. In this Chapter, 

eight different biosludge samples collected from pilot-scale and full-scale 

anaerobic systems are analysed using the design discussed for the SHMA 

test. Additionally, SAMA is assessed to complete activity characterization in 

the studied systems. The fourth specific objective is to correlate the SAMA 

and SHMA of the biosludge to the performance of the source reactor. The 

results obtained in our laboratory for SAMA and SHMA are compared one 

to the other and with other values found in the literature. Additionally, a 

discussion regarding the influence of the operational conditions on the 
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activity values is introduced in this Chapter. The full paper published in the 

volume 270 of the Journal of Environmental Management (2020) can be 

consulted in Appendix 1. 

   MATERIALS AND METHODS 

2.2.1. Detection method selection 

Consider the stoichiometric formula for the H2/CO2 conversion into 

methane: 

4 H2 (g) +  CO2 (g) → CH4 (g) + 2H2O (l)                                                            (2-1) 

A decrease in the total number of moles associated with gaseous species 

is observed during the conversion, producing depletion in the headspace 

pressure when the reaction is carried out in a closed system. In the 

literature, two different strategies for hydrogenotrophic activity 

measurement have been reported. On one hand, Dolfing and Bloeman 

(1985) recommended a methodology based on the measurement of the 

pressure headspace combined with the composition analysis of the gas 

samples by gas chromatography (GC). When those conditions were tested, 

some drawbacks were identified: (i) Since headspace pressure decreased 

during the experience not only due to the H2/CO2 conversion to methane but 

also because of the gas sampling, vials needed to be re-pressurized with 

H2/CO2, increasing the safety risks, the gas loss and the length of the assay 

period. (ii) During the first period of the test, it was found that the detection 

limit was close to the concentration values obtained for methane when 
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analysing a gas sample using GC, increasing the relative experimental error 

associated with the first measures. On the other hand, Coates et al. (1996) 

proposed a methodology based on the measurement of headspace 

pressure. Pressure depletion was correlated with methane generation using 

the stoichiometric relation for the chemical conversion of H2/CO2 to methane 

expressed in Eq. (2-1).  

The latter method was chosen for SHMA experiences since it was 

shown to be more practical, less time-consuming and safer than the method 

proposed by Dolfing and Bloeman (1985). Then, the moles of methane 

ΔnCH4 (mol) produced from H2/CO2 during a certain interval of time Δt (days) 

could be calculated as follows: 

∆nCH4 =  −∆ngas/4 =   −∆P Vhs/(4 R T)                                                   (2-2) 

where ΔP (atm) is the pressure depletion inside headspace; Vhs (L) is the 

headspace volume; R (L atm K-1 mol-1) is the universal gas constant; and T 

(K) is the temperature. 

2.2.2.  Kinetic model 

Considering the Monod kinetics for the microbial growth rate rX (gVSS 

L-1 d-1): 

rX =  µm X S/(KS + S)                                                                              (2-3) 

where μm (d-1) is the maximum specific growth rate; X (gVSS L-1) is the 

microbial concentration (biomass); S (gCOD L-1) is the substrate 

concentration; and KS (gCOD L-1) is the half-saturation constant.  
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Then, the substrate consumption rate rS (gCOD L-1 d-1) is based on the 

microbial yield YX/S (gVSS gCOD
-1): 

rS = rX/YX S⁄ =   µm X S /[YX S⁄  (KS + S)]                                     (2-4) 

Thus, the specific substrate consumption rate kS (gCOD gVSS
-1 d-1) can be 

expressed as:  

kS = rS/X = rX /(X YX S⁄ ) =   µm S/[YX S⁄  (KS + S)]                               (2-5) 

As a result, the expression for the maximum specific activity km (gCOD gVSS
-1 

d-1) corresponds to: 

km = µm/YX S⁄                                                                                         (2-6) 

 To determine the maximum specific rate for substrate consumption 

applied to hydrogenotrophic methanogenesis (km,h), the design of the SHMA 

assay must accomplish the following conditions: (i) substrate concentration 

must be significantly higher than the half-saturation constant (S>>KS), which 

means ‘zero-order conditions’; and (ii) microbial growth should be negligible 

(X~X0; where ‘0’ subscript indicates initial conditions). In the 

hydrogenotrophic activity test, H2 represents the limiting reagent since CO2 

is in excess due to the use of sodium hydrogen carbonate as the system 

buffer. For more details, please refer to Section 2 of Appendix 2. The volatile 

suspended solid (VSS) content is considered a representation of the 

biomass present in the biosludge. 
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2.2.3.  Inoculum size calculation 

The calculation of the amount of biosludge is crucial for a proper 

design of the duration of the batch assay. The volume aliquot VB (L) of 

biosludge added to vial is calculated as: 

VB = ΔnCH4 C/(∆t X km,h)                                                                         (2-7) 

where C = 64 gCOD mol-1 is the conversion factor from moles of methane to 

grams of COD; X (gVSS L-1) is initially quantified by the VSS determined for 

the original biosludge sample; and km,h (gCOD gVSS
-1 d-1) is a preliminary value 

for SHMA based on historical data and considering the source reactor for 

the biosludge sample. 

 Two assumptions are considered for Eq. (2-7): (i) the SPECIFIC 

METHANE PRODUCTION (SMP) is constant over time and its production rate 

SHMA is equal to km,h; (ii) the growth during the test is negligible (X~X0). 

The first assumption is accomplished when zero-order conditions are 

ensured. The second assumption relies on the microbial growth rate for 

hydrogenotrophic methanogens and the time-length of the batch test, which 

is associated with the Δt (days) and the number of planned measures. Then, 

ΔnCH4 (mol) can be substituted by the expression in Eq. (2-2), obtaining the 

following expression for VB (L) calculation: 

 VB = − ∆P VhsC/(4 R T ∆t X km,h)                                                          (2-8) 
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2.2.4.  Incubation temperature selection 

Activity tests should be carried out under conditions that closely 

mimic the environment of a given system, for example, temperature, pH and 

mixing (Angelidaki et al., 2007; Holliger et al., 2016). In the literature, it is 

possible to find the SMA tests for mesophilic biosludge at different 

temperatures: (i) 30°C (Gonzalez-Estrella et al., 2013; Karri et al., 2006); (ii) 

35°C (Bhattad et al., 2017; Hao et al., 2017; Liu et al., 2016); and (iii) 37°C 

(Keating et al., 2016; McKeown et al., 2009; Regueiro et al., 2012). 

Modelling based on the Arrhenius equation, and experiences using VFA or 

acetate as substrate found in the literature, support the idea of a 50% 

increase in the SMA at 35°C compared to the SMA at 30°C (Lin et al., 1987; 

Rittmann and McCarty, 2020; Souto et al., 2010). In mild weather countries, 

the energy obtained from biogas is not enough to heat full-scale reactors 

treating diluted wastewater, then its operational temperature rarely exceeds 

30°C. On the other hand, it is possible to heat systems treating concentrated 

wastewater or solid waste due to a positive energy balance and maintain 

the operational temperature close to the optimal temperature for the 

mesophilic microbial population (35 to 37°C). Pilot-scale reactors were 

operated at 30°C. Consequently, the incubation temperature was set at 

30°C in the experiments presented in this work to establish correlations 

between SHMA and SAMA activities and the performance of the reactors 

analysed.  
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2.2.5.  SHMA assay setup 

Biosludge samples from pilot-scale and full-scale anaerobic reactors 

were assayed. SHMA tests were carried out in triplicate in SCHOTT® 250 

mL glass bottles (henceforth referred to as ‘vials’, 308 mL of total volume). 

For each vial, the screw cap was equipped with a rubber O-ring to improve 

sealing and a screw nut, a rubber septum, a needle, and a three-way 

medical stopcock to allow initial gas flushing and pressure measurement. 

Vial sealing was previously tested by pressurizing each vial to 900 mmHg 

with N2. Before the SHMA test, the biosludge sample was flushed with N2 

to displace O2 inside a SCHOTT® vial (250 mL or 500 mL) and incubated 

in an air-thermostated chamber at 30°C until the remaining substrate was 

oxidized. The vial was monitored until methane production was negligible: 

after 3 days for washed samples from wastewater reactors, at least 7 days 

for samples from solid digesters; then, the exhausted biosludge was used 

for the SAMA and SHMA assays. If organic matter present in the inoculum 

is not eliminated, live blanks using N2/CO2 should be run and methane 

production discounted from the production recorded for each test vial. 

The VSS content was determined following a standardized 

gravimetric method, using a Shimadzu Libror model AEX-200B analytical 

balance with a resolution of 1E-04 g (Rice et al., 2017). This method was 

used to determine the VSS content in the biosludge sample before the test, 

and then in the vials at the end of the test. The biosludge aliquot VB was 

calculated using Eq. (2-8), assuming a pressure depletion of 100 mmHg 
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every 1 or 2 h to minimize the error associated with the pressure 

measurement. The aliquot of biosludge was dispensed and an aqueous 

solution of sodium hydrogen carbonate was dosed to reach 100 mL of total 

volume of liquid (VL) and a pH of 7.8 to 8.0 in vials, before gas flushing with 

H2/CO2. The pH was expected to decrease after flushing because of the 

CO2 dissolution. For initially neutral samples, a concentration of 

approximately 3 g NaHCO3 L-1 was obtained inside the vials. A fourth vial 

was prepared under the same conditions as for the triplicate test samples 

to be sacrificed after gas flushing to verify that the pH was close to neutral 

when the acid-alkaline balance was restored. Next, the vials were 

pressurized at 900 mmHg (gauge pressure) with H2/CO2 (80/20) and 

depressurized three times to displace the oxygen from the headspace and 

for a further sealing test. After that, the vials were pressurized at 760 mmHg 

(gauge pressure) with H2/CO2 (80/20), start time was recorded and then 

vials were incubated in a New Brunswick™ Innova® model 2100 orbital 

platform shaker at 180 rpm, inside of an air-thermostated chamber at 30°C. 

 During the SHMA test, the gas pressure in the headspace was 

measured using a Sper Scientific® model PS100-2BAR pressure 

transducer (maximum range: 1500 mmHg, resolution: 2 mmHg) every 1 or 

2 h according to the design. When necessary, the interval of time elapsed 

between the two measurements was re-adjusted after observing the 

biosludge performance during the first period of the test. At the end of the 

test, the pH was checked to determine whether it was in the optimal range 
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for the analysed anaerobic system. Additionally, the VSS content (X) was 

determined at the end of the test for each vial (Rice et al., 2017). Gas 

samples were taken from vials headspace at the end of the test to analyse 

its composition using a Shimadzu® gas chromatograph model GC-2014 

equipped with a Restek® ShinCarbon model ST 100/120 2 m 1 mm ID 1/16” 

OD Silco packed column. 

2.2.6.  SHMA calculation 

The pressure depletion ΔP (atm) was calculated with the recorded 

values of the gauge pressure and applied to determine ΔnCH4 (mol) using 

Eq. (2-2) for each interval of time Δt (days) between two consecutive 

measures. The cumulative value nCH4 (mol) could be calculated for the 

methane produced during a time elapsed t (days), and then, the cumulative 

specific methane production SMP (gCOD gVSS
-1) could be determined as: 

SMP = nCH4 C X VL⁄                                    (2-9) 

where C = 64 gCOD mol-1 is the conversion factor from moles of methane to 

grams of COD, as in Eq. (2-2) to (2-7); VL (L) is the volume of liquid inside 

the test vial. For this calculation, the final VSS determined for each vial at 

the end of the test is considered a better estimation for X (gVSS L-1) than the 

initial VSS of the sample, since the aliquot of biosludge might not conserve 

the original concentration after being dosed in the vial, especially for 

granular biosludge, and the testing for VSS is destructive.  

  Eq. (2-2) is valid for a constant ratio of partial pressures for CO2 and 

H2 (pCO2:pH2) of 1:4 and a negligible methane dissolved fraction. Due to acid-
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base equilibria, the pCO2 is higher than predicted based on the stoichiometric 

formula (2-1), which implies a lower ΔP. Then, the methane production 

would be underestimated using Eq. (2-2). On the other hand, methane 

production is overestimated when assuming that carbon is exclusively 

converted to methane by not including the microbial yield YX/S in Eq. (2-2). 

Since these effects are contraposed, the compensation would depend on 

the particular assay conditions and the assumed value for YX/S. Performing 

a comparison between the moles of methane calculated using Eq. (2-2) and 

the theoretical moles obtained considering the COD removed for methane, 

based on the microbial yield YX/S, the relative error values were +1.3% (YX/S 

of 0.04 gCOD gCOD
-1) to -4.1% (YX/S of 0.08 gCOD gCOD

-1). Even with the high 

uncertainties regarding YX/S, the resulting relative error was less than 5% in 

absolute terms. The experimental error for the SHMA assay was estimated 

to ponder the order of magnitude of these values (for more details, please 

consult Section 2 of Appendix 2).  

A plot of the SMP (gCOD gVSS
-1) versus t (days) was constructed for 

triplicate samples and a least-squares regression line was adjusted to data 

corresponding to each test vial and confidence interval was calculated for 

the hydrogenotrophic activity of each sample by using the Data Analysis 

ToolPak of Microsoft® Office Excel® 2016 Software. The ANOVA F-test 

was run to check the adequacy of zero-order model to fit data (see 

Subsection 2.2.2 Kinetic model’) and the p-value determined for each test 

vial. The zero-order model was considered adequate when the p-value was 
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lower than 1E-3. Then, SHMA (gCOD gVSS
-1 d-1) was determined as the mean 

value of slopes calculated for trendlines corresponding to triplicate 

experiments, whether p-values were lower than 1E-3 for 5 observations. 

Data from vials with a p-value higher than 1E-3 was dismissed, and the 

source of discordance was studied. 

2.2.7. SAMA assay setup 

SAMA tests were carried out in triplicate at 30°C in SCHOTT® 100 mL 

glass bottles (137 mL of total volume) with an initial concentration of sodium 

acetate of 3 gCOD L-1. The protocol was based on the methodology of 

headspace pressure measurement and determination of biogas 

composition proposed by Soto et al. (1993). These gas samples were 

analysed using a Shimadzu® gas chromatograph model GC-2014 equipped 

with a Restek® ShinCarbon model ST 100/120 2 m 1 mm ID 1/16” OD Silco 

packed column under the following conditions: temperature of injection port, 

packed column, and TCD were adjusted at 110 °C, current in TCD was set 

to 60 mA and argon N50 carrier was set at a flow rate of 21 mL min-1. 

   RESULTS AND DISCUSSION 

2.3.1. Verification of zero-order conditions for the SHMA assay 

To verify the zero-order conditions for substrate consumption (S>>KS), 

the concentration of H2 dissolved in the aqueous bulk S (gCOD L-1) was 

calculated at the beginning and the end of the assay. Considering the 
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solubilization coefficient for H2 in pure water at 30°C, 1.7E-02 cm3 cm-3 atm-

1, and the partial pressure for H2 inside the headspace at the beginning of 

the test, 1.6 atm absolute (which corresponds to a gauge pressure of 760 

mmHg for the gas mixture of H2/CO2 80/20), an S0 of 2.0E-02 gCOD L-1 was 

obtained. SHMA assays were carried out until gauge pressure in headspace 

dropped to 200 mmHg. A percent of H2 close to 60% was found inside 

headspace, which implied a concentration of dissolved H2 of about 9.0E-03 

gCOD L-1. 

Regarding KS consideration, experimental values of KS for H2 

consumption collected from the literature showed a wide variation, from 

1.2E-07 to 2.1E-03 gCOD L-1 (refer to Table A.1 in Section 1 of Appendix 2). 

External and internal mass transfer limitations for H2 could lead to an 

overestimation of KS (Giraldo‐Gomez et al., 1992). When considering the 

external mass transfer, Coates et al. (1996) and Dolfing and Bloeman 

(1985) suggested that the mass transfer of H2 from the headspace to the 

liquid could be rate-limiting, and they proposed that vigorous shaking could 

be applied during vial incubation as an improvement. In addition, the mass 

transfer from the liquid bulk to the biosludge surface was improved. In our 

laboratory, vials with a liquid to headspace volume ratio of 1:2 were 

incubated vertically in a New Brunswick™ Innova® model 2100 orbital 

shaker at 180 rpm; that was the maximum operative value without causing 

significant granule disruption in the biosludge samples assayed. When 

referring to the internal mass transfer, a dependence on the diffusion 
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phenomenon was observed, related to the physical properties of the 

biosludge. On this issue, Dolfing (1985) found a positive correlation between 

the size of the granules and apparent KS determined using formate or 

acetate. Coates et al. (1996) reported a KS of 3.6E-04 gCOD L-1 for granular 

biosludge at 37 °C. This value is one order of magnitude higher than the 

values for pure cultures and non-granular biosludge reported in the 

literature, even when considering different incubation temperatures. The 

value of KS assumed in the ANAEROBIC DIGESTION MODEL NO. 1 (ADM1) 

development, 2.5E-05 gCOD L-1 at 35 °C in mesophilic high-rate systems 

(Batstone et al., 2002), is one order of magnitude lower than the value 

reported by Coates et al. (1996). Based on these considerations, the KS 

value reported by Coates et al. (1996) was considered as a conservative 

value for granular sludge, when there was no external mass transfer 

limitation. The S values were two orders of magnitude higher than the KS, 

considering a pressure depletion inside headspace from 760 to 200 mmHg 

(gauge pressure) during the assay. The test conditions ensured S values 

that were one order of magnitude higher, even compared with values of KS 

that were affected by external mass transfer. When the influence of 

temperature over Ks was introduced, the results still indicating the 

accomplishment of the zero-order condition during the whole testing period; 

by performing a conservative calculation, a value of 1E-03 gCOD L-1 at 30°C 

was obtained (Donoso-Bravo et al., 2009; Lawrence and McCarty, 1969). 

Robinson and Tiedje (1982) obtained an KS of 9.1E-05 gCOD L-1 for biosludge 
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from a solid digestor at 30°C, one order lower than the value obtained by 

Coates et al. (1996) for granular sludge, probably due to the difference in 

the structure of biosludge. Thus, it can be deduced the zero-order conditions 

accomplishment during the SHMA test from 760 to 200 mmHg (gauge 

pressure) for solid digesters biosludge (valid for non-granular sludge).  

2.3.2. Verification of zero-order conditions for the SAMA assay 

At the beginning of the SAMA batch test, the concentration of sodium 

acetate was 3 gCOD L-1 inside each vial. By the end of the test, the 

concentration of acetate in each vial was higher than 1 gCOD L-1. Thus, the 

kinetics of Monod for microbial growth at zero-order conditions were 

accomplished when a half-saturation constant for acetate of 0.05 to 0.30 

gCOD L-1 was considered for mesophilic acetoclastic archaea (Batstone et 

al., 2002), obtaining the maximum specific activity for the acetoclastic 

methanogenesis (see Eqs. (2-3) to (2-6) applied to this step). 

2.3.3.   Microbial growth 

Based on the design proposed for the SHMA assay, a range of 

headspace pressures from 760 to 200 mmHg and an interval of time 

between measurements of 1.5 or 2 h were suitable for full data recording; 

the time elapsed to fulfil the test was 8 to 10 h. In most cases, the aliquot 

VB contained from 500 to 800 mg of VSS depending on the biosludge 

characteristics. Microbial growth during the test was estimated in 0.8 to 

1.2% of the initial VSS dosed in vials when considering an YX/S of 0.06 gCOD 
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gCOD
-1 for the hydrogenotrophic population (Batstone et al., 2002); therefore, 

the effect of microbial growth over VSS was negligible when comparing to 

experimental error for SHMA assay (for more details about experimental 

error see Section 2 of Appendix 1). Also, cell decay is negligible since it is 

considered to be 10% of the cell growth (from ADM1) (Batstone et al., 2002). 

2.3.4. Experimental and literature values for SAMA and SHMA 

The temperature inside the reactor, the type of substrate and the 

organic loading rate OLR (gCOD gVSS
–1 d–1) applied, and the presence of 

inhibitors are among the factors that shape the microbial population, 

affecting the relative abundance and activity of the acetoclastic and 

hydrogenotrophic microorganisms. In this work, biosludge samples from 

eight different anaerobic reactors were analysed to determine their SAMA 

and SHMA. For SHMA assays, plots showing the specific methane 

production accumulated SMP (gCOD gVSS
-1) over time t (d) for the different 

biosludge samples are presented in Figure 2-1 and Figure 2-2. Standard 

deviations associated with triplicate measurements were between 3 and 

10% for SHMA and between 3 and 12% for SAMA. Whether one slope 

calculated from these graphs is significantly higher and has no concordance 

with the other two, the corresponding vial is under suspicion of gas loss. 

Therefore, it is advisable to test the sealing of the suspect vial to rule out 

this problem. When adjusting data graphed in Figure 2-1 and Figure 2-2 by 

least-squares regression, the R2 values obtained were between 0.9924 and 

0.9999, except for the vial 3 of sample (h) (R2 of 0.9594). The ANOVA F-
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test was performed for data from each vial. The p-values of the F-test were 

lower than 1E-3 (from 4E-6 to 9E-4), except for the vial 3 of sample (h) (p-

value of 0.02). These provide evidence of an adequate fit to the zero-order 

kinetic model, accordingly with verification performed previously based on 

the KS and S magnitudes (see Subsection 2.3.1 Verification of zero-order 

conditions for the SHMA assay). The VSS concentration inside the vial 3 of 

the sample (h) doubles the VSS concentration inside the other two vials (vial 

1 and 2). The last two measures were under 200 mmHg, and the zero-order 

model was unaccomplished. Then, only the slopes from vials 1 and 2 were 

considered in the calculation of SHMA for sample (h). The confidence 

intervals were between ±2.0% and ±8.2% for samples (a) to (g) for a 

confidence level α of 95%; on the other hand, sample (h) had a confidence 

interval of ±16.6%. The error associated with the application of Eq. (2-2) for 

methane production calculation was on the same order of magnitude as the 

experimental error involved in the SHMA assay (refer to Subsection 2.2.6 of 

the present text and Section 2 of Appendix 2). 

The results for these methanogenic activity tests, as well as the 

organic loading rate OLR and the SPECIFIC METHANE PRODUCTION RATE in 

each reactor SMPR (gCOD gVSS
-1 d-1), when available, are presented in Table 

2-1. The OLR per gram of VSS (henceforth ‘OLR’) is used instead of per 

volume since it allows for distinguishing between reactors with the same 

working volume but with different amounts of biomass. The SMPR was 

calculated considering the methane production and VSS in the reactor. 
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Additionally, the SMPR could be determined using the specific OLR, the 

efficiency of COD removal observed in the reactor and assuming the value 

of microbial yield of 0.10 gCOD gCOD
-1 for complex substrates and 1.42 gCOD 

gVSS
-1 for microbial cells (from ADM1) (Batstone et al., 2002).  

 
Figure 2-1. Specific methane production (SMP) accumulated during the SHMA assay: (a) 
Dairy full-scale UASB; (b) Dairy pilot-scale EGSB; (c) Beverage pilot-scale EGSB; (d) 
Brewery full-scale IC; (e) Beverage bench-scale EGSB; and (f) Protein bench-scale EGSB 

 
Figure 2-2. Specific Methane Production accumulated during the SHMA assay for 
biosludge with low activity: (g) Slaughterhouse lagoon; and (h) Manure bench-scale CSTR 
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In Table 2-1, samples indicated with (a) to (f) correspond to granular 

biosludge; sample (g) corresponds to a flocculent sludge from an anaerobic 

lagoon and sample (h) to a solids digester. For samples (b), (e) and (h) 

shown in Table 2-1, the SMPR (gCOD gVSS
-1 d-1) observed in the reactor was 

higher than the corresponding value for SAMA (gCOD gVSS
-1 d-1), even though 

activities were measured at optimal conditions. The former evidenced that 

the SAMA gave insufficient information about the biological characteristics 

of the biosludge to explain the performance observed in the reactor; hence, 

the relevance of including both methanogenic activities SAMA and SHMA 

in the study to consider the acetoclastic and hydrogenotrophic 

methanogenesis. When comparing the SAMA and SHMA (gCOD gVSS
-1 d-1) 

from Table 2-1, for samples (c) and (f), the SHMA values were lower than 

those for SAMA, representing 85 to 93% of SAMA. Even in these samples 

it is still relevant to study both activities. In the other cases, the SHMA was 

higher than the SAMA; for example, SHMA was double the SAMA for 

samples (a) and (h). Due to the source of sample (g), an anaerobic lagoon, 

biosludge had a higher age than samples from high-rate reactors, and the 

OLR applied is lower. The higher concentration of inert organic material 

dilutes microbial fraction in the total VSS, producing lower activities (both 

SAMA and SHMA) than the activities observed for high-rate wastewater 

reactors, as in samples (a) to (f) of Table 2-1. Additionally, this effect can 

also be seen by comparing the slopes of the graphs presented in Figure 2-1 

and Figure 2-2. 
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Table 2-1. SAMA and SHMA at 30°C obtained for anaerobic biosludge from different 
sources and operational data. The standard deviation is reported between brackets for the 
triplicate test samples, except for sample (h) marked with (*) that corresponds to duplicates  

In Table 2-2, activity values from the literature are summed. Standard 

deviations obtained by Bhattad et al. (2017), Gonzalez-Estrella et al. (2013), 

Hao et al. (2017), Keating et al. (2016), and McKeown et al. (2009) are 

similar to those obtained in our laboratory for SAMA and SHMA. However, 

in the other cases shown in Table 2-2, values for the standard deviation of 

approximately 20% are observed. The assay temperature must be 

considered when comparing the activity values from Table 2-1 and Table 

2-2. When the incubation temperature Is raised in a suitable range for the 

microbial population, the specific substrate consumption rate is expected to 

increase. In most cases of Table 2-2, SHMA and SAMA were carried out at 

37°C, leading to an increase in the biosludge activity when compared to the 

values obtained at 30°C. The kinetics variation for SAMA and SHMA with 

temperature could differ between each other, producing changes in the 

SHMA:SAMA ratio when the temperature increased from 30 to 37°C.  

Biosludge sample 
ID 

SAMA  
(gCOD gVSS

–1d–1) 

SHMA  
(gCOD gVSS

–1d–1) 

OLR  
(gCOD gVSS

–1d–1) 

SMPR   
(gCOD gVSS

–1d–1) 

(a) Dairy full-scale 
UASB 

0.22 (0.02) 0.48 (0.03) 0.18 (0.03) 0.14 (0.03) 

(b) Dairy pilot-scale 
EGSB 

0.28 (0.01) 0.35 (0.01) 0.48 (0.05) 0.41 (0.06) 

(c) Beverage pilot-
scale EGSB 

0.27 (0.01) 0.26 (0.01) 0.19 (0.03) 0.15 (0.03) 

(d) Brewery full-
scale IC 

0.34 (0.04) 0.41 (0.01) 0.26 (0.04) 0.19 (0.04) 

(e) Beverage 
bench-scale EGSB 

0.27 (0.01) 0.31 (0.01) 0.35 (0.03) 0.30 (0.03) 

(f) Protein bench-
scale EGSB 

0.54 (0.02) 0.48 (0.03) 0.47 (0.05) 0.39 (0.05) 

(g) Slaughterhouse 
lagoon 

0.091 (0.003) 0.159 (0.007) < 0.20 < 0.15 

(h) Manure bench-
scale CSTR 

0.031 (0.003) 0.072 (0.007)(*) 0.08 (0.01) 0.05 (0.01) 
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Table 2-2. SAMA and SHMA values for mesophilic anaerobic systems found in the 
literature. Standard deviation is reported between brackets for the triplicate test samples. 
References: [1] Molina et al. (2008), [2] McKeown et al. (2009), [3] Regueiro et al. (2012), 
[4] Gonzalez-Estrella et al. (2013), [5] Liu et al. (2016), [6] Keating et al. (2016), [7] Bhattad 
et al. (2017), [8] Hao et al. (2017). Reference of the SHMA protocol applied: (I) Coates et 
al. (1996); (II) Soto et al. (1993); (III) Internal 

Biosludge Sample  Type of waste T 
(°C) 

SAMA 
(gCOD gVSS

–1d–1) 
SHMA 

(gCOD gVSS
–1d–1) 

Ref. 

Lab-scale UASB Ethanol-based 37 0.44 (0.10) 1.10 (0.20) [1](III) 

Lab-scale UASB Carbohydrate  37 0.72 (0.08) 1.87 (0.04)  

Lab-scale UASB Protein-based  37 0.57 (0.06) 1.87 (0.36)  

Full-scale IC  Alcohol 37 0.223 (0.003) 0.146 (0.006) [2](I) 

Lab-scale EGSB.AF VFA  37 1.06 (0.08) 0.85 (0.03) 

Full-scale CSTR Sewage 
sludge 

37 0.15 (0.01) 0.55 (0.15) [3](II) 

Full-scale UASB Brewery  37 0.33 (0.05) 0.79 (0.04) 

Full-scale CSTR  Dairy/fish  37 0.29 (0.02) 0.84 (0.08) 

Lab-scale CSTR Glycerine/pig 
manure 

37 0.01 (0.00) 0.37 (0.07) 

Full-scale CSTR Sugar process 37 0.23 (0.02) 0.45 (0.06) 

Full-scale CSTR Yeast process 37 0.05 (0.02) 0.83 (0.08) 

Full-scale UASB Brewery  30 0.32 (0.03) 0.57 (0.03) [4](III) 

Lab-scale CSTR 
high TS 

WWTP Sludge 35 0.027 (0.001) 0.018 (0.001) [5](III) 

Lab-scale CSTR low 
TS 

WWTP Sludge  35 0.054 (0.001) 0.021 (0.004)  

Lab-scale hybrid FF Sewage-
based 

37 0.50 (0.07) 0.91 (0.10) [6](I) 

Lab-scale CSTR Not-fat-milk 35 0.21 (0.01) 0.72 (0.07) [7](I) 

Full-scale CSTR WWTP Sludge  35 0.014 (0.005) 0.045 (0.002) [8](I) 

Analyzing the activity values presented in Table 2-2, it can be noted 

that there are cases where the SHMA was lower than the SAMA, from 39 to 

80% of SAMA (Liu et al., 2016; McKeown et al., 2009). However, there are 

examples of the SHMA being higher than the SAMA in Table 2-2, in some 

cases by one order of magnitude (Gonzalez-Estrella et al., 2013; Molina et 

al., 2008; Regueiro et al., 2012).  

When considering biosludge from solids digesters, the microbial 

fraction in the total VSS is diluted by the presence of inert materials and 
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substrate; thus, in Table 2-1, sample (h) shows lower methanogenic 

activities than samples (a) to (f), in some cases by one order of magnitude. 

SAMA and SHMA for sample (h) are of the same order of magnitude as the 

values reported by Liu et al., as seen in Table 2-2 (Liu et al., 2016). It is also 

important to note that the retention time for the biosludge and the OLR in 

solid digesters are markedly different from those in wastewater reactors. 

Therefore, data from solid digesters and wastewater reactors should be 

analysed separately. During the design of the SHMA test for samples (g) 

and (h), the aliquot of biosludge VB determined using Eq. (2-8) implied 

concentrations of VSS in vials of 16 gVSS L-1 and 35 gVSS L-1  respectively, 

significantly higher than the ones suggested by Coates et al. (1996) (1.7 to 

8 gVSS L-1). Based on this design, the time elapsed in the SHMA assay of 

these samples was 7 to 10 h. 

2.3.5. Future research 

For the SHMA calculation, the conversion of H2/CO2 to methane was 

supposed to be carried out by hydrogenotrophic archaea. The contribution 

of homoacetogenic population was considered negligible (Coates et al., 

1996). This assumption must be verified. Selective inhibitors could be 

incorporated into batch activity tests to puzzle down the different steps 

involved in methanogenesis, including acetoclastic and hydrogenotrophic 

methanogenesis, homoacetogenesis, and syntrophic oxidation of acetate. 

Similarly, syntrophic acetate oxidation must be considered when assessing 

SAMA. The standardization of this type of technique (SHMA and SAMA) is 
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crucial to compare results between different reactors and laboratories. Inter-

laboratory experiences would enrich the discussion and provide a basis to 

analyse the influence of different variables and consider variations between 

available equipment to achieve comparable conditions. As an example, 

external mass transfer limitations should be avoided or made comparable. 

Additionally, further studies must be performed to determine the influence 

of temperature on the SHMA and SAMA. This information would provide a 

basis to weight this influence and decide whether a standardized 

temperature must be defined and become widely used in the scientific 

community. Also, it is necessary to adjust the SHMA technique for biosludge 

from psychrophilic and thermophilic reactors since kinetic parameters could 

vary significantly with changes in the temperature, especially associated 

with changes in the microbial population. 

   CONCLUSIONS 

This work presented full calculation and laid a basis for a discussion 

of inter-laboratory work and a standardization of the SHMA technique. The 

equation proposed to size inoculum made the SHMA determination possible 

for low activity biosludge within 7 to 10 hours, as well as for biosludge from 

high-rate reactors, with negligible microbial growth. The zero-order model 

showed an adequate fit to data, and hypothesis simplifications used for the 

calculation of methane production during the SHMA test introduced an error 

comparable to the experimental error. SHMA, together with SAMA, gives a 
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better explanation to the performance of the biosludge in the reactors 

(represented by the parameter of specific methane production rate in the 

reactor, SMPR). 
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    PATHWAYS STUDY BASED ON ACTIVITY TESTS 

  INTRODUCTION 

  The four bioreactions involved in the last step of the AD process and 

the corresponding free energy are detailed in Figure 3-1. Blue circles 

include chemical species associated with methane formation from acetate, 

identified as r1 (acetoclastic methanogenesis); whereas, red circles mark 

chemical species involved in methane formation from H2/CO2, referred to as 

r2 (hydrogenotrophic methanogenesis). On the other hand, green boxes 

include chemical species associated with acetate oxidation to H2/CO2, 

noted as r3 (SAO), and its reverse reaction, acetate formation from H2/CO2, 

identified as r4 (homoacetogenesis). Note that r3 is an endergonic reaction 

at standard conditions (positive ΔG°’). In anaerobic environments, r3 and r2 

occur together to obtain an exergonic global reaction from acetate to 

methane (Zinder, 1993; Zinder and Koch, 1984). Therefore, the term 

‘syntrophy’ applies to the relationship between bacteria performing SAO 

(SAOB) and hydrogenotrophic methanogens, hence the difficulty of 

isolating SAOB in the laboratory (Müller et al., 2016; Wei et al., 2020). 

 
Figure 3-1. Free energy of reactions in the last step of the AD process (Zinder, 1993) 

CH3COO- + H+ + 2H2O 4H2 + CO2 + CO2 

CO2 + CH4 + 2H2O 

r3 
ΔG°’=+105 kJ mol-1 

r4 

ΔG°’=-105 kJ mol-1 

r1 

ΔG°’=-31 kJ mol -1 

 

r2 

ΔG°’=-135 kJ mol -1 
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  As explained in Chapter 2, a first step forward understanding the 

relevance of acetoclastic and hydrogenotrophic microorganisms involved in 

methane formation is to measure their specific activities, SAMA and SHMA, 

associated with r1 and r2 respectively (Colleran et al., 1992; Soto et al., 

1993). Nevertheless, as r3 and r4 could be also present, a fraction of acetate 

could be converted into H2/CO2 and viceversa, during the activity tests. 

Consequently, the methane produced in SAMA and SHMA tests could be 

the addition of the methane produced by both reactions, r1 and r2. In this 

context, decoupling the four steps is necessary to determine the importance 

of these reactions in the methane formation under different conditions. 

When acetoclastic methanogens are inhibited or under extreme conditions, 

SAO-hydrogenotrophic (SAO-HM) pathway, associated to r3+r2, becomes 

relevant and the presence of SAOB crucial for recovering systems 

performance (Ho et al., 2013; Oosterkamp et al., 2019; Shimada et al., 

2011; Westerholm et al., 2016). During this thesis, a case of one bench-

scale EGSB reactor treating beverage-based wastewater was studied 

where SAMA decreased by 20% due to AGV inhibition, and SHMA 

increased by 35%. Despite the good hydrogenotrophic activity, the reactor 

lowered its performance by almost 35%. For more details, please consult 

Appendix 3 containing full paper exposed orally in XIII Latin American 

Workshop and Symposium on Anaerobic Digestion, Medellín (2018). Given 

the literature reports about the SAO-HM pathway being relevant in case of 

inhibition, questions were raised regarding the presence and role of SAOB 
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in this reactor, and SAMA and SHMA were not enough to answer them. 

Then, complementary tools are needed to describe the behavior of the 

reactor and answer these questions. In this context, an inhibitor of the 

acetoclastic methanogenesis can be used in the SAMA test to study the 

SAO-HM pathway. 

  On the other hand, homoacetogenesis (r4) is considered relevant for 

the degradation of some substrates (e.g. butyrate) under suppressed 

methanogenesis (Siriwongrungson et al., 2007). Despite this, Xu et al. 

(2010) showed that when methanogenic pathways r1 and r2 were working 

properly, r4 was disadvantaged during the anaerobic degradation of the 

remaining substrate in a mixture of mesophilic biosludge, due to the low 

absolute value of the ΔG of the homoacetogenic reaction compared to the 

energy required for the synthesis of 1/3 ATP. However, in the presence of 

an inhibitor of the methanogenesis, Xu et al. (2010) found that gauge 

pressure increased until 1000 Pa during batch tests, and homoacetogenesis 

occurred. According to the design proposed in Chapter 2 for the SHMA test, 

gauge pressures handled are higher than 1000 Pa; then, based on the 

report of Xu et al. (2010), r4 might be feasible, and r4+r1 could distort results 

obtained from SHMA tests that will not exclusively correspond to the 

hydrogenotrophic methanogen population (r2). By the contrary, reports from 

Coates et al. (1996) and Ryan et al. (2008) suggest that the performance of 

homoacetogens became noticeable hours after the end of the SHMA test, 

about 60 h for a 12-hour test; therefore, it would not have an impact on the 
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determination of activity. Ryan et al. (2008) associated this phenomenon 

with a delay in the adaptation of homoacetogens. Nevertheless, given the 

diversity of homoacetogenic bacteria and its low doubling-times between 

1.75 and 29 h according to Noike and Li (1989) and Schink (1994), these 

reports might not universalizable. Although homoacetogenesis seems not 

to be relevant in the operating conditions of reactors, it could be so in the 

SHMA test. Then, its contribution should be discounted to obtain kinetic 

parameters corresponding exclusively to hydrogenotrophic methanogens, 

to make adequate modeling of reactors. The same applies to obtain kinetics 

for acetoclastic methanogens from the SAMA test, where it is necessary to 

discount the influence of SAO-HM to feedback the AD-model with 

appropriate parameters for each microbial population. The objective of the 

present work was obtaining correction factors to discount the influence of 

SAO-HM and homoacetogenesis from SAMA and SHMA values determined 

in routine tests without inhibitors. Another objective was to determine the 

fraction of biomass associated with each methanogenic population. These 

objectives respond to the aim to generate valuable kinetic parameters for 

methanogens and feed the modeling of reactors. 

  In this context, the 2-Bromoethanesulfonate (BES) can be applied 

as a specific inhibitor of the methanogenesis since it is an analog of the 

coenzyme M (2-mercaptoethanesulfonate) involved in the reduction of 

methyl-coenzyme M to methane (Gunsalus et al., 1978). Some acetoclastic 

methanogens lack a protective envelope and are easily penetrated by 
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toxicants; whereas, some hydrogenotrophic methanogens can synthesize 

coenzyme M and exhibit lower rates of transport of external coenzyme M 

into the cell (Gerardi, 2003; Xu et al., 2010). Then, BES is expected to inhibit 

acetoclastic methanogens at lower concentrations than in the case of 

hydrogenotrophic methanogens. On the other hand, the reactions r3 and r4 

would occur in the presence of BES since there are performed by bacteria 

and not by archaea, and bacteria are not inhibited by using BES.   

  In SAMA tests, acetate is added at the beginning of the test 

(indicated with green-colored boxes in Schemes #1 to #3 from Figure 3-2); 

then, acetate could be consumed through both pathways r1 and r3+r2, as 

illustrated Scheme #1 from Figure 3-2. It is necessary to inhibit acetoclastic 

archaea to weigh the influence of r3+r2 on acetate consumption. BES 

concentrations inhibitory for acetoclastic archaea (r1) without affecting 

hydrogenotrophs (r2) are represented with the 'level 1' in Scheme #2 from 

Figure 3-2. In both Schemes #1 and 2, H2 and CO2 are intermediate 

compounds (enclosed in dotted line boxes), which ultimately lead to 

methane formation, keeping H2 pressure low, since r3 and r2 occur together 

in symphony. By applying BES at inhibitory concentrations for 

hydrogenotrophic archaea, r2 is canceled, preventing the occurrence of r3 

due to its positive ΔG. In this situation of complete inhibition of 

methanogens, represented as 'level 2' in Scheme #3, no methane 

production nor acetate consumption is expected.  
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Figure 3-2. Schemes of reactions for SAMA test: # 1 in the absence of BES; # 2 for a BES 
concentration at level 1 with inhibited acetoclastic archaea; and # 3 for a BES concentration 
at level 2 with inhibited hydrogenotrophic archaea 

  Similarly, schemes #4 to #6 are presented for SHMA tests in Figure 

3-3. During the SHMA assay, H2/CO2 could be potentially consumed by both 

pathways r2 and r4+r1, as shown in Scheme #4. When applying BES at 

inhibitory concentrations for acetoclastic archaea (level 1), r1 is prevented 

BES level 2 

CH3COO- + H+ + 2H2O 4H2 + CO2 + CO2 

CH4 + 2H2O + CO2 

r3    
ΔG°=+104 kJ 

 

r4 

r1 

 
r2 

 

Scheme #3 (BES level 2) 

Scheme #2 (BES level 1) 

BES level 1 

CH3COO- + H+ + 2H2O 4H2 + CO2 + CO2 

CH4 + 2H2O + CO2 

r3 

r4 

r1 

 
r2 

 

Scheme #1 (no BES) 

CH3COO- + H+ + 2H2O 4H2 + CO2 + CO2 

CH4 + 2H2O + CO2 

r3 

r4 

r1 

 
r2 
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from occurring, acetate accumulated due to r4 and methane formed through 

r2 (Scheme #5). Then, for BES concentrations corresponding to complete 

inhibition of methanogens (level 2), only r4 occurs, consuming H2/CO2 and 

accumulating acetate with no methane production (Scheme #6).  

 

Figure 3-3. Schemes of reactions for SHMA test: #4 in the absence of BES;  
# 5 for a BES concentration at level 1; and # 6 for a BES concentration at level 2 

BES level 1 

CH3COO- + H+ + 2H2O 4H2 + CO2 + CO2 

CH4 + 2H2O + CO2 

r3 

r4 

r1 

 

r2 

 

Scheme #5 (BES level 1) 

BES level 2 

CH3COO- + H+ + 2H2O 4H2 + CO2 + CO2 

CH4 + 2H2O + CO2 

r3 

r4 

r1 

 

r2 

 

Scheme #6 (BES level 2) 

Scheme #4 (no BES) 

CH3COO- + H+ + 2H2O 4H2 + CO2 + CO2 

CH4 + 2H2O + CO2 

r3 

r4 

r1 

 

r2 
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  Data were consulted in the literature to determine the concentrations 

associated with levels 1 and 2 for experimental design. Zinder et al. (1984) 

found that a BES concentration of 1mM caused complete inhibition of the 

acetoclastic methanogenesis, confirmed using sodium [2-14C] acetate as 

the substrate and collecting the 14CH4 in short-term (1 to 2 h) and long-term 

(24 h) batch tests for a thermophilic biosludge sample extracted from a 

digester treating lignocellulosic waste at 58°C; on the contrary, little or non-

inhibition of the CO2 reduction (hydrogenotrophic methanogenesis) was 

observed at a BES concentration of 10 mM. A BES concentration of 50 mM 

was required for the complete inhibition of methanogenesis from CO2 with 

acetate, H2, and ethanol accumulation, verified using H2/CO2 and 

NaH14CO3. The work of Zinder et al. (1984) is considered in the frame of 

reference with the serious exception that thermophilic conditions were used; 

methanogenic population is expected to be radically different in mesophilic 

reactors. However, working at mesophilic conditions, Xu et al. (2010) 

obtained similar results than those from Zinder et al. (1984), using 50 mM 

of BES with a 9:1 mixture of biosludge from a mesophilic sludge digester 

from a WWTP and an IC reactor treating citric acid wastewater tested at 

35°C. In another vein, BES has been used to select microbial population for 

bioelectrochemical wastewater treatment in lab-scale reactors, suppressing 

methanogens in the inoculum (Chae et al., 2010; Haavisto et al., 2019; 

Mona et al., 2020; Varanasi et al., 2019). However, the addition of BES is 

not practical for the continuous operation of the microbial electrolysis cells 
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(MEC), and other techniques are considered to control methanogens, 

limiting the use of BES to batch-test studies (Parameswaran et al., 2009). 

Chae et al. (2010) reported complete inhibition of acetoclastic 

Methanosarcinaceae and Methanosaetaceae at BES concentrations 

between 0.1 to 0.27 mM, present in the biofilm from the anode of a MEC 

operating in a temperature-controlled room at 28 ± 1°C (hydrogenotrophic 

Methanobacteriales not found in the sample); whereas, Parameswaran et 

al. (2009) informed that a BES concentration of 50 mM was needed for 

suppressing methanogenesis since hydrogenotrophic methanogens 

Methanobacteriales were found in the anode compartment from MEC 

operating at 30°C. Note that the biosludge samples considered by Chae et 

al. (2010), Parameswaran et al. (2009), Xu et al. (2010), and Zinder et al. 

(1984) are not granular; granular biosludge might have a different response 

to BES due to its structure. In this chapter, the aim is to study the influence 

of SAO-HM on the SAMA assay as well as homoacetogenesis on the SHMA 

determination focused on granular biosludge. This work was presented as 

a poster in 16th World Congress on Anaerobic Digestion, Delft (2019). A 

brief version of this paper can be found in Appendix 4. 

  MATERIALS AND METHODS 

 Granular biosludge was sampled from a dairy full-scale UASB 

reactor, washed with distilled water, flushed with N2, and incubated at 30°C 

for 72 h to consume the remaining substrate. Then, sodium 2-
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bromoethanesulfonate 98% (BES, molecular weight: 211,01 g/mol) was 

added at concentrations of 1, 2, 5, 20, 50, and 100 mM and left during 48 h 

to favor its diffusion inside the granules. Both SAMA and SHMA tests were 

carried out in triplicate at 30°C in an air-thermostated chamber, for each 

concentration of BES and also in the absence of BES using the same 

methodology as described in Chapter 2 of the present thesis: 3 gCOD L-1 of 

sodium acetate initially added for SAMA, and gauge pressure of 760 mmHg 

of a mixture H2/CO2 (80/20) for SHMA (Ripoll et al., 2020; Soto et al., 1993). 

In SAMA tests, headspace pressure and gas composition were determined; 

whereas, only headspace pressure was measured, and the stoichiometric 

formula for the H2/CO2 conversion to methane was considered to calculate 

methane production during SHMA tests, as shown in Chapter 2. Then, for 

each run, the maximum slope for the specific methane production during 

the test time was calculated to report SAMA and SHMA and plot them as a 

function of BES concentration. The contributions of the SAO-HM pathway 

on SAMA and homoacetogenesis on SHMA were estimated, assuming 

zero-order conditions and maintaining calculation rules proposed in the test 

protocols, except for the SHMA values obtained after inhibiting 

hydrogenotrophic methanogenesis, that were corrected by considering 

stoichiometric formula for r4 instead of r2. Also, HALF-MAXIMAL INHIBITORY 

VALUES (IC50) were calculated for both acetoclastic and hydrogenotrophic 

methanogens, and the fraction of the solids content for each population was 

calculated based on typical kinetical values from the literature and kinetics 
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equations for high hydrogen concentrations in SHMA tests (Eqs. 3-1 to 3-3) 

and high acetate concentrations in SAMA tests (Eqs. 3-4 to 3-6). 

Considering the Monod kinetics for microbial growth rates rX (gVSS L-1 d-1) of 

the populations involved in reactions from Figure 3-1, substrate 

consumption rates r1, r2, r3, and r4 (gCOD L-1 d-1) could be expressed as: 

r2 =
rX,hm

Yhm
=  

µm,hm Xhm Sh2

 Yhm (Ks,hm+Sh2)
= km,hmXhm

Sh2

Ks,hm+Sh2
≅ km,hmXhm                 (3-1) 

r4 =
rX,ha

Yha
=  

µm,ha Xha Sh2

 Yha (Ks,ha+Sh2)
= km,haXha

Sh2

Ks,ha+Sh2
≅ km,haXha                        (3-2) 

Then, mass balance for hydrogen in SHMA batch-test corresponded to: 

−VL  
dSh2

dt
= (km,hmXhm + km,haXha) VL                                      (3-3) 

Analogously, 

r1 =
rX,am

Yam
=

µm,am Xam Sac

Ks,am+Sac
= km,amXam

Sac

Ks,am+Sac
≅ km,amXam                       (3-4) 

r3 =
rX,ao

Yao
=

µm,ao Xao Sac

Ks,ao+Sac
= km,aoXao

Sac

Ks,ao+Sac
≅ km,aoXao                             (3-5) 

Thus, mass balance for methane in SAMA batch-test is expressed as: 

VL
dSCH4

dt
= [(1 − ϲ Yam)km,amXam + (1 − ϲ Yhm)(1 − ϲ Yao)km,aoXao] VL     (3-6) 

Where: µm (d-1) is the Monod maximum specific growth rate; Y (gVSS gCOD
-1) 

is the microbial yield; ϲ corresponds to 1.42 gCOD gVSS
-1 for microbial cells; 

km (gCOD gVSS
-1 d-1) is the Monod maximum specific uptake rate (µm/Y); X 

(gVSS L-1) is the biomass concentration; KS (gCOD L-1) is the half-saturation 

constant; subscripts for X, rX, km, Ks, and Y represent different microbial 
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populations: hydrogenotrophic methanogens (hm), homoacetogens (ha), 

acetoclastic methanogens (am), and SAOB (ao). S (gCOD L-1) is the 

substrate or product concentration, and different subscripts are used to 

represent acetate (ac), hydrogen (h2), or methane (CH4). VL (L) is the 

working volume for the liquid phase in the batch-tests. Zero-order conditions 

(S>>KS) and negligible microbial growth (X~X0) were considered in all 

cases. Additionally, r3 was considered rate-limiting in the SAO-HM pathway, 

and the methane produced is estimated considering the microbial yield of 

both populations Yhm and Yao.  

 Finally, the specific substrate consumption rate kS (gCOD gVSS
-1 d-1) 

could be defined as follows: 

 kS =
rS

X
                         (3-7) 

Where: rS (gCOD L-1 d-1) is the substrate consumption rate, to know r1, r2, r3, 

and r4 (gCOD L-1 d-1) for each reaction in Figure 3-1, resulting on the specific 

substrate consumption rates k1, k2, k3, and k4 (gCOD gVSS
-1 d-1), respectively; 

X (gVSS L-1) is the concentration of VSS in the biosludge sample that 

represents total biomass.  

Analogously, the specific methane production rate kCH4 (gCOD gVSS
-1 d-1) 

could be expressed as: 

kCH4 =
1

X

dSCH4

dt
                                                                                                               (3-8) 

These k values (gCOD gVSS
-1 d-1) could be associated with the means of the 

maximum slopes for plots of substrate consumption or cumulative specific 
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methane production over time (SMP-t plot) from SAMA and SHMA tests with 

and without BES (for details on SMP-t plots, refer to Chapter 2). In this 

context, the pseudo-first-order rate constant for hydrogenotrophic 

methanogenesis k2 could be obtained considering the SHMA raw results 

from tests with 0 mM and level 2 of BES; whereas, the pseudo-first-order 

rate constant for homoacetogenesis k4 could be calculated from SMP-t plot 

for SHMA test at level 2 of BES. Analougsly, the pseudo-first-order rate 

constant for acetoclastic methanogenesis kCH4,1 could be estimated from 

SAMA at 0 mM and level 1 of BES; whereas, the pseudo-first-order rate 

constant for SAO-HM pathway kCH4,3+2 could be extracted from SMP-t plot 

for SAMA at level 1 of BES. 

  RESULTS AND DISCUSSION 

3.3.1. Hydrogenotrophic methanogens: inhibition in SHMA tests 

In SHMA tests, involving high hydrogen concentrations and no 

acetate addition, r3 could be neglected. If there is some contribution to 

methane formation via r1, it is due to acetate formed by r4. As observed in 

Figure 3-4, results for SHMA tests showed a lineal drop when the BES 

concentration was increased from 0 to 20 mM (p-value of 1E-08 for n=12 in 

ANOVA F-test), obtaining an IC50 value of about 20 mM. This behaviour 

agrees with reports observed in the literature, with complete inhibition of 

methanogenesis at 50 mM (Parameswaran et al., 2009; Xu et al., 2010; 
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Zinder et al., 1984). No lag phase was observed for SHMA tests at 50 or 

100 mM of BES, counterposing the 60 hours informed by Ryan et al. (2008).  

In calculations, the stoichiometric formula for r4 used for 50 and 100 

mM of BES, implying the decrease of the total moles of gas by 6 for every 

4 moles of hydrogen consumed, instead of 4 as happens in r2. Whereas, for 

the values for 5, 10, and 20 mM of BES represented in Figure 3-4, it was 

assumed a stoichiometry of 4 moles of total gas depletion for every 4 moles 

of hydrogen consumed. However, the stoichiometric factor is expected to 

change from 4 to 6 while hydrogenotrophic methanogenesis is progressively 

inhibited.  

 
Figure 3-4. SHMA values for triplicate at different concentrations of BES 

For the BES concentrations from 5 to 20 mM, acetate, hydrogen, and 

methane should be monitored rather than total pressure to analyze the 

contribution of r2 and r4. This analysis is beyond the objective of the present 

work; for this work, the relevant points are those for 0 and 50 mM of BES, 

where methanogenesis is not inhibited or is fully inhibited, to obtain a factor 
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f1 and discount the effect of homoacetogenesis from the SHMA obtained in 

a routine test run without BES (SHMA 0mM), and estimate the activity purely 

associated with hydrogenotrophic methanogens (SHMA corrected), as follows:  

SHMA corrected =  f1  SHMA 0mM                                                                (3-9) 

In this case, the confidence interval for a confidence level α of 95%, 

considering the entire data set for 50 and 100 mM of BES, was 0.016 ± 

0.002 gCOD gVSS
-1 d-1 and represented 6% of the value obtained for the 

SHMA test without BES, being associated with the H2 consumption 

exclusively by r4. Then, a factor f1 of 0.94 ± 0.01 was obtained considering 

error propagation, and a corrected SHMA of 0.275 ± 0.021 gCOD gVSS
-1 d-1 

was determined as an estimation of the hydrogenotrophic methanogens 

activity. This correction factor might change for samples from the same 

reactor at different operational conditions, as well as for biosludge from 

other sources.  

3.3.2.   Hydrogenotrophic methanogens: mass fraction estimation 

 A confidence interval for a confidence level α of 95% of 0.291 ± 0.019 

gCOD gVSS
-1 d-1 was obtained based on the SMP-t data for triplicates in the 

SHMA test without BES. Then, k2 and k4 (gCOD gVSS
-1 d-1) were estimated, 

based on SHMA tests at 0 and 50 mM of BES: 

From Eqs. 3-1 and 3-7, at 50 mM   k4 =
r4

X
≅

km,haXha

X
= 0.016 gCOD gVSS

−1d−1  

From Eqs. 3-2 and 3-7, considering SHMA at 0 mM and 50 mM: 
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k2 =
r2

X
≅

km,hmXhm

X
= (0.291 − 0.016) gCOD gVSS

−1d−1  

Then,     
km,haXha

km,hmXhm
=

0.016

0.291−0.016
     thus,     km,haXha = 0.059 km,hmXhm    (3-10) 

Substituting Eq. 3-10 into Eq. 3-3: 

−VL

dSh2

dt
= (km,hmXhm + km,haXha) V = 0.941 km,hmXhmVL  

The following expression for Xhm (gVSS L-1) is obtained: 

Xhm =
0.941 (− 

dSh2
dt

)

km,hm
                                                                                  (3-11) 

 Zehnder and Wuhrmann (1977) reported µm of 0.058 h-1 (1.4 d-1) and 

Yhm of 2.53 gVSS mol-1 (0.04 gVSS gCOD
-1) for a Methanobacterium Strain AZ 

from supernatant of digested sewage sludge, using H2/CO2 at a pH of 7.0 

and 33 °C, obtaining km,hm of 35 gCOD gVSS
-1 d-1, cited by Gujer and Zehnder 

(1983), and later referenced in well-known modeling works (Batstone et al., 

2002; Pavlostathis and Giraldo-Gomez, 1991). For the SHMA test at 0 mM 

of BES, an experimental concentration of biomass X of 8.2 gVSS L-1 inside 

vials was quantified, and a value of 2.39 gCOD L-1 d-1 was determined for 

hydrogen consumption rate (-dSh2/dt); then, an Xhm of 0.064 gVSS L-1 was 

obtained from Eq. 3-11. Therefore, the population of hydrogenotrophic 

methanogens represents 0.8% of the solids content associated with 

biomass in the biosludge sample (there are not enough inputs available to 

propagate the error associated with value). 
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3.3.3.    Acetoclastic methanogens: inhibition in SAMA tests 

In SAMA tests, since high acetate and low hydrogen concentrations 

are involved, r4 is negligible. Nevertheless, methane production could occur 

by either r1 or r3+r2. Experiences showed different behaviour at low and high 

BES concentrations, as shown in Figure 3-5 where SAMA, calculated as the 

mean of the maximum slopes from the SMP-t plot for triplicates, is plotted 

versus BES concentrations. A confidence interval for a confidence level α 

of 95% of 0.201 ± 0.008 gCOD gVSS
-1 d-1 was obtained based on the SMP-t 

data for triplicates in the SAMA test without BES. A linear drop was 

observed in SAMA when BES concentration was increased from 0 to 5 mM, 

with a p-value of 3.7E-07 for ANOVA F-test (n=9, triplicates for 0 mM and 

duplicates for 1, 2, and 5 mM). This drop could be mainly associated with 

inhibition of r1; r2 inhibition could be reasonably dismissed based on results 

from SHMA tests, where the activity decreased by 14% when BES was 

increased from 0 to 5 mM. For higher concentrations of BES, 20 and 50 mM, 

r1 is completely inhibited, and the drop in SAMA could be associated with r2 

inhibition, affecting r3+r2. SAMA dropped until zero when BES increased to 

50 mM, coherent with complete inhibition of hydrogenotrophic methanogens 

and positive ΔG of r3. The IC50 for acetoclastic methanogens was close to 

3 mM of BES. When comparing to the literature, especially to the values 

found by Chae et al. (2010) working at a similar temperature, the IC50 value 

obtained was higher than expected; this could be related to the granular 

structure of the biosludge assayed. It is also relevant to mention that it was 



74 

 

necessary to leave the BES in contact with biosludge for 48 hours before 

SAMA and SHMA tests to obtain reproducible results, probably due to the 

diffusion of the inhibitor in the granule of the BES molecule, with a molecular 

weight of 211.01 g/mol. 

Analogous to Eq. 3-9, an f2 could be defined as the correction factor 

to estimate the activity purely due to acetoclastic methanogens (SAMA 

corrected) from the SAMA value obtained at 0 mM (SAMA 0mM): 

SAMA corrected =  f2  SAMA 0mM                                                              (3-12) 

 
Figure 3-5. SAMA values at different concentrations of BES 

In this case, the contribution of the SAO-HM pathway represented about 

23% of the methane produced from acetate. A factor f2 of 0.77±0.12 was 

obtained considering the error propagation, and a corrected SAMA of 

0.156±0.030 gCOD gVSS
-1 d-1 was estimated for acetoclastic methanogenic 

population. 
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3.3.4.  Acetoclastic methanogens: mass fraction estimation 

Considering Eqs. 3-6 and 3-8, and the intercept of the lineal regression 

involving SAMA values for 20 and 50 mM, 0.047 ± 0.010 gCOD gVSS
-1 d-1, as 

an estimation of the contribution of the SAO-HM pathway, the specific 

methane production rate associated with r3+r2 pathway, kCH4,3+2 (gCOD gVSS
-1 

d-1), can be expressed as follows: 

kCH4,3+2 =
(1−ϲ Yhm)(1−ϲ Yao)km,aoXao

X
= 0.047 gCOD gVSS

−1d−1             

Since hydrogenotrophs were partially affected at the different 

concentration of BES, level 1 was not verified experimentally. Raw results 

of the SAMA test without BES and the intercept of a trendline constructed 

with SAMA at 20 and 50 mM were used to calculate the pseudo-first-order 

constant associated with r1, kCH4,1 (gCOD gVSS
-1 d-1), as follows: 

kCH4,1 =
(1 − ϲ Yam)km,amXam

X
= (0.201 − 0.047) gCOD gVSS

−1d−1   

Therefore,    
(1−ϲ Yhm)(1−ϲ Yao)km,aoXao

(1−ϲ Yam)km,amXam
=  

0.047 

0.201−0.047
= 0.305                        

(1 − ϲ Yhm)(1 − ϲ Yao)km,aoXao = 0.305 [(1 − ϲ Yam)km,amXam]              (3-13) 

Substituting Eq. 3-13 into 3-6:    VL
dSCH4

dt
= 1.305 (1 − ϲ Yam) km,amXamVL         

The following expression for Xam (gVSS L-1) is obtained: 

Xam =
1

1.305 (1−ϲ Yam) km,am
 (

dSCH4

dt
)                                                             (3-14)                               
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For SAMA test without BES, an X of 2.30 gVSS L-1 was determined, and the 

methane production rate (dSCH4/dt) was estimated in 0.462 gCOD L-1 d-1. 

Thus, considering the values obtained by Lawrence and McCarty (1969), 

Yam of 0.054 gVSS gCOD
-1 (ϲ of 1.42 gCOD gVSS

-1 for microbial cells) and km,am 

of 4.8 gCH3COOH gVSS
-1 d-1 (equivalent to 5.1 gCOD gVSS

-1 d-1) for a mixed 

culture at 30°C, an Xam of 0.075 gVSS L-1 is obtained from Eq. 3-14. 

Therefore, acetoclastic methanogens represent 3.3% of the solids content 

associated with biomass in the biosludge sample (there are not enough 

inputs available to propagate the error associated with value). Then, the 

methanogenic population (hm+am) represent about 4% of the total biomass 

in coherence with the literature (Soto et al., 1993). 

3.3.5.   Comments on the order of reaction 

The literature was reviewed in search of values for the half-saturation 

constant KS of Monod kinetics for homoacetogens to study the order of 

reaction for homoacetogenesis under SHMA test conditions. Ni et al. (2011) 

informed a KS of 3.7E-05 ± 3.1E-06 gCOD L-1, whereas Liu et al. (2016) 

reported a KS of 0.23 ± 0.1 gCOD L-1, both at 35 °C, along with a KS for 

hydrogenotrophic methanogens of 0.035 ± 0.007 gCOD L-1; none of these 

samples corresponded to granular biosludge. In addition, the methodology 

used by Ni et al. (2011) for the selection of homoacetogens in the inoculum 

is more than rough, making the results questionable. On the other hand, 

despite the methodology being more reasonable, the values presented by 

Liu et al. (2016) seem to be affected by hydrogen mass transfer limitation, 
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evidenced through the comparison of the KS obtained for hydrogenotrophic 

methanogens with others found in the literature (for more understanding, 

see table A1 from Appendix 2 and the discussion about KS from Chapter 2). 

There is even less reliable information about SAOBs. Therefore, the need 

for a precise determination of KS for the homoacetogens and SAOBs 

present in the granular sludge is not yet satisfied, and the study of the 

kinetics associated with homoacetogenesis and SAO remains unfulfilled 

and pending for future approaches on this subject, escaping from the scope 

of the current work. However, all the SHMA runs were carried out in similar 

ranges of total pressures, especially at the beginning of the test. The same 

is true for SAMA concerning acetate concentration. As SHMA and SAMA 

determinations were based on initial rates, substrate concentrations in each 

test were comparable, being in the same order of reaction, despite not 

having a detailed description of the r3 or r4 kinetics. Then, activity values 

derived from complete inhibition tests were comparable and applicable for 

the calculation of factors for the correction of SAMA and SHMA obtained 

from routine tests without BES. 

   CONCLUSIONS 

During SMA tests, IC50 values of 3 and 20 mM were observed for 

acetoclastic and hydrogenotrophic methanogens, respectively, in granular 

sludge samples exposed to BES. Homoacetogens contributed about 6% of 

the value of SHMA obtained without inhibitor, whereas the SAO-HM 
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pathway contributed about 23% of the methane produced from acetate 

during the SAMA test. Therefore, correction factors were introduced to 

adjust values from both SAMA and SHMA routine tests to represent 

methanogens activity. The specific biomass concentration was calculated 

based on kinetics data obtained. The contributions of methanogenic 

acetoclastic and hydrogenotrophic archaea were estimated in 0.8% and 

3.3% of the VSS content of the biosludge sample, respectively. 
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HYDROGENOTROPHIC ACTIVITY APPLIED TO 
SLUDGE FROM SOLIDS DIGESTER 
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 HYDROGENOTROPHIC ACTIVITY APPLIED TO 

SLUDGE FROM SOLIDS DIGESTER 

   INTRODUCTION 

 The influence of factors over solids digesters performance, such as 

temperature, pH, type of digestion, and substrate characteristics, has been 

reported in the literature (Bi et al., 2020; Fotidis et al., 2013; Liu et al., 2016; 

Westerholm et al., 2016). Solids digesters, dealing with complex type of 

substrates such as manure or the organic fraction of municipal solid waste, 

usually have problems with ammonia inhibition at high OLR; since 

hydrogenotrophic methanogens are less sensitive to the presence of 

ammonia than acetoclastic methanogens, SAO-HM is crucial for the AD 

process in solids digester under ammonia inhibition (Fotidis et al., 2014; 

Yenigün and Demirel, 2013). Methanogenic activity tests could lead to a 

better comprehension of the pathways involved in AD process inside 

digesters and provide a more holistic diagnosis of its performance, as 

discussed in Chapter 1 and 2.  

 In Chapter 2, a formula to calculate the inoculum size was proposed 

for SHMA batch-assays considering selected conditions, such as incubation 

temperature and headspace volume in vials, and characteristics of the 

sludge sample: the VSS content and an estimated value for SHMA; then, 

samples with low VSS or low SHMA required larger inoculum sizes using 

this formula, which worked properly for washed and exhausted sludge from 
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wastewater reactors, where no significant amount of inert or substrate was 

found and the VSS content could be used as a direct quantification of the 

biomass. However, when considering samples from solids digesters, 

substrate cannot be completely separated from microorganisms (refer to as 

‘biomass’) by washing or exhausting; then, substrate and inert dilutes 

biomass concentration, and a greater inoculum size would be needed to 

assess SHMA in a reasonable period with negligible microbial growth. 

Additionally, since total VS roughly represents both biomass and substrate, 

and SHMA is usually expressed per gVSS of the sample, the 

hydrogenotrophic activity would be undervalued. In the present Chapter, the 

work developed on this issue is exposed.  

 The main objective of the present work was to study the dilution 

effect of substrate and inert presence over biomass concentration in 

biosludge samples from solids digester and improve the methodology for 

SHMA and SAMA determination. In this context, the specific objective was 

to determine a correction factor to recalculate the inoculum size formula, 

and activity results for a better estimation of the biomass activity. This work 

was presented orally in XII Latin American Workshop and Symposium on 

Anaerobic Digestion, Cuzco (2016) and the full paper can be consulted in 

Appendix 5. 

 



84 

 

   MATERIALS AND METHODS 

4.2.1.  Inoculum 

 Sludge from a slaughterhouse anaerobic lagoon was provided to 

inoculate two different systems: (i) a bench-scale CSTR for manure 

digestion; (ii) a pilot-scale EGSB reactor for wastewater treatment in a 

beverage industry. Inoculum was mostly flocculent but had some incipient 

granules. SHMA, SAMA, and VSS were determined for the inoculum 

(‘sample 0’). Also, methanogenic activities for both inoculated systems were 

analysed to compare solids digester case, where biomass dilution effect 

might be relevant, to the EGSB reactor where such dilution does not exist. 

4.2.2. Manure bench-scale digester  

 The inoculum (X) was incubated in batch conditions for adaptation 

to the substrate with manure (S) from a milking-yard farm at an initial ratio 

of 2.0 gVS_X gVS_S
-1 for 30 days. Manure characterization can be seen in 

Table 4-1. At the end of this 30-day-batch incubation, the incubated sludge 

was sampled for SHMA, SAMA, and VS analysis (‘sample 1’, t=30 d). A 

CSTR digester (3.0 L of working volume) was inoculated with the incubated 

sludge and operated at an OLR of 2.9 gCOD L-1d-1 and an SRT of 30 days, 

obtaining a COD removal efficiency of 54% (period 1). The digester was 

sampled at the end of period 1 after 2 SRT (Solid Retention Time) for SHMA, 

SAMA, and VS analysis (‘sample 2’, t= 103 d). Then, OLR was increased to 

4.4 gCOD L-1d-1 (period 2), achieving a COD removal efficiency of 51%.  



85 

 

Table 4-1. Manure characterization (mean and standard deviation for triplicates). Analytical 
methods: BMP and biodegradability - Angelidaki et al. (2009); VS - Rice et al. (2017); total 
COD - Yadvika et al. (2006) 

VS-s (mg/g) COD (gCOD/gVS) BMP (mLCH4/gVS) Biodegradability (%) 

139 ± 3 1.36 ± 0.06 307± 9 65 ± 2 

 

Another sample was taken from CSTR digester after 3 SRT in period 2 

('sample 3', t=196 d). Details about the operation of the digester named as 

‘reactor 2’ can be consulted in Benzo (2016).  

4.2.3.   Beverage pilot-scale EGSB reactor 

  After inoculation and during the start-up, the pilot-scale EGSB 

reactor (15 m3) treating beverage wastewater at an OLR of 5 kgCOD m-3 d-1 

(0.3 kgCOD kgVSS
-1 d-1) was sampled for SHMA, SAMA, VSS analysis 

('sample 4'). 

4.2.4.   SHMA test 

 SHMA tests were carried out by triplicate using the adapted protocol 

discussed in Chapter 2 (Ripoll et al., 2020). This protocol is based on 

monitoring the depletion of gas pressure in vial headspace (ΔP), using a 0-

2 barg pressure transducer (Sper Scientific® model PS100-2BAR; 

maximum range: 1500 mmHg; resolution: 2 mmHg), and calculations 

considering the stoichiometric relation for the H2/CO2 conversion to 

methane (Coates et al., 1996). The volume aliquot of biosludge VB(L)  added 

to each vial was calculated as:  
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VB =
−ΔP Vhs C

4 R T ∆t X km,h
    with X estimated as:  X = Xtot fc                       (4-1) 

Where C = 64 gCOD mol-1 is the conversion factor from moles of methane to 

grams of COD; ΔP (atm) is the pressure depletion inside headspace 

desirable between two consecutive measures; Vhs (L) is the headspace 

volume; R (L atm K-1 mol-1) is the universal gas constant; and T (K) is the 

temperature; Δt (days) is the time planned to be elapsed between two 

consecutive measures; X (gVSS L-1) is the concentration of biomass 

(microorganisms) in the sample; Xtot (gVSS L-1) is the total content of VS in 

the sample taken from a solids digester; and km,h (gCOD gVSS
-1 d-1) is a 

preliminary value for SHMA based on historical data and considering the 

source reactor for the particular biosludge sample. The original SHMA 

protocol was adapted to consider the dilution of the biomass with the solid 

substrate and inert by using a correction factor fc that corrects the VS 

concentration determined for the sample by the standardized protocol 

presented in Rice et al. (2017) to obtain an estimation of the biomass 

concentration. This correction factor was calculated by using kinetics model, 

as explained in the following subsection. 

 Before SHMA tests, samples 0 and 4 were exhausted at 30ºC for 3 

days, whereas samples 2 and 3 were left 6 days at 37ºC; sample 1 was not 

exhausted. SCHOTT® 250mL flasks (308 mL of total volume) were used as 

test vials in SHMA assay, with a headspace volume Vhs of 208 mL. Vials 

containing sludge were gassed to 760 mmHg (gauge pressure) with H2/CO2 

(80/20) and incubated at 30ºC in a New Brunswick™ Innova® model 2100 
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orbital platform shaker at 150 rpm. Measures for pressure inside headspace 

(P) were taken every 2 hours. 

4.2.5.   SAMA test 

 SAMA tests were carried out in triplicate at 30°C inside SCHOTT® 

100 mL glass bottles (137 mL of total volume) with an initial concentration 

of sodium acetate of 3 gCOD L-1 so as to work at zero-order conditions (see 

Chapter 2). The protocol was based on the methodology of headspace 

pressure measurement and determination of biogas composition proposed 

by Soto et al. (1993). These gas samples were analysed using a Shimadzu® 

gas chromatograph model GC-2014 equipped with a Restek® ShinCarbon 

model ST 100/120 2 m 1 mm ID 1/16” OD Silco packed column under the 

following conditions: temperature of injection port, packed column, and TCD 

were adjusted at 110°C, current in TCD was set to 60 mA and argon N50 

carrier was set at a flow rate of 21 mL min-1. 

 In this case, the volume aliquot of sludge VB (L) could be determined 

analogously than in SHMA tests, as follows: 

VB =
−ΔP xCH4 Vhs C

 R T ∆t X km,a
    with X estimated as:  X = VSsample fc                        (4-2) 

Where C = 64 gCOD mol-1, xCH4 is the molar fraction of methane in the gas 

mixture inside the headspace; km,a (gCOD gVSS
-1 d-1) is a preliminary value for 

SAMA, based on historical data and the type of sources for the biosludge 
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sample. A gas depletion ΔP of 0.33 atm (250 mmHg) was set for a Δt of 

0.21 days (5 h).  

4.2.6.   Kinetics model 

 The solid substrate (S) was represented by two fractions: a fraction 

of non-biodegradable material (Xnb) and a fraction of biodegradable material 

(Xb). First-order kinetics was considered for the substrate hydrolysis of the 

biodegradable fraction, considering kH(d-1) as the hydrolysis constant 

(Valentini et al., 1997). A value for kH of 0.142 d-1 was assumed based on a 

determination of BMP conducted during period 1. Complete mixed 

behaviour was considered for the manure digester, with τ(d) as the hydraulic 

retention time. A microbial yield Y of 0.376 gVSS_X gVSS_S
-1 was considered, 

based on the value reported by Pavlostathis and Giraldo-Gomez (1991), 

0.18 gVSS_X gCOD
-1, and a concentration of 2.09 gCOD gVS_Xb

-1 determined for 

the manure used as the substrate in the experiences. The decay of biomass 

was modelled as first-order kinetics with kd of 0.01 d-1 as the coefficient. The 

dead biomass was assigned to the biodegradable fraction Xb. 

In batch conditions, model equations were the following: 

dX

dt
= Y kHXb − kdX                                                                                  (4-3) 

dXb

dt
= − kHXb + kdX                                                                                 (4-4) 

dXnb

dt
= 0                                                                                                   (4-5) 

Whereas, in continuous conditions, the model could be expressed as: 
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dX

dt
=

Xin−X

τ
+ Y kHXb −  kdX                                                                       (4-6) 

dXb

dt
=

Xb,in−Xb

τ
−  kHXb + kdX                                                                    (4-7) 

dXnb

dt
=

Xnb,in−Xnb

τ
                                                                                       (4-8) 

Where subscript ‘in’ indicates inlet conditions. 

 The model was numerically solved using SCILAB Software. The 

model solution allowed computing the concentrations of variables X, Xb, Xnb 

in the periods considered. The initial concentrations of X, Xb, and Xnb were 

32.3, 10.5, and 5.7 gVS L-1, respectively, based on batch design and 

experimental data from Table 4-1, resulting in a known correction factor fc 

of 0.67 at the beginning of the batch incubation.  

 For the CSTR digester, the inlet concentration of manure was 64 

and 96 gVS_S L-1 for period 1 and period 2, respectively. Then, Xb,in and Xnb,in 

were obtained for each period considering manure biodegradability from 

Table 4-1. The contribution of microorganisms from manure (Xin) was 

neglected for the CSTR digester modelling. The final values for X, Xb, Xnb 

resulting from modelling the 30-day-batch incubation were used as inputs 

to model period 1 of CSTR digester (involving 58 days), and analogously, 

for period 2 (88 days). The total content of VS (Xtot) was calculated for each 

period to estimate the corresponding correction factors fc as the ratio 

between X and Xtot. Then, SHMA and SAMA results could be divided by fc 

to obtain more representative values for microorganisms activities present 

in the sludge samples. 
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 RESULTS AND DISCUSSION 

4.3.1. Model simulation results 

The initial and final concentrations of X, Xb, Xnb, and Xtot obtained in 

the model simulation of the batch incubation, and for the period 1 and period 

2 of the CSTR can be seen in Table 4-2. Concentration profiles over time 

for the three stages can be observed in Figure 4-1. In batch model 

simulation, a moderate depletion in biomass concentration and also a 

decrease in biodegradable fraction were observed over the 30 days of 

incubation. The concentration of non-biodegradable material remained 

equal. Thus, total VS represented by Xtot decreased during batch incubation, 

obtaining a biomass correction factor of 0.79 at the end of the stage (Figure 

4-1i and Table 4-2). Then, for the CSTR digester model simulation in period 

1, an accumulation of non-biodegradable material, an increase in 

biodegradable fraction, a depletion in biomass concentration, and an 

increase in total VS along the stage were obtained, resulting in a correction 

factor of 0.30 (Figure 4-1ii and Table 4-2). Whereas in model simulation for 

period 2 of CSTR digester, biomass concentration had a net increase, also 

the total VS, obtaining a correction factor of 0.25 (Figure 4-1iii, Table 4-2). 

Table 4-2. Biomass, biodegradable and non-biodegradable substrates, and total VS 
concentrations and correction factor calculated by model simulation for the different stages 

ID X (g/L) Xb (g/L) Xnb (g/L) Xtot (g/L) fc 

Initial – Batch 32.3 10.5 5.7 48.5 0.67 

Final – Batch  29.4 2.3 5.7 37.4 0.79 

Final – Period 1 12.1 8.6 20.0 40.7 0.30 

Final – Period 2 15.6 12.8 32.9 61.3 0.25 
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Figure 4-1. Concentration profiles over time obtained by model simulation for the different 
stages of the experiment: (i) Batch incubation (ii) CSTR – period 1 (iii) CSTR – period 2. 

 

(i) 

(ii) 

(iii) 
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4.3.2. SAMA and SHMA tests 

  Results obtained from a direct application of SAMA and SHMA test 

protocols and activities values adjusted using fc factors for each stage are 

shown in Table 4-3. When considering results from the direct application of 

SMA test protocols (raw SAMA and raw SHMA), depletion in the inoculum 

activities were observed after being incubated with manure. These could be 

first associated with the acclimatization of sludge to the new substrate and 

second with the low concentration of biodegradable material after 30 days. 

Then, during period 1, sludge was fed with 2.9 gCOD L-1d-1 of manure in 

CSTR digester, with a consequent methane production of 1.2±0.2 gCOD L-1 

d-1. An increase in both activities was expected due to changes in 

operational conditions and some acclimatization to the substrate. However, 

there was no significant difference between the raw SAMA for batch 

incubation and period 1, and a decrease was observed in the raw SHMA. 

Later, in period 2 an OLR of 4.4 gCOD L-1d-1 of manure was applied to CSTR 

digester producing 1.9±0.3 gCOD L-1 d-1 of methane. Despite the fact that 

percentage of removed COD as methane remained similar to the one from 

period 1 with increasing OLR, decreases were registered in both raw 

activities. On the other hand, when analysing the case of beverage pilot-

scale EGSB reactor, an increase in raw activities was observed, probably 

associated with the selection of the sludge through ascensional rate and the 

sludge adaptation to consume a simpler substrate, mainly based on 

carbohydrates.  



93 

 

Table 4-3. Methanogenic activity raw values from applying SAMA and SHMA protocols and 
adjusted values obtained using fc factors for different sludge samples: (0) Inoculum; (1) 
Batch incubation; (2) CSTR - period 1; (3) CSTR - period 2; and (4) EGSB. Confidence 
intervals for a confidence level of 95% reported 

Sample 
ID 

Raw SAMA  
(gCOD gVSS

-1d-1) 
Adjusted SAMA  
(gCOD gVSS

-1d-1) 
Raw SHMA  

(gCOD gVSS
-1d-1) 

Adjusted SHMA  
(gCOD gVSS

-1d-1) 
fc 

0 0.100 ± 0.026 - 0.154 ± 0.004 - - 

1 0.052 ± 0.002 0.066 ± 0.003 0.103 ± 0.007 0.131 ± 0.009 0.79 

2 0.052 ± 0.006 0.172 ± 0.021  0.072 ± 0.012 0.241 ± 0.040 0.30 

3 0.045 ± 0.003 0.181 ± 0.011 0.042 ± 0.005 0.167 ± 0.019 0.25 

4 0.267 ± 0.032 - 0.256 ± 0.020 - - 

 

 While referring to values adjusted by correction factors, decrease in 

the activities were also seen for the inoculum at the end of the batch 

incubation. On the contrary, a change was observed in the trend of the 

adjusted values compared to the raw values, observing an increase in the 

activities for period 1 of CSTR digester with respect to the batch incubation. 

These evidenced an increasingly relevant effect of biomass dilution on 

activity values (with a correction factor of 0.30 compared to 0.79) and the 

usefulness of the correction factor for activity result adjustment and data 

interpretation. On the other hand, period 2 had a slightly lower correction 

factor than period 1. For this period, a decrease in SHMA was observed, 

whereas SAMA had no significant difference with the activity found for 

period 1. Also, it is relevant to notice that raw activity results undervalued 

the real activity of the biomass in the cases of batch incubation and for the 

CSTR digester. 
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4.3.3.   Inoculum size estimation for SAMA and SHMA tests 

For SMA tests, the aliquot of sludge VB can be calculated by Eq. (4-

1) or (4-2) considering the correction factor obtained through modelling. As 

an example, for an expected depletion of 120 mmHg in headspace pressure 

every 3 h, considering the value of SHMA for sample 0 as an estimation of 

km,h (0.154 gCOD gVSS
-1 d-1), the X obtained for sample 1 (37.4 gVS L-1), and 

a correction factor of 0.79, VB was determined to analyse SHMA of sample 

1, resulting in a concentration of 14 gVS L-1 of the sample in each vial. The 

concentration of 14.8 gVS L-1 dosed to vials (verified at the end of the test) 

produced a depletion of 100 mmHg every 3 h and a total number of 6 

measures after 9 h, coherent with the adjusted SHMA obtained for sample 

1 (0.131 gCOD gVSS
-1 d-1). Analogously, the corresponding VB was calculated 

at 37 mL per vial (14 gVS L-1) for the SAMA assay of sample 1, considering 

an increase of 250 mmHg every 5 h, an estimated km,a of 0.100 gCOD gVSS
-1 

d-1 from sample 0, and the correction factor 0.786. A concentration of 15.3 

gVS L-1 was verified in vials at the end of the test, observing an increase of 

about 150 mmHg every 5 h and obtaining 4 measures after 40 h, including 

two nights without measuring since there were hand-taken. This behaviour 

was consistent with the adjusted SAMA value obtained for sample 1. 

Greater concentrations were needed to quantify SAMA and SHMA for 

samples 2 and 3 from the CSTR digester, ascending to 30 or even 40 gVS 

L-1 of sludge inside vials. These values are significantly higher than the 

concentrations usually recommended for the SAMA and SHMA tests, for 
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example, than those reported by Coates et al. (1996) from 1 to 8 gVSS L-1. 

Consequently, a more reasonable time-test was obtained, similar to those 

from wastewater systems, in contrast to the ones reported for solids that 

exceed 50 h for the SHMA test, as in the case of Coates et al. (1996). 

   CONCLUSIONS 

 A case of solid waste digestion was exposed from batch incubation 

to subsequent operation in a CSTR digester; the dilution effect of substrate 

and inert over biomass was studied through model simulation, obtaining a 

correction factor of 79% for batch incubation and 25 to 30% for the CSTR 

digester. These correction factors were used to adjust SAMA and SHMA 

from raw results to better represent methanogenic population activities. For 

the CSTR digester, tendencies changed after adjustment, evidencing the 

relevance of the application of this correction tool. Otherwise, raw activity 

results can underestimate the real activity of the biomass. The correction 

factors were used to perform more reliable calculations to determine 

inoculum size for SAMA and SHMA tests, obtaining higher values than the 

ones from wastewater systems protocols (up to 40 compared to 1 to 8 gVSS 

L-1) and similar time-test (10 to 12 h for SHMA, and about 40 h for SAMA), 

achieving a suitable test design. 
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98 

 

 FINAL CONSIDERATIONS 

At the beginning of this thesis, the aim was to establish a basis for 

the design and selection of test conditions for SHMA determination in a wide 

variety of types of biosludge, based on both laboratory experiences and 

modelling. In this context, simple models were applied to analyze process 

kinetics: in Chapter 2, a zero-order model was considered for the 

quantification of the specific methanogenic activity; a literature revision 

about half-saturation constant for hydrogen was conducted to give sustain 

to zero-order condition hypothesis. Also, acid-base equilibrium equations 

and microbial growth kinetics were utilized to ponder the influence of CO2 in 

the methodology of SHMA determination. Then, in Chapter 3, kinetics for 

the four reactions involved in the last step of the AD process were 

considered to estimate methanogen fractions in microbial population and 

study the contribution of each pathway in SMA tests. Finally, in Chapter 4, 

the evolution of biomass, degradable and non-degradable substrate was 

modeled for solid waste digestion during batch incubation and then in a 

CSTR digester. Biomass correction factors were estimated and used as 

correctors of the activity values to better reflect the microbial activity.  

Standardization of SHMA and SAMA techniques is crucial to 

compare results between different reactors and laboratories. Interlaboratory 

experiences would enrich the discussion and provide a basis to analyse the 

influence of different variables and consider variations between available 
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equipment to achieve comparable conditions. To mention one of the 

relevant issues to be considered, serious studies must be done to analyse 

external mass transfer limitations and made different SHMA techniques 

comparable. Beyond the particular conclusions of each chapter that are 

summarized below, the entire work shows an approach methodology for the 

study of methanogenic routes through a cost-effective tool such as activity 

tests, making a critical analysis of their design parameters and limitations 

(Chapters 2 and 3) and trying to collaborate in solving drawbacks such as 

solid waste case (Chapter 4). In Chapter 2 of this work, a full calculation was 

presented and the basis was laid for a discussion of interlaboratory work 

and standardization of the SHMA technique. The equation proposed for size 

inoculum made SHMA determination possible within 7 to 10 h for both low 

activity and high-rate-reactor sourced biosludge, with negligible microbial 

growth. The zero-order model fitted adequately to data, and hypothesis 

simplifications applied for methane production calculation during the SHMA 

test introduced an error comparable to the experimental error. SHMA, 

together with SAMA, gives a better explanation of the performance of 

biosludge in reactors (represented by the parameter of specific methane 

production rate in the reactor, SMPR). 

Regarding BES usage as an inhibitor during SMA tests, as presented 

in Chapter 3, IC50 values of 3 and 20 mM were observed for acetoclastic 

and hydrogenotrophic methanogens, respectively, in granular sludge 

samples exposed to BES. Homoacetogens contributed about 6% of the 
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value of SHMA obtained without inhibitor, whereas the SAO-HM pathway 

contributed about 23% of the methane produced from acetate during the 

SAMA test. Therefore, correction factors were introduced to adjust values 

from both SAMA and SHMA routine tests to represent methanogens activity. 

The specific biomass concentration was calculated based on kinetics data 

obtained. Contributions of methanogenic acetoclastic and hydrogenotrophic 

archaea were estimated in 0.8% and 3.3% of the VSS content of the 

biosludge sample, respectively. 

Finally, a case of solid waste digestion was exposed in Chapter 4, 

from batch incubation to subsequent operation in a CSTR digester; the 

dilution effect of substrate and inert over biomass was studied through 

model simulation, obtaining a correction factor of 79% for batch incubation 

and 25 to 30% for the CSTR digester. These correction factors were used 

to recalculate SAMA and SHMA from raw results. For the CSTR digester, 

tendencies changed after adjustment, evidencing the relevance of the 

application of this correction tool. Otherwise, raw activity results can 

underestimate the real activity of the biomass. The correction factors were 

used to perform more reliable calculations to determine inoculum size for 

SAMA and SHMA tests, obtaining higher values than the ones from 

wastewater systems protocols (up to 40 compared to 1 to 8 gVSS L-1) and 

similar time-test (10 to 12 h for SHMA, and about 40 h for SAMA), achieving 

a suitable test design. Beyond the particular considerations of the case, the 

use of correction factors extracted from more or less simple modelling 
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represents an advance in the design of activity tests to deal with long test 

periods and significant microbial growth that hindered the comparison of 

results. Besides, this methodology uncovers the influence of biomass 

dilution that sometimes leads to erroneous conclusions regarding 

microorganism biological capacity and a false diagnosis of the system. 

Regarding observations surrounding the thesis work, during literature 

review in search of kinetics constants, a worrisome fact came to light: the 

use of kinetic values out of context or miscited references, at different 

temperatures and for obviously different types of substrate or systems, 

whose sources were articles of the decades of the 70s and 80s, collected 

in reviews of the 90s. In Appendix 1, a sensitivity analysis was performed 

for YX/S to weigh its effect on the error calculation associated with SHMA 

determination methodology. It might be advisable to make this tool more 

widely used for calculating kinetics to safeguard the differences between 

the original conditions considered for the kinetic constant and the case of 

study. 

As mentioned in Chapter 2, further studies must be performed about 

the influence of temperature on SHMA and SAMA. Researchers report SMA 

in a wide variety of incubation temperatures, making results harder to be 

compared. More research on this issue could help to decide whether a 

standardized temperature must be defined and become widely used among 

the scientific community. It is needed to compare the activity tested in the 
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laboratory and the activity in the source reactor. Given the wide annual 

range of temperatures in Uruguay and the absence of isolation in most of 

the reactors marketed for this area, it is relevant to achieve a deeper 

understanding of the influence of temperature on methanogenic activities. 

This study can be enriching to predict behaviour and anticipate problems for 

reactors during winter based on data collected in summer. Additionally, 

SHMA technique should be adjusted for psychrophilic and thermophilic 

biosludge since kinetic parameters vary significantly due to changes in the 

microbial population.  

After reviewing the literature, it was found as a common fact that most 

of the researchers still only including SAMA, if any activity, considering that 

this tool is enough to adequately describe AD systems, and attributing the 

activity value exclusively to acetoclastic methanogens. However, in Chapter 

3 for the case studied, the SAO-HM pathway contributed to approximately 

23% of the methane produced exclusively from acetate during the SAMA 

test. This result calls into question the iconic values used to describe the AD 

scheme in articles and textbooks from the days of the publication of 

Lawrence and McCarty (1969) to the present day that associates a 70:30 or 

72:28 to acetoclastic and hydrogenotrophic pathways from a more substrate 

complex than acetate. Thus, more attention should be paid to the SAO-HM 

pathway, and the SAOB population should be more deeply study in terms 

of presence and kinetics in AD systems. 



103 

 

In addition to the research sector, methanogenic activities should be 

further promoted in the industrial sector as cost-effective diagnostic tools. 

With these SAMA and SHMA tests, it is possible to analyse the evolution of 

methanogenic activities over time and see whether one pathway develops 

more than another due to inhibition problems. Nowadays, there is a lack of 

knowledge, and sources are unnecessary spent to re-inoculate reactors 

with sludge that come from many kilometres and even from other countries 

due to problems that could have been anticipated or solved based on these 

simple tools. 
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GLOSSARY 

ANAEROBIC BIOSLUDGE: Sludge containing anaerobic microorganisms 
responsible of organic matter degradation. It could be classified as granular 
(presence of granules) or flocculent biosludge (without organized structure), 
depending on its structure. 

ANAEROBIC DIGESTER: Applied indistinctly for systems used in the anaerobic 
degradation of solid waste, wastewater, or energy crops. The term ‘solids 
digester’ is used when referring exclusively to solids digestion systems, 
where the most common model corresponds to a Continuous Stirred-Tank 
Reactor (CSTR). 

ANAEROBIC DIGESTION:  Biochemical process during which organic matter is 
decomposed by microorganisms in the absence of oxygen and transformed 
into biogas as the final product. 

ANAEROBIC DIGESTION MODEL NO. 1: Kinetic model introduced by the IWA 
Task Group for Mathematical Modelling of Anaerobic Digestion Processes 
to simulate complex substrate degradation (Batstone et al., 2002). 

ANAEROBIC REACTORS: Anaerobic systems for wastewater treatment. There 
are classified depending on the installed capacity in lab-scale, bench-scale, 
pilot-scale, and full-scale. Among high-rate reactors (in terms of wastewater 
inlet application), it can be named the Up-flow Anaerobic Sludge Blanket 
reactor (UASB), the Expanded Granular Sludge Bed reactor (EGSB), and 
the Internal Circulation reactor (IC); the last two have a superior capacity 
due to external or internal recirculation. On the other hand, anaerobic 
lagoons are counted as low-rate anaerobic reactors. 

BIOGAS: Mixture of gases produced by the anaerobic degradation of organic 
matter primarily consisting of methane and carbon dioxide.  

BIOGAS UPGRADING: Separation process of methane from carbon dioxide 
and other gases present in biogas to obtain biomethane (gas enriched in 
methane). 

BIOMASS: Renewable organic material from living organisms. In this thesis, 
it is strictly applied to biosludge fraction corresponding to microorganisms. 

CHEMICAL OXYGEN DEMAND (COD): Oxygen equivalents consumed in the 
chemical oxidation of organic matter by a strong oxidant (e.g., potassium 
dichromate). 

HALF-MAXIMAL INHIBITORY CONCENTRATION (IC50): Quantity of an 
inhibitory substance, typically expressed as a molar concentration, needed 
to inhibit in vitro a given biological process or biological component by 50% 
(in this thesis applied to microorganisms involved in methanogenesis). 

HOMOACETOGENESIS: Conversion reaction of H2/CO2 to acetate conducted 
by homoacetogenic bacteria. 

https://en.wikipedia.org/wiki/Enzyme_inhibitor
https://en.wikipedia.org/wiki/Molar_concentration
https://en.wikipedia.org/wiki/In_vitro
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INOCULUM: Biosludge employed for inoculation of digesters and vials in 
biological tests (e.g., Specific Methanogenic Activity). 

METATRANSCRIPTOMIC APPROACH: A microbiological approach for microbial 
diversity and dynamics analysis based on the study of microbiota genomic 
content (more specifically, mRNA).  

METHANOGENESIS: Anaerobic respiration conducted by methanogens that 
uses carbon as an electron acceptor and results in methane production. 

ORGANIC LOADING RATE (OLR): Amount of organic matter per unit of volume 
or per grams of biomass and per unit of time, applied to an anaerobic 
digester. 

SOLIDS RETENTION TIME (SRT): Average time that solid fraction spends 
inside the digester. 

SPECIFIC METHANE PRODUCTION (SMP): Amount of methane expressed as 
grams of COD per gram of biomass produced in a certain period of time. 

SPECIFIC METHANE PRODUCTION RATE (SMPR): SMP expressed per unit of 
time. 

SPECIFIC METHANOGENIC ACTIVITY (SMA): Maximum production rate of 
methane from a substrate, expressed in grams of COD per gram of 
biomass, distinguishing between Specific Acetoclastic Methanogenic 
Activity (SAMA) and Specific Hydrogenotrophic Methanogenic Activity 
(SHMA), with acetate or H2/CO2 (or formate) as the substrate, respectively. 

SYNTROPHIC ACETATE OXIDATION: Conversion reaction of acetate to H2/CO2 
conducted by syntrophic acetate oxidizing bacteria (SAOB) in syntrophy 
with hydrogenotrophic methanogens to make reaction feasible under the 
conditions involved in the anaerobic digestion. 

VOLATILE FATTY ACIDS (VFA): Short‐chain fatty acids composed mainly of 
C2–C6 carboxylic acids produced in the anaerobic digestion process. 

VOLATILE SOLIDS (VS): Amount of volatile matter present in a sample; 
commonly used to quantify biomass in biosludge samples from solids 
digester. 

VOLATILE SUSPENDED SOLIDS (VSS): Amount of volatile matter present in the 
solid fraction separated by centrifugation or filtration from a measured 
volume of solution; commonly used to quantify biomass in biosludge 
samples from wastewater systems.

https://en.wikipedia.org/wiki/Volatility_(chemistry)
https://en.wikipedia.org/wiki/Volatility_(chemistry)


 
 

 

 

 

 

 

 

 

 

 

 

APPENDIX 1 

HYDROGENOTROPHIC ACTIVITY:  
A TOOL TO EVALUATE KINETICS OF METHANOGENS 

Full article from Journal of Environmental Management (2020) 
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APPENDIX 2 

HYDROGENOTROPHIC ACTIVITY:  
A TOOL TO EVALUATE KINETICS OF METHANOGENS 

Electronic Supplementary Material 
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APPENDIX 3 

A CASE OF STUDY BASED ON ACTIVITY TESTS 

XIII Latin American Workshop and Symposium on Anaerobic 

Digestion - DAAL ΧΙΙΙ - Medellín, 2018 (Oral Presentation) 
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APPENDIX 4 

ACTIVITY TESTS WITH METHANOGENESIS 

INHIBITOR 

16th World Congress on Anaerobic Digestion - ad16 

Delft, 2019 (Poster Presentation) 
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APPENDIX 5 

ADJUSTMENT OF HYDROGENOTROPHIC ACTIVITY 
APPLIED TO SLUDGE FROM SOLID DIGESTER  

 

XII Latin American Workshop and Symposium on Anaerobic 

Digestion, Cuzco, 2016 (Oral presentation) 
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