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Abstract 

Butyric acid is a highly valuable chemical due to its wide range of applications. Its 

production and recovery from organic waste offers greater economic benefits and reduced 

environmental impacts, as it is currently mainly derived from fossil fuels. Although the 

accumulation of butyrate is a recurrent phenomenon in anaerobic digestion, there has been 

limited research on the optimal conditions for butyrate accumulation and the underlying 

accumulation mechanisms. This thesis aimed to investigate the factors influencing butyric 

acid degradation and production, with the goal of identifying the optimal conditions for its 

accumulation in anaerobic digestion systems. The specific objectives of this PhD research 

were: 1) to elucidate the effects of ammonia (TAN) concentration and pH on butyrate 

degradation; 2) to investigate the influence of butyrate concentration and temperature on 

butyrate degradation and its associated metabolic pathway; 3) to identify the best conditions 

(pH, temperature, and inoculum to substrate ratio) for maximizing butyric acid yields and to 

explore the underlying mechanisms governing volatile fatty acid (VFA) distribution under 

varying conditions. 

The results showed that at pH 7.5, butyrate degradation experienced remarkable inhibition 

when TAN exceeded 8.0 g N/L, while no discernible impacts were observed at pH 7.0–8.0 

and 4.0 g TAN/L. Additionally, the lag phase for butyrate degradation extended with 

increasing TAN concentration. NH4+ contributed more to inhibition than NH3 at TAN 

concentrations of 2.0–20.0 g N/L. Notably, the activity of butyrate-degrading bacteria was 

able to be fully recovered from severe ammonia inhibition (TAN of 20 g N/L or NH3 of 779.2 

mg N/L), provided a prolonged adaption time. 

Complete butyrate degradation occurred in the range of 2.0 to 20.0 g COD/L, regardless of 

temperature (37 oC or 55 oC); however, degradation kinetics differed in the two temperature 

conditions. At 37 oC, iso-butyrate production was observed with butyrate concentrations from 

2.0 to 20.0 g COD/L, while it only occurred with 20 g COD/L butyrate at 55 oC. The kinetic 

analysis of butyrate oxidation showed that the production of iso-butyrate was important for 

butyrate degradation. Metagenomic analysis revealed that the key enzymes such as enoyl-

CoA hydratase (EC 4.2.1.17) and 3-hydroxyacyl-CoA dehydrogenase (EC 1.1.1.35) involved 

in iso-butyrate metabolism correlated positively with efficient butyrate degradation. 
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The optimal condition for efficient butyrate accumulation from glucose was pH 5.5, a 

temperature of 37°C, and an ISR of 1:3. Different experimental conditions significantly 

shaped the microbial community dynamics. The genera playing significant roles in butyrate 

production included Clostridium, Caproicibacter, Caproicibacterium, Sporolactobacillus, 

and Ethanoligenens. The relative abundance of genes encoding key enzymes involved in 

reverse β-oxidation significantly increased under optimal conditions, suggesting that the 

enhancement of butyrate production was driven by carbon chain elongation, using 

intermediate metabolites like ethanol or lactate as electron donors and acetate as the electron 

acceptor. These findings demonstrate that chain elongation can be sustained without the need 

for external electron donors or additional chemicals, effectively promoting both the yield and 

purity of butyrate. 

This PhD research provides deeper insights into the biochemical and microbial mechanisms 

of butyrate accumulation in anaerobic digestion, and provides practical solutions for 

enhancing butyrate production from wastes, thereby supporting sustainable resource recovery 

and advancing biorefinery technologies. 
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Introduction 
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1.1 Background 

As the global population continues to grow, there is a corresponding increase in the demand 

for energy resources, as illustrated in Fig. 1.1, with a remarkable rise of consumption of fossil 

fuels. However, the finite fossil fuel reserves and the constantly rising fossil fuel prices have 

exacerbated the energy shortage. Additionally, the environmental impacts associated with 

fossil fuel combustion, such as water, air and soil pollution and greenhouse gas emissions, 

have further intensified the severe energy crisis and environmental challenges associated with 

the burning of fossil fuels (Mu et al., 2023). Concurrently, the volume of waste generated by 

human activities is also escalating (Feng et al., 2022). This dual trend underscores the 

mounting pressure on both energy systems and waste management infrastructure, 

emphasizing the need for more sustainable approaches to address these interlinks.  

 
Figure 1.1 Global primary energy consumption by source based on the substitution method 

and measure in terawatt – hours (Ritchie et al., 2023) 

Anaerobic digestion (AD) is a promising treatment method, which not only effectively 

manages organic waste such as food waste, animal manure, wastewater and sludge (Carlsson 

et al., 2012), but also generates renewable energy in the form of biogas. The digestate of AD 

can be used as soil amendment and organic fertilizer. AD offers several benefits over other 

organic waste treatment methods, including effective odor control, reduction of greenhouse 

gas (GHG) emissions, pathogen removal, and versatility with different types of substrates 
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(Chiappero et al., 2020). The AD process consists of four sequential and parallel processes 

that decomposes organic waste in the absence of oxygen: hydrolysis, acidogenesis, 

acetogenesis, and methanogenesis (Fig. 1.2) (Fakkaew and Polprasert, 2021; Wang et al., 

2023c). 

 
Figure 1.2 Main stages in anaerobic digestion process (Adapted from Wang et al. (2023)) 

In the hydrolysis stage, complex organic compounds such as carbohydrates, proteins, and fats 

are broken down into simpler, soluble molecules like sugars, amino acids, and fatty acids by 

hydrolytic bacteria. These soluble molecules are then converted by acidogenic bacteria into 

volatile fatty acids (VFAs), alcohols, hydrogen, and carbon dioxide, producing various 

intermediate products such as lactic acid, butyric acid, and propionic acid. The next stage, 

acetogenesis, involves further breakdown of the VFAs and alcohols into acetic acid, 

hydrogen, and carbon dioxide by acetogenic bacteria. This prepares the substrates for the 

methane generation, in which methanogenic archaea convert acetic acid, hydrogen, and 

carbon dioxide into methane and carbon dioxide, resulting in biogas. While the primary goal 

of AD is often seen as biogas production, it is equally important to recognize the substantial 

value of the intermediate products generated during the process, particularly VFAs (Strazzera 

et al., 2018). In order to enhance the production of VFAs and H2, methanogenesis is 

suppressed through various inoculum pre-treatment strategies (Dahiya et al., 2018). This 
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process, referred to as anaerobic fermentation (AF), is primarily aimed at producing specific 

products like ethanol, lactic acid, and VFAs, rather than CH4 (Venkata Mohan et al., 2016). 

Generation of VFAs from biowaste is promising since VFAs production requires 

significantly shorter retention time, smaller reactor units, and nearly all substrates can be 

converted into VFAs (Feng et al., 2022). In addition, VFAs hold greater value than biogas 

due to their versatile applications as chemicals, higher economic potential and easier storage 

and transportation (Zhou et al., 2018).  

VFAs refer to carboxylate with 2 to 6 carbon atoms including acetic, propionic, butyric, 

valeric and caproic acid, which are typically produced in the acidogenesis and acetogenesis 

stages in AD. VFAs are widely used in many industries such as food, pharmaceuticals, and 

are cost-effective precursors for the production of bioplastics (Al Battashi et al., 2020), 

biodiesel (Zhang et al., 2021a) and other high value products (Strazzera et al., 2018). These 

acids are conventionally derived from fossil fuels, leading to negative environmental impacts 

such as GHG emissions and non-renewable petrochemical utilization (Atasoy et al., 2018). 

The bioproduction of VFAs from organic waste is a sustainable alternative for waste 

management and resource recovery, contributing to environmental protection and economic 

growth. However, the high cost of recovery and purification of a specific VFA from mixed 

VFAs production hinders the subsequent reuse. Therefore, production of selective VFAs 

instead of producing a mixture of VFAs is a promising strategy. 

Butyric acid is considered highly valuable due to its huge application potential and is widely 

used in many fields including chemical industry, perfume, medicine and animal feed (Jiang et 

al., 2018). As shown in Table 1.1, the solubility of butyric acid is 60 g/L at 25 oC, which is 

lower than that of propionic and acetic acids. The low solubility of butyric acid reduces the 

recovery cost from the fermentation broth. The global market price for butyric acid ranges 

from $2000 to 2500 per ton, which is higher compared to propionic acid ($1500 – 2000 per 

ton) and acetic acid ($400 – 800 per ton) (Duong and Nga, 2024). But the global market of 

butyric acid value ($317 million in 2022) is lower than that of propionic and acetic acid due 

to its production limitations. The demand of butyric acid is growing at a higher compound 

annual growth rate of 9.2% between 2022 and 2027 compared to other VFAs 

(https://www.marketsandmarkets.com/Market-Reports/butyric-acid-market-76962011.html). 

Although valeric acid also holds significant market potential, it can be naturally extracted by 

boiling water or soda from the roots of plants like Angelica archangelica and Valeriana 

https://www.marketsandmarkets.com/Market-Reports/butyric-acid-market-76962011.html
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officinali (Goldberg and Rokem, 2009). Therefore, the production and recovery of butyric 

acid from organic waste can generate higher economic benefits and reduce the environmental 

impacts. Notably, butyric acid recovered from organic waste streams has applications in bio-

based material, bioenergy, and green chemistry as a valuable platform chemical. However, its 

direct reuse in food and pharmaceutical industries is typically not intended, as such 

applications are governed by strict regulatory frameworks ensuring purity, safety, and 

consumer acceptance (EFSA, 2025). Consequently, this study focuses on optimizing butyric 

acid recovery, contributing to the development of bio-based materials and renewable 

chemical production. 

Table 1.1 Characteristics and global market of typical VFAs 

VFAs Solubility 

(g/L, 25 oC) 

Energy 

density 

(KJ/mol) 

Global market 

value ($ million) 

Reference 

acetic acid 1000 874.2 8080 (Feng et al., 

2022; Hunter et 

al., 2021; 

PubChem, 2024) 

propionic acid 1000 1527.3 1100 

butyric acid 60 2183.6 818 

valeric acid 24 2837.8 16401 

The accumulation of butyric acid in AD is a dynamic process that requires simultaneous 

consideration of both its production and degradation. Despite its importance, there is a 

noticeable gap in research specifically focused on the factors that affect butyric acid 

degradation. Furthermore, the optimal conditions for butyric acid production are inconsistent 

due to the variability in experimental conditions in the literatures. Therefore, to better 

understand the mechanisms behind butyric acid accumulation, it is essential to explore these 

two processes in detail, especially the factors that affect butyric acid degradation and 

production in anaerobic conditions. 

1.2 Research aims and objectives 

The primary aim of this PhD research was to investigate the factors influencing butyric acid 

degradation and production, as well as to elucidate the mechanisms of butyric acid 

conversion. 
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For elucidating the effect of ammonia concentration and pH on butyric acid degradation and 

inhibition mechanism of ammonia, the specific objectives were: 

1) to investigate butyric acid degradation under different ammonia concentrations. 

2) to assess the individual inhibitory effects of NH4+ and free ammonia (NH3) on 

butyrate degradation. 

3) to examine the potential reversibility of butyrate degradation following serve 

ammonia inhibition. 

For exploring the effect of temperature and butyric acid concentration on butyric acid 

degradation, the specific objectives were: 

1) to investigate the effects of butyrate concentration and temperature on butyrate 

degradation and methane production. 

2) to analyse the microbial community structure and butyrate degradation pathways in 

both mesophilic and thermophilic environments. 

For exploring the optimal conditions and mechanisms of butyric acid production in anaerobic 

fermentation (AF), the specific objectives were: 

1) to investigate butyric acid production and VFAs distribution under different 

conditions (pH, temperature, the ratio of inoculum to substrate (ISR)). 

2) to investigate the microbial community succession and interactive correlation with 

butyric acid production. 

3) to explore the butyric acid production metabolic pathway under optimal conditions. 

 

1.3 Procedures 

The PhD research consisted of a series of batch experiments as shown in Fig. 1.3. The 

procedures are briefed here and will be detailed in individual chapters. The study investigated 

the factors influencing butyric acid accumulation, focusing on both degradation and 

production processes. On the degradation part, variables like pH, ammonia, temperature, and 

butyric acid concentration were analysed to understand how they affected butyrate 

degradation. On the other hand, butyrate production was examined by considering the effects 
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of pH, temperature, and ISR. By evaluating these parameters, the research would identify 

optimal conditions for promoting butyric acid accumulation. 

 

Figure 1.3 An overview of the research 

1.4 Structure of thesis 

This dissertation comprises 6 chapters: 

Chapter 1 is the introduction. The background of this research, main objectives, procedures 

and the structure of thesis are presented. 

Chapter 2 reviews the metabolic pathways involved in the production and degradation of 

butyric acid, as well as the factors influencing these processes.  

Chapter 3 investigates the impact of ammonia levels and pH conditions on butyric acid 

degradation in AD process. 

Chapter 4 studies microbial transition and degradation pathway driven by butyric acid 

concentration in mesophilic and thermophilic anaerobic digestion. 

Chapter 5 explores the optimal conditions for butyric acid production and presents the 

microbial community structure and the shifts in the metabolic pathway under varying 

conditions. 
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Finally, Chapter 6 presents the conclusions drawn from all the lab studies described in 

Chapters 3–5. Recommendations for further research are also put forward. 

 

1.5 Research outputs  

Published article: 

Chapter 3: Shi, X., Wang, S., Wang, Z., Wu, G., Hu, Z., & Zhan, X. (2024). Ammonia-

induced constraints on butyrate degradation in anaerobic digestion: Impact of ammonia levels 

and pH conditions, and recovery behaviour. International Biodeterioration & Biodegradation, 

193, 105847. DOI: 10.1016/j.ibiod.2024.105847. 

Chapter 4: Shi, X., Yasuda, S., Wang, Z., Hu, Y., Wu, G., Lens., P., & Zhan, X. (2024). 

Microbial transitions and degradation pathways driven by butyrate concentration in 

mesophilic and thermophilic anaerobic digestion under low hydrogen partial pressure. 

Bioresource Technology, 419, 132012. DOI: 10.1016/j.biortech.2024.132012. 

Manuscripts under review or in preparation： 

Chapter 5: Shi, X., Yasuda, S., Tuohy, M., Wang, Z., Hu, Y., Wu, G., & Zhan, X. Decoding 

butyrate fermentation: Parameter optimization and metagenomic insights with glucose as a 

model substrate (in preparation). 

Chapter 2: Shi, X., Hu, Y., Wang, Z., & Zhan, X. A comprehensive review on current status 

and future perspectives of butyrate accumulation in anaerobic digestion. (in preparation) 

Conference presentations: 

Oral: Enhancing selective butyric acid production by controlling fermentation 

conditions. 11th International Conference on Sustainable Solid Waste Management, 

Rhodes, Greece, 19-22 June 2024.  

Oral: The factors that affect butyrate degradation: ammonia, pH, temperature and 

butyrate concentration. 11th International Conference on Environment, Resources & 

Energy, Galway, Ireland, 24-25 June 2024. 
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Oral: Butyrate degradation and methane production with different butyrate 

concentration in mesophilic and thermophilic anaerobic digestion. The 2nd Forum for 

Chinese PhD Students in Ireland 2023, Cork, Ireland, 4-5 November 2023. 

Poster: Effect of ammonia concentration and pH on anaerobic butyric acid degradation. 

The 10th International Conference on Sustainable Solid Waste Management, Chania, 

Greece, 21-24 June 2023. 

Poster: Effect of temperature and butyrate concentration on butyrate degradation and 

methane production during anaerobic digestion. Istanbul, Turkey, 13-15 September 2023.
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2.1 Introduction 

Butyric acid is a key intermediate in AD process and a high-value product with broad 

applications in the food manufacturing, chemical, and pharmaceutical industries (Zhang et 

al., 2009; Zigová, 2000). It has been found to consistently accumulate in anaerobic digesters. 

This phenomenon has been particularly observed in some AD process (Dennehy et al., 2016; 

Peng et al., 2018). This chapter provides a comprehensive review of the existing literature 

concerning the production and degradation of butyric acid, with a particular focus on the 

factors and mechanisms influencing its accumulation. 

This literature review is structured to first provide an overview of the metabolic pathways 

involved in butyric acid production and degradation. Through the analysis of metabolic 

pathways, a better understanding of the mechanisms of butyric acid production and 

degradation can be gained, which facilitates the optimization of parameters to regulate 

butyric acid accumulation. Following this, the chapter investigates the influence of various 

operational parameters, such as pH, temperature, ammonia concentration, on butyric acid 

production and degradation. Finally, the review synthesizes the findings to identify current 

gaps in knowledge and potential areas for future research. By drawing connections between 

different studies, this chapter aims to provide a clearer understanding of the optimal 

conditions for butyric acid accumulation and of the complex dynamics of butyric acid 

accumulation. 

2.2 Metabolic pathway of butyric acid production and degradation in 

anaerobic digestion 

In AD process, there are specific metabolic pathways for each type of VFA production and 

degradation. The specific pathways can be changed under different conditions. Therefore, the 

review of microbial activities and underlying metabolic pathways is better to tap full potential 

of butyric acid production and conversion in anaerobic digestion. 

2.2.1 Butyric acid production metabolic pathway 

Organic matter can be converted into various VFAs via anaerobic fermentation. Table 2.1 

presents the primary chemical equations derived from glucose, highlighting the production of 
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acetic acid, propionic acid, butyric acid, lactic acid, and ethanol. The metabolic pathways 

involved in acidogenesis are illustrated in Fig. 2.1 (Feng et al., 2022; Li et al., 2022c; Liu et 

al., 2012b; Yadav et al., 2022; Zhou et al., 2018). According to Fig. 2.1, butyric acid is 

synthesized through the reduction and decarboxylation of pyruvate (Zhou et al., 2018). 

Various enzymes and microbial communities are involved in butyric acid production during 

the AF process. The pathway begins with the conversion of pyruvate to acetyl-CoA by 

pyruvate-ferredoxin oxidoreductase. Acetyl-CoA is then transformed into acetoacetyl-CoA 

by thiolase. Acetoacetyl-CoA is subsequently converted into butyryl-CoA through the 

intermediates 3-hydroxybutyryl-CoA and crotonyl-CoA, catalyzed sequentially by 3-

hydroxybutyryl-CoA dehydrogenase, crotonase, and butyryl-CoA dehydrogenase. Finally, 

there are two distinct pathways to convert butyryl-CoA to butyrate: one involves the direct 

transformation of butyryl-CoA to butyrate by butyryl-CoA-acetyl CoA transferase (BCCT) 

(Lim et al., 2014), and the other involves the phosphorylation of butyryl-CoA (Butytyl-P) 

followed by its conversion to butyrate through the catalytic actions of phosphotransbutyrylase 

(PTB) and butyrate kinase (BK) (Chaganti et al., 2011; Vital et al., 2014).  

Table 2.1 Standard Gibbs energy of main fermentation reaction from glucose 

Reaction ΔGѳ (KJ/mol) References 

C6H12O6+2H2O → 2CH3COOH+2CO2+4H2  -206.0 

(Fuess et al., 2018) C6H12O6+2H2 → 2CH3CH2COOH+2H2O  -279.4 

C6H12O6 → CH3CH2CH2COOH+2CO2+2H2  -254.0 

C6H12O6 → 2CH3CHOHCOOH  -188.6 (Xie et al., 2018) 

C6H12O6 → 2CH3CH2OH+2CO2  -164.8 (Fuess et al., 2018) 

BCCT, PTB and BK are directly involved in butyric acid production, while the varying 

contributions of these enzymes to butyric acid production have been reported. Some studies 

have highlighted that BCCT has more contribution for butyric acid production in human 

bacterial flora (Morrison, 2006; Pryde, 2002). Similarly, research on anaerobic co-digestion 

of brown water and food waste found that the high butyric acid accumulation was related to 

the BCCT pathway (Lim et al., 2014). Conversely, other studies have indicated that the 

butyric acid production is consistent with the activity and concentration of BK and PTB (Luo 

et al., 2020; Zhu and Yang, 2003; Zhu and Yang, 2004). Lu et al. (2020) reported that butyric 

acid accumulation was correlated with the increasing activity of BK. The different key 



Chapter 2 

13 

 

functional enzymes in butyric acid production were due to different butyric acid production 

pathways. Previous studies illustrated that the microorganisms utilizing acetic acid and 

hydrogen tend to prefer the BCCT pathway for the production of butyric acid (Barcenilla et 

al., 2000). Therefore, a high concentration of butyric acid and low concentration of acetic 

acid can be achieved by controlling the contribution of BCCT and PTB/BK. 

 
Figure 2.1 Metabolic pathway for VFAs production 

Microbial communities play a crucial role in butyric acid production. At the phylum level, 

Proteobacteria, Kosmotoga, Enterobacteriaceae, Fimicutes are related to butyric acid 

generation (Kong et al., 2018b; Li et al., 2020d). At the genus level, the increased relative 

abundance of Butyriolbrio, Butyribaterium, Clostridium, Eubacterium, Fusobacterium, 

Megasphaera, Lactobacillus, Saccharomyces and Caproiciproducens was evidently 

associated with butyric acid production (Chen et al., 2015; Feng et al., 2018; Fuess et al., 

2018; Luo et al., 2020). Among these genera, Clostridium is widely studied for butyric acid 

fermentation due to its high production and simple growth medium requirements (Liu et al., 

2021; Suo et al., 2019). In addition, many species of this genus can produce butyric acid as 

the dominant VFAs product, such as Clostridium tyrobutyricum, Clostridium acetobutylicum, 

Clostridium thermobutyricum, Clostridium populeti, Clostridium sp, Clostridium perfringens 

and Clostridium butyricum. Metabolic engineering of Clostridium has been applied to 

increase the production of butyric acid, as will be elaborated in the following sections. 



Chapter 2 

14 

 

However, the bioaugmentation using Clostridium species for butyric acid production in AD 

has not been extensively studied. 

As shown in Fig. 2.1, the balance of 1,4,β - dihydronicotinamide adenine dinucleotide/ β-

nicotinamide adenine dinucleotide (NADH/NAD+) is also a key co-factor affecting enzyme 

activities and metabolic processes (Su et al., 2017; Zhu and Yang, 2004). The oxidation and 

reoxidation of NADH regulate the metabolic pathways and products. Pyruvate and acetic acid 

generation process result in the accumulation of NADH (Paiano et al., 2019). In acetic acid 

metabolic pathway, only ATP is produced from acetyl-CoA to acetic acid, without NADH 

consumption. To meet the balance of NADH and NAD+, the reoxidation of NADH is 

necessary by reducing other organic compounds or producing more reduced compounds, such 

as propionic acid and butyric acid. Compared to acetic acid production, two more NADH are 

consumed for butyric acid production. Therefore, butyric acid metabolic is favorable in 

reduced conditions. Since butyric acid production can be enhanced by altering the 

NADH/NAD+ level, a series of measures have been introduced to improve NADH level or 

enhance NADH availability (Chen et al., 2022; Zhang et al., 2021c; Zhao et al., 2022). 

2.2.2 Butyric acid degradation metabolic pathway  

Butyric acid as an important intermediate can not be directly utilized by methanogens, which 

must be firstly converted to acetic acid and hydrogen as shown in Fig. 1.2. Fig. 2.2 illustrates 

the butyric acid degradation metabolic pathway. Eq. (2-1) and Fig. 2.2 show that the 

degradation of butyric acid is thermodynamically unfavorable. Therefore, butyric acid 

degradation is the most challenging process with energy input, called reverse electron 

transfer. 

During the butyric acid degradation process, butyric acid is firstly oxidized to butyryl-CoA. 

Then butyryl-CoA is subsequently converted to crotonyl-CoA. Crotonyl-CoA is catalyzed to 

acetyl-CoA with 3-hydroxybutyryl-CoA and acetoacetyl-CoA as intermediates. Finally, 

acetyl-CoA is converted to acetic acid. The processes require an energy investment to release 

electrons as hydrogen or formate. Except the pathway from butyric acid to acetic acid, the 

production of iso-butyric acid, propionic acid and methyl compounds is other potential 

metabolism pathway of butyric acid degradation. Meng at al. (2022) explored the enrichment 

of syntrophic butyrate-oxidizing methanogenesis in a high butyrate loading based on 16S 
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rRNA genes and metagenome and found the production of propionic acid and methyl 

compounds. In addition, the isomerization of butyric acid is thermodynamically favorable as 

shown in Eq. (2-2). The isomerization may be a detoxifying mechanism by converting 

butyric acid to its less toxic equivalent (Petrognani et al., 2020). The biochemistry of butyric 

acid degradation process and the relevant bacteria are still not fully understood, especially if 

the β-oxidation is reversible.  

 

Figure 2.2 Biochemical pathways of butyric acid oxidation. The ∆𝐺𝐺𝜃𝜃and ∆𝐺𝐺′ (at 1 Pa 

hydrogen) of each step is indicated (KJ/mol) (adapted from Stams and Plugge, 2009, Luo et 

al., 2019) 

The genera of Mesotoga, Aminivibrio, Acetivibrio, Desulfovibrio, Petrimonas, 

Proteobacteria and Anaerolineae are contributed to butyric acid oxidation (Luo et al., 2020; 

Meng et al., 2022; Yi et al., 2020). As shown in Fig 2.2, hydrogen production from butyryl-

CoA and 3-hydroxybutyryl-CoA are involved in butyric acid metabolism. Hydrogen and 

acetic acid accumulation will affect butyric acid oxidation. Therefore, the syntrophic species, 

other major bacteria, are involved in butyric acid degradation and methanogenesis. 

Syntrophic butyric acid oxidizers are known as the family Syntrophomonadaceae and the 

order Syntrophobacterales (Zhang et al., 2023b). The species of Syntrophomonadaceae for 

butyric acid oxidation includes: Syntrophomonas wolfei, Syntrophospora bryantii, 

Syntrophomonas erecta, Syntrophomonas curvata, Syntrophomonas zehnderi and 
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Thermosyntropha lipolytica (Muller et al., 2010). The syntrophic bacteria make butyric acid 

degradation possible and thermodynamically feasible. But the syntrophic mechanism still 

needs to be further studied.  

CH3CH2CH2COOH + 2H2O → 2CH3COOH + 2H2 ∆Gθ = 48 KJ/mol (2-1) 

butyric acid → iso-butyric acid ∆Gθ = -1.98 KJ/mol (2-2) 

2.3 Butyric acid conversion in anaerobic digestion systems 

2.3.1 Factors influencing butyric acid production 

Butyric acid is produced from glucose, accompanied by hydrogen and acetic acid production, 

as shown in Table 2.1. The simultaneous production of acetic acid can reduce the butyric acid 

yield and increase purification costs. Therefore, understanding the factors that influence 

butyric acid production in anaerobic fermentation is crucial to enhance butyric acid 

percentage in anaerobic fermentation broth. 

2.3.1.1 pH  

In AD system, pH can affect the structure and activity of the microbial community because 

the hydrolytic and acidogenic bacteria can’t survive in extremely acidic or alkaline conditions 

(Liu et al., 2012a). pH not only influences both hydrolytic and acidogenic process, but also 

regulates the fermentation type. Controlling pH for the selective production of VFAs is a 

widely used method (Zhou et al., 2018), and thus, finding optimal pH is important for butyric 

acid production. 

As shown in Table 2.2, many studies have observed that pH can change the metabolic 

pathway in acidogenic fermentation and affect the distribution of products. However, there is 

no consistent conclusion about the influence of pH on the composition of products. It is found 

that butyric acid production could be improved at alkaline pH. Atasoy et al. (2019) found that 

butyric acid was the primary product under alkaline condition (pH was 8 and 10). Stein et al. 

(2017) found that when pH was controlled at 9.0, butyric acid concentration rose sharply 

compared to pH 5.5 in food waste fermentation. Similarly, the concentration of butyric acid 

was higher at alkaline pH 11than at acidic pH 5.5 in Begum et al’ s research (2018). Alkaline 
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pH contributes to butyric acid accumulation as it promotes the macromolecule destruction, 

inhibits methanogenesis and enhances VFAs production.  

While butyric acid is also found to be the primary product under acidic conditions. This is 

essentially due to the fact that acidic condition can decrease the NADH/NAD+ ratio in the 

fermenter. As shown in Fig. 2.1, NADH is consumed to reduce acetoacetyl-CoA to 3-

hydroxybutyryl-CoA and crotonyl-CoA to butyryl-CoA in butyric acid production process. 

Hence, butyric acid production is influenced by the ratio of NADH/NAD+. As shown in 

Table 2.2, the optimal pH for butyric acid production under acidic conditions varies from 4.7 

to 7.0. Jin et al. (2019) found that butyric acid concentration was higher at pH 6.5 in AD of 

saccharification residue from food waste. In AD of potato peel waste, the highest proportion 

of butyric acid was obtained at pH 5 (Lu et al., 2020). However, under the optimal pH range 

of 4.7 to 7.0, butyric acid may not always be the only primary product, as the type of 

fermentation can shift with slight changes in pH. For instance, butyric acid was the dominant 

product at pH 4.7 and 5.0, whereas lactic acid and valeric acid were the dominant products at 

pH 4.5 and 6.0, respectively (Feng et al., 2020). 

These inconsistent research findings suggest that the pH is not the only factor that affects 

butyric acid production. The optimal pH for butyric acid production is related to the types of 

substrates (Garcia-Aguirre et al., 2017), organic loading rate (OLR) (Jiang et al., 2013), the 

ratio of carbon to nitrogen (Fu et al., 2012), and the dominated microbial community 

(Dwidar, 2013; He et al., 2005) and so on. Therefore, the optimal pH for butyric production 

in AD process needs to be explored further. 
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Table 2.2 Production and composition of VFA under different pH 

Operational conditions High VFA production  
pH Substrate  inoculum Temperature 

(oC) 
Optimized 
condition* 

composition References 

5, 6, 7, 8 glucose anaerobic 
digested sludge  

37 Not decided 71.7% butyric 
acid at pH 5  

(Horiuchi et al., 
2002) 

5, 6, 7, 8, 10, 12 glucose anaerobic sludge 22 pH 7 66% acetic acid, 
23% propionic 
acid, 10% butyric 
acid; Highest 
butyric acid 
percentage (47%) 
was at pH 12  

(Khan et al., 
2019) 

5, 6, 7 food waste anaerobic 
digested sludge 

35 pH 6 53.27% butyric 
acid, 23.75% 
acetic acid, 
13.46% propionic 
acid 

(Jiang et al., 
2013) 

4, 5, 6 food waste anaerobic 
activated sludge 

30 pH 6 over 70% butyric 
acid. Highest 
percentage of 
butyric acid was 
achieved at pH 5 

(Wang et al., 
2014) 

5.5, 7, 9 food waste anaerobic sludge 37 pH 9 48.3% butyric 
acid, 39.0% acetic 
acid, 12.7% 
propionic acid 

(Stein et al., 
2017) 

3.2, 4, 4.2, 4.5, 
4.7, 5 

food waste anaerobic 
digested sludge 

35 pH 4.7 61.1% butyric 
acid, 24.8% acetic 
acid 

(Feng et al., 2020) 
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4, 5, 6 food waste anaerobic 
digested sludge 

37 pH 4 and 5 almost no butyric 
acid accumulation 

(Lukitawesa et al., 
2020) 

5, 10 food waste anaerobic 
digested sludge 

35 pH 10 Acetic acid, 
propionic acid 
and butyric acid 
were the three 
major products 
accounting 86%-
89%. The 
percentage of 
butyric acid was 
higher at pH 5 

(Khatami et al., 
2021) 

4.5, 5.5, 6.5 food waste - 50 pH 6.5 52.9% butyric 
acid 

(Yu et al., 2021) 

4, 6, 7.5, 9, 10, 11 food waste anaerobic 
digested sludge 

35 pH 9 60.5% acetic acid, 
12.8% butyric 
acid, 14.8% 
caproic acid 

(Cheah et al., 
2019) 

7, 10 food waste and 
thermal-
hydrolysed 
sewage sludge 

anaerobic sludge 
 

35 pH 10 71.3% acetic acid, 
24.8% butyric 
acid, 1.7% 
propionic acid 

(Gong et al., 
2021) 

5.5, 6.5 saccharification 
residue from food 
waste ethanol 
fermentation 

sewage sludge 37 pH 6.5 79.3% butyric 
acid, 9.4% 
propionic acid, 
4.6% acetic acid; 
Higher percentage 
of butyric acid 
(81%) was 
obtained at pH5.5 

(Jin et al., 2019) 
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5, 7, 11 potato peel waste anaerobic 
digested sludge 

37 pH 5 47.1% butyric 
acid (47.1%)  

(Lu et al., 2020) 

Initial 4, 5, 6, 7, 8, 
9 

vegetable waste anaerobic 
activated sludge 

37 pH 8 and 9 Acetic acid, 
propionic acid 
and butyric acid 
were the three 
major products 
accounting over 
80% 

(Cai et al., 2024) 

4, 5, 6 citrus waste anaerobic 
digested sludge 

37 pH 6 32% acetic acid, 
21% caproic acid, 
15% butyric acid  

(Eryildiz et al., 
2020) 

4, 5, 6 fruit and 
vegetable wastes 

anaerobic 
activated sludge 

37 pH 4 and 5 pH 4, 97.5% 
ethanol; pH 5, 
37.0% butyric 
acid, 34.8% acetic 
acid, 20.0% 
propionic acid; 
pH 6, sum of 
butyric acid and 
acetic acid 
accounted for 
89.9% 

(Zheng et al., 
2015) 

4, 4.5, 5, 5.5, 6, 
6.5 

dairy wastewater anaerobic sludge 37 pH 6.5 34% acetic acid, 
14% butyric acid, 
12% propionic 
acid 

(Yu and Fang, 
2002) 

4, 4.5, 4.7, 5, 5.3, 
5.7 

93% milk–5% 
yoghurt–2% 
cheese, w/w 

anaerobic sludge 37 pH 4.7 56.2% butyric 
acid, 21.9% acetic 
acid, 15.1% lactic 
acid 

(Stavropoulos et 
al., 2016) 
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3.5, 4.25, 5.25, 
5.5, 6 

whey wastewaters biomass digester 37 pH 5.25 approximately 
50% acetic acid, 
25% acetic acid, 
20% propionic 
acid 

(Bengtsson et al., 
2008) 

5, 10 cheese production 
wastewater 

anaerobic 
granular seed 
sludge 

35 pH 5 23% acetic acid, 
22% propionic 
acid, 21% butyric 
acid, 15% valeric 
acid 

(Atasoy and 
Cetecioglu, 2022) 

4, 4.5, 5, 5.5, 6, 
6.5, 7 

gelatin-rich 
wastewater 

anaerobic sludge 37 pH 7.0 35.0% acetic acid, 
22.1% butyric 
acid, 11.3 iso-
butyric acid 

(Yu and Fang, 
2003) 

4.5, 5, 5.5, 6, 6.5, 
7, 7.5 

a mixture of olive 
mill wastewater, 
cheese whey and 
liquid cow 
manure 

anaerobic sludge 37 pH 6.5 about 62.0% 
butyric acid, 
21.9% propionic 
acid, 10.9% acetic 
acid 

(Dareioti et al., 
2014) 

5, 5.2, 5.4, 5.5, 
5.7, 5.9 

cassava 
wastewater 

sludge from 
UASB rector 

34 pH 5.9 100% acetic acid; 
highest proportion 
of butyric acid 
(61.5%) at pH 5.7 

(Sanchez-
Ledesma et al., 

2024) 

5.5, 11 leachate active mixed 
microbial 
consortia 

37 pH 11 The concentration 
of butyric acid 
increased at 
alkaline pH 11 
rather than at 
acidic pH 5.5 

(Begum et al., 
2018) 

4.5, 5, 5.5, 6 sugar beet silage digestate 60 pH 4.5 The highest 
percentage of 

(Kumanowska et 
al., 2017) 
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butyric acid was 
obtained at pH 5 

7,10 heat-alkaline 
pretreated waste 
activated sludge 

dewatered sludge 35 pH 7 57.0% acetic acid, 
22.3% butyric 
acid 

(Ma et al., 2016) 

3, 5, 7, 9, 11, 12 proteinaceous 
sewage sludge 

sludge 35 pH 9 about 43.85% 
acetic acid, 21% 
propionic acid, 
10.29% butyric 
acid 

(Liu et al., 2012a) 

8, 10 waste activated 
sludge 

anaerobic 
digestion sludge 

37 pH 10 44.48% acetic 
acid, 26.46% 
propionic acid, 
10.18% butyric 
acid 

(Pan et al., 2024) 

4.5, 5, 5.5, 6 sorghum and Cow 
Manure 

- 37 pH 6 The highest 
percentage of 
butyric acid was 
at pH 5.0 

(Dareioti et al., 
2022) 

initial 5, 6, 7, 9 chicken manure granular sludge 
from UASB 
rector 

37 pH 6 and 9 butyric acid 
accumulated only 
in small amounts 
at pH  

(Yin et al., 2021) 

5.5, 6.5, 7.5, 8.5 dairy cattle 
manure 

- 20 pH 8.5 37% butyric acid, 
23% acetic acid, 
17% propionic 
acid; highest 
proportion of 
butyric acid 
(46%) at pH 6.5 

(Castro-Ramos et 
al., 2022) 
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2.3.1.2 Temperature 

Temperature impacts the microbial ecosystems, and furtherly influences the stability and 

efficiency of the AD process (Nie et al., 2021). The hydrolysis and acidification of substrate 

is affected by temperature (Dooms et al., 2018), resulting in the difference in butyric acid 

production and conversion at varying temperatures. 

The AD process is generally operated under four temperature ranges: psychrophilic (4 - 20 
oC) (Dev et al., 2019; Tiwari et al., 2021; Wang et al., 2018), mesophilic (20 - 45 oC, and 

optimal temperature is at 35 - 37 oC) (Fernández-Rodríguez et al., 2016; Guo et al., 2013; Nie 

et al., 2021), thermophilic (50 - 60 oC, and 55 oC is regarded as optimum) (Fernández-

Rodríguez et al., 2016; Wang et al., 2012) and hyper/extreme-thermophilic (60 - 80 oC) 

(Fernández-Rodríguez et al., 2016; Wang et al., 2012). Many researchers have studied VFAs 

production at various temperatures, noting that the optimal temperature varies depending on 

the composition of VFAs. Even when focusing solely on butyric acid production, the optimal 

temperature differs across studies. 

Some previous results have indicated that thermophilic and extreme-thermophilic 

temperature ranges are more favorable for butyric acid production in comparison to 

mesophilic conditions (Garcia-Aguirre et al., 2017; He et al., 2012; Yang et al., 2003). 

However, due to the favorable conditions for VFA production at mesophilic temperatures, 

some studies have indicated that butyric acid accumulation could be higher under mesophilic 

conditions. For example, it was observed that butyric acid concentrations decreased as 

temperature increased from 35 to 55 oC (Lin et al., 2016; Pan et al., 2024). Interestingly, 

some studies observed that temperature did not significantly affect butyric acid production. 

For instance, no obvious change in butyric acid concentrations was observed across a 

temperature range from 20 to 55 oC in the acidogenesis of gelatin-rich wastewater (Yu and 

Fang, 2003). Similarly, Fernández-Domínguez et al. (Fernandez-Dominguez et al., 2020) 

reported that the proportion of butyric acid was stable (25 - 29%) regardless of the 

fermentation temperature from 20 to 70 oC. The different optimal temperature may be 

attributed to differences in substrates. Vázquez-Fernández et al. (Vázquez-Fernández et al., 

2022) found that mesophilic temperatures were more effective for VFA production when 

using carbohydrate-rich solid substrates, while thermophilic temperatures were more 

advantageous for VFA production with protein-rich substrates. Temperature is a crucial 
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factor affecting VFA production and composition, but the anaerobic digestion process 

involves diverse and complex microbial communities; the impact of various factors such as 

pH, temperature, and substrate on butyric acid production can be synergistic, antagonistic, or 

vary in degree. 

2.3.1.3 Substrate 

The organic compositions of substrates generally include fats, fiber, proteins, lipids, sugar, 

starch, cellulose and hemicellulose (Adekunle and Okolie, 2015). The biodegradability of the 

substrate is related to its structure and concentration (Raposo et al., 2012). In addition, 

different substrates could lead to different microbial communities and dominant species in the 

AD process, resulting in various dominant VFAs products (Garcia-Aguirre et al., 2017). 

Therefore, the substrates composition and concentration are also critical factors influencing 

the butyric acid production. 

It was reported that butyric acid production was correlated with chemical composition of 

organic waste, and the carbohydrate content was the main factor influencing butyric acid 

production (Alibardi and Cossu, 2016). The similar results have been reported that 

carbohydrate-rich substrates are more conducive to butyric acid production, such as winery 

wastewater (Www), the organic fraction of municipal solid waste (OFMSW) (Garcia-Aguirre 

et al., 2017), sugar beet (Lindner et al., 2016), food waste rich in carbohydrates (Rafieenia et 

al., 2017), carrot waste (Zhang et al., 2020) and starch (Elbeshbishy and Nakhla, 2012). 

Butyric acid, acetic acid and propionic acid were the predominant products when using 

glucose, peptone and glycerol as substrates, respectively (Yin et al., 2016). Butyric acid 

concentration increased from 11.4 ± 3.2% to 34.3 ± 3.7% when the substrate was changed 

from hay/straw to sugar beet substrate (Lindner et al., 2016). It is likely that microorganisms 

can easily utilize carbohydrates, which enhances the consumption of carbon-rich substrates 

and corresponds to the increased production of butyric acid (Ma et al., 2017). In addition, a 

balance of nutrients in fermentation substrates is important to promote microbial growth and 

enhance the activity of relevant enzymes (Feng et al., 2022). Feng et al. (2009) found that 

addition of carbohydrate substrate enhanced the consumption of protein in sludge and 

improved VFAs generation because of the activation of enzymes involved in protein 

hydrolysis.  
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In addition, the organic loading rate (OLR) or total solid (TS) content, affects the butyric acid 

production. Butyric acid production can occur in both wet and dry AD process, whereas high 

TS fermentation is favorable for butyric acid production (Capson-Tojo et al., 2017; Motte et 

al., 2013; Wang et al., 2015). However, the water content in high TS fermentation limits 

microorganisms to access solids, resulting in low substrate utilization. Therefore, the 

difficulties in high TS fermentation could limit the butyric acid yield. The research shows 

that the percentage of butyric acid in VFAs broth increased from 32% to 46% when the TS 

content increased from 27.5% to 35%, while butyric acid concentration decreased (Capson-

Tojo et al., 2017). Therefore, the threshold value of TS for butyric acid needs to be further 

studied. On the other hand, VFAs distribution could be controlled by changing OLR due to 

the fact that changes in OLR can be used to control the microbial community structure and 

dynamics (Ferguson et al., 2016). Butyric acid concentration was found to be improved by 

increasing OLR (Begum et al., 2018; Li et al., 2022a). The butyric acid fermentation was 

facilitated by increasing OLR from 8 to 24 g volatile total solids (VTS)/L/d in AD of fruit 

waste (Li et al., 2022a). 

The ratio of inoculum to substrate (ISR) is another crucial factor. In the AD of lignocellulosic 

hydrolysate, butyric acid concentrations were 3500, 2000 and 150 mg/L at ISR of 1:2, 1:1 

and 2:1, respectively, suggesting that lower ISR was better for butyric acid production (Li et 

al., 2020d). While, in Lukitawesa et al’ s study (2020), butyric acid was the predominant 

product at ISR of 1:1 in the AD of food waste, while no butyric acid was detected when the 

ISR was changed to 3:1. These results have been confirmed by various studies, indicating that 

ISR significantly affects butyric acid production (Eryildiz et al., 2020; Ning et al., 2024; Xu 

et al., 2012). However, the optimal ISR for butyric acid production varied across studies, 

likely due to the different properties of the inoculum and substrates in these studies. 

These above studies reaffirm that the carbohydrates-rich substrates are most suitable for 

butyric acid production. However, the substrate concentration and the ISR influence 

hydrolysis and acidification kinetic rates, ammonia nitrogen release and pH value (Capson-

Tojo et al., 2017; Wang et al., 2015; Xu et al., 2012). As a result, there are still many 

uncertainties regarding the optimal substrate concentration and ISR.  

2.3.1.4 Metabolic engineering 
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Currently, microbial fermentation to produce butyric acid is attracting attention as an 

environmentally friendly approach. Low-cost substrates such as food waste, lignocellulosic 

biomass, starch biomass and spent coffee grounds were selected for butyric acid production. 

However, there are many obstacles to utilize these complex substrates for butyric acid 

production, such as carbon catabolite repression, the low purity of butyric acid, and by-

products that inhibit microbial activity (Luo et al., 2018). Metabolic engineering is 

increasingly being employed to address the co-production of acetic acid alongside butyric 

acid and to optimize the use of cost-effective feedstock (Bao et al., 2020), which can be 

utilized to enhance the butyric acid yield and purity by knocking out or overexpressing key 

genes in the butyric acid synthesis pathway (Luo et al., 2018).  

Clostridium are recognized as the genera that produce butyric acid, mainly including 

Clostridium butyricum, Clostridium tyrobutyricum, Clostridium thermobutyricum, 

Clostridium acetobutylicum and Clostridium pasteurianum (Jang et al., 2014; Kim et al., 

2016; Malaviya et al., 2011). Therefore, as shown in Table 2.3, the Clostridium strains are 

mostly modified to improve the yield of butyric acid. C. tyrobutyricum is the most used strain 

for butyric acid production in different substrate, such as rice straw, sugar-glycerol mixture 

and lignocellulosic hydrolysate (Chi et al., 2018; Lee et al., 2015; Oh et al., 2019; Rebroš et 

al., 2016). Besides for the Clostridium, recombinant Escherichia coli can produce butyric 

acid at high productivity and purity (Lim et al., 2013; Saini et al., 2014; Wang et al., 2019). 

Conventional strategies of metabolic engineering for the enhancement of butyric acid 

production consist of two types: the first is by knocking out genes encoding key enzymes for 

the production of other metabolites (acetic acid, ethanol, butanol, lactic acid), and the second 

is to overexpress the gene encoding butyric acid production enzymes (Baur et al., 2022; Fu et 

al., 2022b; He et al., 2020; Jang et al., 2014; Liu et al., 2021; Wang et al., 2019). It should be 

noted that the lack of genetic engineering tools limits the prospects of metabolic engineering. 

Therefore, strains with good performance that require no modification are more popular. 

Recently, Clostridium beijerinckii and Clostridium butyricum have been reported to directly 

utilize sugars for high butyric acid yields (Fonseca et al., 2020; Fu et al., 2022a). However, 

the strict environmental requirements and costs associated with pure inoculum cannot be 

overlooked. 

 

 



Chapter 3 

27 

 

Table 2.3 Butyric acid fermentation of metabolically engineered strains 

Strain substrate Engineering strategy Butyric acid 

yield 

Reference

s 

Escherichia coli glucose Knockout of the genes 

encoding the 

competing enzymes at 

the pyruvate node and 

genes encoding 

acetyl-CoA to other 

products 

28.4 g/L (0.37 

g/g glucose) 

(Wang et 

al., 2019) 

Clostridium 

tyrobutyricum 

lignocellulosic 

hydrolysate 

Inactivation of hprK 

and xylR together to 

eliminate carbon 

catabolite repression 

12.4 - 13.4 g/L 

(0.32 – 0.40 g/ 

g substrate) 

(Fu et al., 

2022b) 

Clostridium 

tyrobutyricum 

rice straw 

hydrolysate 

Knockout of ack gene 

and overexpression of 

cat1 gene 

26.25 g/L  (Liu et al., 

2021) 

Clostridium 

acetobutylicum 

glucose Knockout of genes 

adhE, hydA, ctfB, pta 

and buK 

32.5 g/L (0.39 

g/ g glucose) 

(Jang et 

al., 2014) 

Clostridium 

saccharoperbutyl

acetonicm 

lignocellulose-

derived sugars 

Knockout of genes pta 

and bld and 

overexpression of the 

gene encoding 

butyryl-CoA 

14.3 g/L (0.6 

mM/ mM 

sugars) 

(Baur et 

al., 2022) 

2.3.2 Butyric acid degradation 

Butyric acid accumulation in AD system is not only related to its production, but also 

depends on its degradation (Liu et al., 2012b). However, there are very few studies on butyric 

acid degradation and its toxic effects on methane production. 

2.3.2.1 Indicator 



Chapter 3 

28 

 

In AD, the accumulation of butyric acid could result in excessive acidification of digestate, 

which is one of the most common factors leading to the reactor instability and failure. The 

excessive acidification often leads to a pH drop, severely affects the microbial activity, and 

reduces the biogas production (Alavi-Borazjani et al., 2020). Many studies have suggested 

that butyric acid concentrations would be an effective indicator to monitor the process 

stability (Li et al., 2017; Nakakubo et al., 2008). When AD systems experience acidification, 

butyric acid concentrations can increase dramatically, rising up to 20 times from 0.06 to 1.30 

g/L (Moset et al., 2012). Therefore, it’s important to monitor the butyric acid accumulation 

level to avoid reactor failure. Additionally, the accumulation of butyrate inevitably affects the 

methane yield (Zhang et al., 2023b). Moset et al. (2012) reported a stronger inverse 

correlation between the methane yield and butyric acid concentrations compared to other 

VFAs (R = -0.71, P < 0.05) and the accumulation of butyric acid severely affected the 

methane yield than other VFAs. The maximum methane yield happened at butyric acid 

concentration of 1800 mg/L (Wang et al., 2009). Accelerating the degradation of butyric acid 

could substantially increase the daily methane yield; one study demonstrated a 16.6% 

improvement (Wang et al., 2020a). Therefore, it is essential to investigate the effects of 

butyric acid levels on AD performance and identify specific concentrations that inhibit 

methane production and consequently lead to reactor instability. 

2.3.2.2 Factors affecting butyric acid degradation 

Butyric acid is more difficult to be degraded than other VFAs since it can’t be utilized by 

methanogens and its oxidation pathway is not thermodynamically viable. Butyric acid is 

degraded to acetic acid via β-oxidation as shown in Fig 2.2. As Eq. (2-1) shows, the oxidation 

of butyric acid to acetic acid is endergonic and thermodynamically unfavorable. The butyric 

acid degradation reaction usually is accomplished by the butyric acid oxidizing bacteria and 

methanogens (Amani et al., 2011; Golkowska and Greger, 2013). During this process, acetic 

acid and hydrogen are consumed by acetoclastic and hydrogenotrophic methanogenic archaea 

respectively, as shown in Eq. (2-3) and (2-4). With acetic acid and hydrogen consumption, 

the oxidation of butyric acid can occur and the overall reaction equation can be formulated as 

shown in Eq.(2-5), which is favorable under standard conditions (Montero et al., 2010). The 

intermediate metabolites including acetic acid and hydrogen could inhibit butyric acid 

degradation (Siriwongrungson et al., 2007). Researchers have found that even though the 



Chapter 3 

29 

 

actual ΔG of butyric acid oxidation remained negative, the degradation of butyric acid was 

inhibited with increasing acetic acid and H2 concentrations (Labib et al., 1992; Wu et al., 

2022). Montero et al. (2010) observed that butyric consumption was related to 

hydrogenotrophic methanogens in the start-up stage, and to acetoclastic methanogens in the 

stabilization stage. Butyric acid degradation was found to be inhibited in high salinity owing 

to the reduction of methanogenesis (Yin et al., 2022). All these results indicate that the 

degradation of butyric acid and methane production are symbiotic processes. Therefore, any 

factors that affect methane production, in turn, would impact the degradation of butyric acid. 

CH3COOH → CH4 + CO2 ΔGθ = -31 KJ/mol (2-3) 

4H2 + CO2 → CH4 + 2H2O ΔGθ = -104.6 KJ/mol (2-4) 

2CH3CH2CH2COOH + 2𝐻𝐻2𝑂𝑂 → 5CH4 + 3CO2 ΔGθ = -164.3 KJ/mol (2-5) 

Prevailing literature indicates that a high ammonia concentration, especially in its free 

molecular form (NH3) (FAN), is a major cause of inhibition of VFAs degradation and 

methane production in the AD process (Jiang et al., 2019). As shown in Eq. (2-6), FAN 

concentration is related to temperature, pH and TAN concentration. Hence, pH is a crucial 

factor that affects butyric acid degradation. Previous studies have found that methane 

production was inhibited when ammonia concentration exceeded 3.0 g TAN/L (Yenigün and 

Demirel, 2013). Additionally, an increase in ammonia concentration from 2.2 to 4.5 g TAN/L 

resulted in the gradual shift from the predominance of acetoclastic methanogens to 

hydrogenotrophic methanogens (Wang et al., 2022b). The accumulation of butyric acid was 

high, up to 1.5 g/L in AD using ammonia-acclimated sludge as inoculum (Dennehy et al., 

2016). Ammonia inhibition of methanogenesis may also hinder butyric acid degradation, but 

there is little research on how ammonia specifically impacts butyric acid degradation. It’s 

essential to explore the effect of TAN or FAN on the degradation of butyrate to acetate. Bonk 

et al. (2018) investigated the impact of ammonia on the degradation of VFAs and reported 

minimal impacts on butyrate degradation within an ammonia concentration range of 52 to 

277 mM (equivalent to 0.73 to 3.88 g TAN/L). However, in AD with high-nitrogen substrate 

(manure, food waste or slaughterhouse waste), ammonia levels could be far higher than 3.88 

g/L (Capson-Tojo et al., 2020). Therefore, the impact of ammonia inhibition on butyric acid 

degradation still requires further investigation. 
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𝐹𝐹𝐹𝐹𝐹𝐹 = 𝑇𝑇𝑇𝑇𝑇𝑇 �1 + 10�0.09018+ 2729.72
𝑇𝑇+273.15−𝑝𝑝𝑝𝑝���  (2-6) 

where, FAN and TAN represent free ammonia concentration and total ammonia concentration, 

respectively, mg/L; T is the temperature, oC. 

Temperature is crucial in anaerobic digestion. As previously mentioned in 2.3.1, temperature 

is a key factor influencing butyric acid production. Similarly, it also affects the degradation of 

butyric acid. Li et al. (2020a) explored the kinetic and thermodynamic effects of temperature 

on butyric acid degradation and found that butyric acid exhibited the same highest maximum 

microbial specific growth rates of 0.8 d-1 at 37 oC and 55 oC. Interestingly, the 

methanogenesis of butyric acid increased at 55 oC, with a longer lag time compared to 37 oC, 

suggesting methanogenesis could be adaptable at 55 oC due to the syntrophic relationship 

between methanogenesis and butyric acid degradation. Additionally, butyric acid levels have 

a certain inhibition on microorganism. It was reported that butyric acid gradually began to 

accumulate when butyric acid concentration was as higher as 3275.5 mg/L (Amani et al., 

2011). However, in Xu et al. (2023) ’s study, high butyric acid loading up to 3.6 g/L/d didn’t 

affect butyric acid degradation and hydrogenotrophic methanogenesis was the main pathway 

to consume H2. 

2.4 Summary 

This review comprehensively analyzes the factors influencing butyric acid degradation and 

production in anaerobic digestion, as well as the underlying mechanisms involved. Butyric 

acid degradation is not only a crucial step in the anaerobic digestion process but also 

significantly impacts the accumulation of butyric acid. Despite its importance, there is a 

noticeable gap in research specifically focused on the degradation of butyric acid. 

Furthermore, the review identifies key factors such as temperature, pH, and ISR, which 

influence butyric acid production. However, due to the variability in experimental conditions 

across all studies, the findings from the literatures are inconsistent, which underscores the 

need for further research to establish conditions that can reliably optimize butyric acid 

production and degradation in anaerobic systems. 
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3.1 Introduction 

The degradation of VFAs (propionate and butyrate) primarily occurs through acetogenic 

reactions facilitated by acetogenic bacteria. However, thermodynamic constraints in most 

acetogenic reactions (Table 3.1) and susceptibility to inhibition by metabolite accumulation, 

especially acetate and hydrogen, necessitate the formation of syntrophic associations between 

acetogenic bacteria and methanogenic archaea for the effective degradation of VFAs (Amend 

and Shock, 2001; Muller et al., 2010). Nevertheless, VFAs accumulation frequently occurs in 

anaerobic digesters, particularly under conditions of high organic loading rates (Wang et al., 

2023a) and in response to environmental stressors (e.g., ammonia) (Capson-Tojo et al., 

2020). This accumulation often leads to over-acidification, detrimentally affecting the 

methane yield and potentially causing AD process failure. Therefore, greater attention to 

VFA degradation during AD operations is imperative in practical applications. 

Table 3.1 Reactions of butyrate and propionate degradation 

Substrate 
Reaction 

(pH=7, 1atm) 

ΔGθ 

(KJ/mol) 

25℃ 

Propionate 
CH3CH2COO-+2H2O→CH3COO-+3H2+CO2 + 76.5 

CH3CH2COO-+2HCO3
- →2CH3COO-+H++3HCOO- +72.4 

Butyrate 
CH3CH2CH2COO-+2H2O→2CH3COO-+2H2+H+ +48.1 

CH3CH2CH2COO-+2HCO3
- →2CH3COO-+H++2HCOO- +45.5 

Butyrate accumulation has been observed in the AD of specific substrates. Dennehy et al. 

(2016) reported significant butyrate accumulation during the AD of food waste and pig 

manure. Moreover, this accumulation persisted without degradation, leading to concerns 

about its potential impact on the overall efficiency and stability of the AD process. Similarly, 

Peng et al. (2018) observed a gradual build-up of butyrate during the long-term high-solid 

AD of food waste. Previous studies have consistently indicated that butyrate accumulation 

occurs recurrently in animal manure digestion (Ao et al., 2021; Beneragama et al., 2013; Lu 

et al., 2019) and food waste digestion (Capson-Tojo et al., 2017; Kim et al., 2006; Kong et 

al., 2016). A plausible hypothesis for this recurring butyrate accumulation is its potential link 

to ammonia stress, considering that animal manure is nitrogen-rich feedstock and high 
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organic loading of food waste leads to elevated ammonia nitrogen levels (Ao et al., 2021; 

Capson-Tojo et al., 2017). 

The impact of ammonia-induced inhibition on AD, particularly on methanogenesis, has been 

extensively investigated (Capson-Tojo et al., 2020). According to Wang et al. (2022), it has 

been observed that a low TAN concentration ranging from 1.0 to 4.0 g N/L led to irreversible 

inhibition of acetoclastic methanogens, while 50% inhibition of hydrogenotrophic 

methanogens occurred at TAN concentrations of 4.7-6.8 g N/L. Numerous studies have 

demonstrated that microorganisms participating in each stage of AD are impacted by 

ammonia inhibition, and methanogenic archaea appear to be more sensitive to ammonia 

stress compared to the majority of bacteria (Bonk et al., 2018). However, the influence of 

ammonia stress on anaerobic biodegradation of butyrate and the response of syntrophic 

butyrate oxidizing bacteria (SBOB) remain poorly understood. Furthermore, the factors 

leading to butyrate accumulatio under high ammonia stress, whether due to metabolite build-

up resulting from ammonia inhibition of hydrogenotrophic methanogenesis or direct 

ammonia toxicity affecting SBOB, require further investigation. 

Traditionally, free ammonia (NH3) has been considered more inhibitory in AD than 

ammonium ion (NH4+), due to its high permeability through bacterial cell membranes (Muller 

et al., 2006; Rajagopal et al., 2013). In most studies, the inhibitory effects have usually been 

examined through the assessment of free NH3 and TAN, with comparatively less attention 

paid to ammonium ions (NH4+). However, recent findings by Wang et al. (2022b) suggest a 

greater role of NH4+ in the ammonia-induced inhibition of hydrogenotrophic methanogens, 

particularly at pH levels below 8.0, as indicated by inhibition modelling analysis. 

Consequently, there is a need for further investigation into the distinct impacts of NH4+ and 

free NH3 on the anaerobic biodegradation of butyrate. In addition, pH is another crucial 

operating factor, which affects the microbial growth rate and influences the distribution of 

NH4+ and NH3 (Jiang et al., 2019); the NH3 concentration was increased by eight folds when 

pH was increased from 7.0 to 8.0. pH range in AD systems for nitrogen-rich substrates is 

from 7.0 to 8.5 without adjustment, while researchers have found that it is not favourable for 

methanogenesis when pH is over 8.0 (Cai et al., 2021; Qiu et al., 2023). Furthermore, the 

recoverability of biodegradation of butyrate in AD subsequent to severe ammonia inhibition 

remains inadequately explored, necessitating in-depth examination to advance our 

understanding of the recovery process and ammonia-induced inhibition in AD systems. 
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Consequently, the primary objectives of this study were: (1) to elucidate the impacts of 

ammonia (TAN) concentration and pH on butyrate degradation, (2) to assess the individual 

inhibitory effects of NH4+ and free ammonia (NH3) on butyrate degradation, and (3) to 

examine the potential reversibility of butyrate degradation following serve ammonia 

inhibition. This investigation aimed to deepen the understanding of ammonia inhibition on 

butyrate degradation in AD process. Such insights are expected to contribute significantly to 

the development of targeted strategies for mitigating ammonia inhibition and reducing 

butyrate accumulation in AD systems, thereby enhancing the efficiency and stability of the 

AD process. 

3.2 Materials and methods 

3.2.1 Anaerobic inoculum 

The anaerobic inoculum is dewatered anaerobic sludge, taken from a local municipal 

wastewater treatment plant in Galway, Ireland. It was anaerobically stored in a cold room 

with an average temperature of 11 oC. Before being used in the experiments, the sludge was 

fed with glucose (2 g COD/L) every week for approximately six months at 37 oC to obtain 

high biomass activity. The specific methanogenic activity of the inoculum, using acetate as 

carbon source, was determined as 0.143 g COD/ g VSS/ d, indicating  relatively good activity 

(Hussain and Dubey, 2017). Prior to incubation, the activated anaerobic sludge underwent 

three washes with phosphate buffer solution (PBS) to eliminate ammonia and remaining 

organic matter. The washed sludge after centrifugation had 11.90% total solids (TS) and 

6.44% volatile solids (VS). 

3.2.2 Experimental operation 

In this study, two types of batch experiments were carried out: ammonia inhibition 

experiments and recovery experiments following ammonia removal. Serum bottles were 

served as bioreactors in both batch experiments with a working volume of 200 ml. 

Additionally, the sole carbon source was butyrate with 2 g COD/L. The initial butyrate 

concentration detected in reactors was 2288.77 mg COD/L. The concentrations of the 

medium added were: K2HPO4 1062.5 mg/L, NaH2PO4 467.84 mg/L, CaCl2·2H2O 150 mg/L, 

MgSO4·7H2O 200 mg/L, NaHCO3 1000mg/L and 1mL/L trace elements. The trace element 

concentrations are as following: FeCl3·3H2O 1000 mg/L, CoCl2·6H2O 1000 mg/L, HBO3 50 
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mg/L, CuCl2·2H2O 15 mg/L, MnCl2·4H2O 250 mg/L, ZnCl2 50 mg/L, NaSeO3·5H2O 100 

mg/L, (NH4)6Mo7O2·4H2O 90 mg/L, NiCl2·6H2O 50 mg/L, EDTA 1000 mg/L and 36%HCl 1 

mL/L, as reported previously by Wang et al. (2022b). The pH condition in the reactors was 

adjusted by the addition of 2 M HCl or 2M NaOH. All bottles underwent a 5-minute purge 

with pure N2 gas, were sealed with butyl rubber stopper and aluminum covers, and were then 

incubated at 37 oC with manual shaking twice a day. The batch experiments were considered 

complete when the butyrate levels in the reactors stabilized. All the experiments were 

conducted in triplicates. 

Ammonia inhibition experiments were conducted under various ammonia concentrations and 

pH values, as detailed in Table 3.2. An inoculum to substrate (I/S) ratio of 5:1 (based on 

VSS: COD), was employed to ensure a robust population of acetogens and methanogens 

(Astals et al., 2018). Each serum bottle was introduced 38.4 mL of sludge and 161.6 mL of 

substrate. To obtain specific TAN concentrations, ammonia chlorides was introduced to the 

reactors, as chloride exhibited lower inhibition compared to ammonium (Wang et al., 2022b). 

The TAN concentration in food waste and animal manure digestion varies a lot, sometimes 

with extremely high TAN concentrations, for instance, ammonia concentration in food waste 

AD of over 5 g TAN/L (Zhang et al., 2017). In animal manure, especially in chicken manure, 

the ammonia concentration can be as high as 33.9 to 50 g TAN/ g dry matter (Fuchs et al., 

2018; Molaey et al., 2018). Poirier at al. (2016) reported that methanogenesis was severely 

inhibited when TAN concentration was from 8.0 to 13.0 g TAN/L. Therefore, in this 

experiment, the TAN concentrations studied were 0.18, 2.0, 4.0, 8.0, 12.0, 16.0, 20.0 g N/L at 

pH 7.5, labelled as R1 to R7, respectively. Additionally, experiments to assess the impacts of 

varying pH levels (7.0, 7.5 and 8.0) were conducted at a TAN concentration of 4.0 g/L, 

labelled as R8, R9, and R10, respectively.  

The recovery experiment, designed as R11, was carried out with 0.18 g TAN /L at pH 7.5. 

Prior to commencement, sludge from the R7 reactor, where severe inhibition was observed, 

underwent centrifugation at 6000 rpm for 15 minutes (Hettich® ROTOFIX 32A, Andreas 

Hettich GmbH & Co. KG, Germany). Subsequently, the sludge was thoroughly washed three 

times using PBS and then transferred into serum bottles to proceed with the recovery 

experiment.  
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Table 3.2 Experimental conditions for inhibition and recovery experiments 

 

3.2.3 Model analysis 

3.2.3.1 Kinetic model 

To evaluate the effects of ammonia concentration on butyrate degradation kinetics, the first-

order kinetic model and the modified Gompertz kinetic model were introduced for the 

simulation of butyrate degradation. In the first-order kinetic model, the rate of butyrate 

degradation was assumed to only be proportional to butyrate concentration, with a constant 

proportionality factor, as expressed in Eq. (3-1). Considering the diverse effects that may 

arise from varying concentrations of ammonia on butyrate degradation and microorganisms’ 

activities, the modified Gompertz kinetic model, described in Eq. (3-2), was employed for the 

simulation (Wang et al., 2020b). 

𝐶𝐶(𝑡𝑡) = 𝐶𝐶0 · (1 − exp (−𝑘𝑘 ∙ 𝑡𝑡)) (3-1) 

𝐶𝐶(𝑡𝑡) = 𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚 · exp �−exp �𝜇𝜇𝑚𝑚·𝑒𝑒
𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚

· (𝜆𝜆 − 𝑡𝑡) + 1�� (3-2) 

where, C (t): butyrate degradation concentration at a certain time (t) (mg COD/L); k: the first-

order degradation rate (d-1); t: time (d); and C0: initial butyrate concentration (mg COD/L); 

Batch experiments No. Inoculum pH levels TAN (g N∙L-1) 

Inhibition 

experiments 

R1 

anaerobic 

sludge 

7.5 0.18 

R2 7.5 2.0 

R3 7.5 4.0 

R4 7.5 8.0 

R5 7.5 12.0 

R6 7.5 16.0 

R7 7.5 20.0 

R8 7.0 4.0 

R9 7.5 4.0 

R10 8.0 4.0 

Recovery 

experiments 
R11 

Refreshed 

sludge from R7 
7.5 0.18 
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Cmax: maximum butyrate degradation concentration (mg COD/L); µm: maximum butyrate 

degradation rate (mg COD/L/d); λ: lag phase (d); e: Euler’s Number (2.7183). 

3.2.3.2 Inhibition model 

To evaluate the inhibition degree from different ammonium species (NH4+ and NH3), the 

inhibition model (Eq. (3)) was introduced. XI  (
4NH

I +  or
3NHI ) represents the inhibition degree 

caused by NH4+ or NH3. 
4NH

I +  and 
3NHI were calculated based on a simple and modified 

Monod inhibition model can be expressed in Eq. (3-4) and Eq. (3-5), respectively (Wang et 

al., 2022). The simple inhibition model (Eq. 3-4) considered that ammonia inhibition is a 

non-competitive inhibition. In the modified Monod model (Eq. 3-5), a new parameter m was 

introduced, representing the strong increase of the inhibition with increasing free ammonia or 

ammonium concentration. 

𝜇𝜇 = 𝜇𝜇𝑚𝑚𝑚𝑚𝑚𝑚 ∙ 𝐼𝐼𝑁𝑁𝑁𝑁4+ ∙ 𝐼𝐼𝑁𝑁𝑁𝑁3 (3-3) 

𝐼𝐼𝑋𝑋 = 𝑃𝑃𝑋𝑋
𝑃𝑃𝑋𝑋+𝐶𝐶𝑋𝑋

 (3-4) 

𝐼𝐼𝑋𝑋 = 𝑃𝑃𝑋𝑋𝑚𝑚

𝑃𝑃𝑋𝑋𝑚𝑚+𝐶𝐶𝑋𝑋𝑚𝑚
 (3-5) 

where µ is butyrate degradation rate (mg/L/d); mµ  is the maximum butyrate degradation rate 

(mg/L/d); CX is the concentration of NH4+ or NH3 (mg N/L); PX (
4NH

P +  or 
3NHP ) is the 

concentration of NH4+ or NH3 that halves the maximum butyrate degradation rate (mg N/L). 

 

3.2.4 Analytical method 

TS and VS were determined according to the standard methods (APHA, 2012). pH was 

analyzed using a digital pH meter (PHS-3C, Leici, Shanghai, China). The liquid samples 

were centrifuged at 10,000 rpm for 5min (Hettich® ROTOFIX 32A, Andreas Hettich GmbH 

& Co. KG, Germany) and were filtered using 0.45 µm nylon syringe filters before 

determining ammonia and VFAs concentrations. TAN concentration was measured using a 

nutrient analyzer (Gallery plus, Thermo Clinical Lab systems, Finland). Free ammonia 

concentration was calculated using Eq. (2-6). VFAs (acetate, propionate, iso-butyrate, 

butyrate, iso-valerate and valerate) were determined using gas chromatography (GC 8860, 
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Agilent Technologies, USA) equipped with a DB-FFAP column (25 m ×320 µm × 0.5 µm, 

Agilent Technologies, USA) and a flame ionization detector (FID). The temperature of the 

column was set at 80 oC for 2 min, then increased to 200 oC at a rate of 10 oC /min and held at 

200 oC for 1 min. The carrier gas was hydrogen at a flow rate of 1.2 mL/ min. The injector 

and detector were operated at 250 oC. The composition of biogas including H2, CH4 and CO2 

were analyzed by gas chromatography (GC 7890A, Agilent Technologies, USA) referring to 

previous studies (Wang et al., 2021a; Wang et al., 2020b). The pressure in the headspace of 

each serum bottle was measured with a pressure manometer (Testo 512, Testo, USA). The 

volume of CH4 was calculated based on biogas pressure and CH4 concentration, following the 

methodology developed by Santos et al. (2020). Subsequently, this volume was converted to 

the standard volume under standard condition (0 oC and 1 atm), as expressed in Eq. (3-6).  

𝑉𝑉𝐶𝐶𝐶𝐶4 = 𝑉𝑉𝐻𝐻 ∙
𝑃𝑃+1013.25
1013.25

∙ 273.15
273.15+𝑇𝑇

∙ 𝐶𝐶𝐶𝐶𝐶𝐶4 (3-6) 

where, VCH4 is CH4 volume at standard condition (NmL at 1atm and 273.15K), VH is the 

headspace volume of serum bottle (mL), P is the headspace pressure at t day (hPa), CCH4 is 

the CH4 concentration in the headspace of the serum bottle. Note: Water vapor in the biogas 

was not explicitly corrected in this study. At 37°C, saturated water vapor contributes 

approximately 6.3 kPa to the total pressure (ca. 3–5% of the total volume under typical 

conditions). This may cause a slight overestimation of methane yield. However, since all 

treatments were measured under identical conditions, this does not affect the comparative 

conclusions.  

The activity of electron transport system (ETS) was analyzed using the 2-(p-iodophenyl)-3-

(p-nitrophenyl)-5-phenyltetrazolium chloride-electron transport system (INT-ETS) method 

(Lizama et al., 2019). Extracellular polymeric substances (EPS) extraction was performed 

following the heat-extraction method (Shen et al., 2022) and the methodologies for 

carbohydrate and protein measurements (Nielsen, 2017; Qi et al., 2023). The Gibbs free 

energy calculations for butyrate and acetate oxidation at 37 oC under different ammonia 

concentrations were conducted using the Nernst and van’t Hoff equations. 
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3.2.5 Data statistical analysis 

All experimental results were expressed as mean ± standard deviation. Figures were 

generated, and non-linear curve fitting was conducted for both kinetic model and inhibition 

models using OriginPro 2021 software.  

3.3 Results and discussion 

3.3.1 Anaerobic digestion performance 

3.3.1.1 Butyrate degradation and methane production 

In this study, the impacts of ammonia concentration and pH on both butyrate degradation and 

methane production were explored. As shown in the Fig. 3.1(a), the degradation of butyrate 

exhibited sensitivity to varying levels of ammonia concentration. Although butyrate can be 

completely degraded at high TAN level (up to 8.0 g N/L), the time required for complete 

degradation significantly increased with higher TAN concentrations. Specifically, the 

requisite time for complete degradation time was observed to be 8 days at a TAN 

concentration of 0.18 - 2.0 g N/L, 10 days at 4.0 g N/L, and 23 days at 8.0 g N/L. When the 

initial ammonia concentration exceeded 12 g TAN/L, butyrate degradation was severely 

inhibited, leading to the prevention of complete degradation. The ultimate degradation rates 

of butyrate were determined to be 95.1%, 94.3% and 11.3% at TAN concentration of 12.0 g 

N/L, 16.0 g N/L and 20.0 g N/L TAN, respectively. In a related study, Bonk et al. (2018) 

investigated the impact of ammonia on the degradation of VFAs and reported minimal impact 

on butyrate degradation within an ammonia concentration range of 52 to 277 mM (equivalent 

to 0.73 to 3.88 g TAN/L). However, when the ammonia concentration was increased to 8.0 g 

TAN/L or higher, significant prolongation or even complete inhibition was observed. These 

findings are consistent with the observations in the present study. 

The cumulative methane production resulting from butyrate degradation under varying TAN 

concentrations is illustrated in Fig. 3.1b. The maximum cumulative methane volume, 

approximately 120 NmL, was attained between days 14 and 18 at ammonia concentrations of 

0.18 - 4.0 g TAN/L. As the ammonia concentration exceeded 4.0 g TAN/L, the rate of 

methane production gradually decreased along with increasing ammonia concentration. 

Notably, even at 8.0 g TAN/L, the maximum methane yield remained at 120 NmL. However, 

achieving this yield took a longer time (approximately 90 days) with obvious fluctuation in 
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AD system, as evidenced by the large error bars in Fig. 3.1. This instability in methane 

production may be attributed to the erratic activity of methanogens. Methanogens would be 

adapted to ammonia inhibition after a prolonged lag phase when ammonia concentration was 

high, up to 6.8 g TAN/L (Agyeman et al., 2021). At 8.0 g TAN/L, methanogens encountered 

significant challenges in overcoming ammonia inhibition, leading to unstable methane 

production. In addition, further increases in ammonia concentrations led to the severe 

inhibition of methane production. At 20.0 g TAN/L, methane was undetectable in the 

reactors, indicating complete inhibition of methane production, despite marginal butyrate 

degradation observed (Fig. 3.1a). In R5 with 12.0 g TAN/L, butyrate degradation was 

initially impeded, however, after 20 days, the degradation process proceeded consistently, 

achieving a degradation rate of approximately 95%. Despite this, only approximately 23 

NmL of methane was produced upon completion of butyrate degradation. This observation 

may be attributed to the heightened sensitivity of acetate metabolism (or acetotrophic 

methanogenesis) to ammonia exposure, as indicated in Fig 3.2. Fig. 3.2 demonstrates the 

sequential oxidation of butyrate to acetate, followed by the conversion of acetate to methane 

in the absence of inhibitory factors. The concentration of acetate initially rose, followed by a 

gradual decrease, with complete degradation observed in R1-R4 with TAN below 4.0 g N/L. 

Conversely, in R5 and R6, despite the near-complete degradation of butyrate by the end of 

the reaction, an accumulation of acetate up to 1500 mg COD/L was observed. These results 

suggest that the degradation rate of butyrate was not hindered by the accumulation of acetate. 

Furthermore, these findings underscore the greater sensitivity of methanogenic archaea to 

ammonia stress compared to butyrate-degrading bacteria. Previous studies have indicated that 

methane production is inhibited when ammonia concentration exceeds 3.0 g TAN/L 

(Yenigün and Demirel, 2013). Additionally, an increase in ammonia concentration from 2.2 

to 4.5 g TAN/L can result in the gradual shift from the predominance of acetoclastic 

methanogens to hydrogenotrophic methanogens (Gao et al., 2015; Wang et al., 2022b). 

Fig. 3.1 c and d illustrate the effects of varying pH (7.0, 7.5 and 8.0) on both butyrate 

degradation and methane production at a TAN concentration of 4.0 g N/L. In R8-R10, while 

maintaining the same TAN concentration, free ammonia concentrations were increased from 

50.6 to 454.5 mg/L as pH rose from 7.0 to 8.0. The results indicate that the time needed for 

the complete degradation of butyrate remained constant at 9 days, regardless of the pH 

variation within the range of 7.0 to 8.0. This suggests that under these conditions, pH 
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variation did not significantly influence butyrate degradation. However, the impact on 

methane production exhibited a progressively deepening trend with the increase of pH, 

although the maximum cumulative methane yield appeared to slightly decrease. The 

maximum cumulative methane yield was obtained on days 13, 15 and 20 at pH levels of 7.0, 

7.5 and 8.0, respectively. Given that the TAN concentrations in R8 - R10 were constant, it 

can be inferred that methane production was affected by both free ammonia concentration 

and pH value. Compared to butyrate degradation, methane production may be more sensitive 

to variations in free ammonia concentration. 

 
Figure 3.1 Effects of ammonia concentration and pH on anaerobic butyrate degradation and 

methane production: (a) butyrate degradation, (b)methane production at different TAN 

concentrations (0.18 – 20.0 g N/L); (c) butyrate degradation, (d) methane production at pH 

levels (7.0, 7.5 and 8.0) 
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Figure 3.2 VFAs composition change in the entire process at different ammonia 

concentrations 
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3.1.1.2 Extracellular polymeric substances and INT- electron transport system 

Ammonia-induced stress was found to hinder the degradation of butyrate and methane 

production in AD. This inhibition, at varying levels of ammonia, is potentially linked to the 

activity and performance of bacteria such as SBOB and methanogen (Liu et al. 2024). To 

delve deeper into how ammonia levels would affect the anaerobic degradation of butyrate, the 

properties of EPS and INT-ETS were examined under different ammonia conditions.  

EPS refers to a complex polymer mixture of macromolecules present extracellularly in 

microbial aggregates, derived from microbial cell autolysis, cell secretion, and cell surface 

abscission (Comte et al., 2006). EPS serves as an external protective layer for cells, 

particularly under stress, and plays a crucial role in enzyme accumulation and intercellular 

communication (Ramesh et al., 2006). EPS structures can be classified into three layers: 

soluble EPS (SMP), loosely bound EPS (L-EPS), and tightly bound EPS (T-EPS) (Tang et 

al., 2020). Carbohydrate and protein are the primary constituents of EPS. Fig. 3.3a illustrates 

the concentrations of carbohydrates and proteins across the different EPS layers. The total 

EPS concentration in R1-R5 increased from 114.8 to 153.0 mg/L, as ammonia concentrations 

were increased from 0.18 to 12.0 g N/L, suggesting an increase in bacterial EPS secretion to 

form a protective barrier against ammonia toxicity. Additionally, the increase in ammonia 

concentration, which inherently increases alkalinity (Sterling Jr et al., 2001), can cause 

ionization of charged groups, leading to enhanced production of proteins and carbohydrates 

in EPS (Ping et al., 2018). Conversely, in R6 and R7, total EPS concentration decreased, 

likely due to excessive ammonia concentration levels destabilizing microbial aggregates 

(Mikkelsen and Nielsen, 2001). The protein content, accounting for 57%-75%, was 

significantly higher than that of carbohydrates. The rapid increase in the protein content 

suggests that bacteria trend towards producing enzymes adapted to ammonia concentration 

from 0.18 to 12.0 g TAN/L, such as the existence of a significant quantity of exoenzymes 

(Fr¢lund et al., 1995). Additionally, as the ammonia concentration was increased, the protein 

content increase in SMP was more pronounced than in L-EPS and T-EPS. The increase in 

NH4Cl concentration, leading to higher salinity, would result in the accumulation of SMP, 

especially proteins (Li et al., 2013).  

INT-ETS is indicative of the dehydrogenase activity of the sludge, which is linked to the 

respiratory activity of microorganisms such as methane production and butyrate degradation 
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(Tian et al., 2017; Yin et al., 2018). Fig. 3.3b demonstrates the ETS activity at varying 

ammonia concentrations. Compared to R1, the ETS activity rose in all reactors, indicating 

that ammonia concentration increased microbial interspecies electron transfer activity. In R1 

to R5, butyrate was completely degraded after different adaption time and in these rectors 

ETS activities were significantly increased from 7.49 to 10.39 μg/ (mL∙ min) (p <0.05). The 

results showed that the microbial interspecies electron transfer process was stimulated to 

address ammonia inhibition after certain time adaption. Whereas ETS activity decreased in 

R6 and R7 and was still higher than R1, too high ammonia concentration may cause the 

decay in SBOB and the severe inhibition on the activities of key enzymes related to 

acetogenesis and methanogenesis, such as acetate kinase and coenzyme F420 (Tian et al., 

2017). 

 
Figure 3.3 EPS concentration (a) and ETS activity (b) of substrate with different ammonia 

concentration. P: protein. C: carbohydrate. 

3.3.2 Thermodynamics and kinetics of butyrate degradation 

3.3.2.1 Thermodynamics evaluation of butyrate degradation 

The degradation of butyrate to acetate is endergonic under standard conditions, as indicated 

by a positive Gibbs free energy change (ΔGθ >0) (Muller et al., 2010). This process is 

primarily driven by the reduction of partial hydrogen pressure and acetate concentration, 

ensuring a negative actual Gibbs energy change (∆G) to facilitate the reaction (Labib et al., 

1992; Siriwongrungson et al., 2007). Notably, the degradation of butyrate remains unaffected 

by the acetate accumulation within the ammonia concentration range of 0.18- 16.0 g N/L. 

Fig. 3.4 illustrates the actual ∆G of butyrate degradation (CH3CH2CH2COOH+2H2O →

CH3COOH+2H2) at various ammonia concentrations. Thermodynamic analysis reveals that 
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the actual ΔG value of butyrate degradation was in the range of -50 ~ -300 KJ/mol 

throughout the process under different ammonia concentrations. The negative ΔG indicates 

that butyrate anaerobic degradation was thermodynamically spontaneous, even at high 

ammonia concentrations. Consequently, the observed inhibition of butyrate degradation 

under specific ammonia conditions (exceeding 4.0 g TAN/L) was not attributed to the 

buildup of metabolites such as hydrogen and acetate, which usually takes place when 

methanogenesis is inhibited at high ammonia levels. Instead, it arose from the diminished 

activity of butyrate-degrading bacteria due to the presence of high ammonia concentrations 

(exceeding 4.0 g TAN/L). It is noteworthy that the actual ΔG value of butyrate degradation 

differed from the results (-40~ -60 KJ/mol) obtained by Li et al. (2020) at 35 oC. This 

disparity might be attributed to higher operating temperature and the lower acetate 

concentrations and hydrogen partial pressures in this experiment.  

 
Figure 3.4 Gibbs energy of butyrate oxidation 

3.3.2.2 Kinetics of butyrate degradation 

The utilization of kinetic modelling provides insights into the dynamic aspects of the butyrate 

degradation process under varying ammonia concentrations. Based on the preceding findings 

(Section 3.3.1) that indicate pH variations within the range of pH 7.0-8.0 had negligible 

effects on butyrate degradation, the kinetics analysis focused solely on the impact of 

ammonia stress. Therefore, butyrate degradation process was simulated using the first-order 

kinetic model and modified Gompertz model were employed to systematically explore under 

varying TAN concentrations, as illustrated in Fig. 3.5.  
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Figure 3.5 Butyrate degradation concentration under different ammonia concentration with 

different models. (a): Gompertz model; (b): modified first-order kinetic model. 

The kinetic parameters of the first order and modified Gompertz models are detailed in Table 

3.3. The results indicate that both models effectively describe butyrate degradation under all 

ammonia concentrations with the range of 0.18 - 16.0 g TAN/L, except for the extreme 

condition in R7 (20.0 g TAN/L), where almost no butyrate was degraded due to severe 

ammonia inhibition. Upon comparative analysis of the two models, it is evident that the 

modified Gompertz model exhibits superior fitting with the measured data, with all R2 values 

being greater than 0.92 (shown in Table 3.3). Cmax and µm are related to the predicted butyrate 

degradation potential and maximum butyrate degradation rate, respectively, while λ 

represents the lag phase time of butyrate degradation. The variation of Cmax, μm and λ at 

different ammonia concentrations are illustrated in Fig. 3.6 (excluding R7, as the model did 

not work in R7 due to severe ammonia inhibition). Analysing the results depicted in Fig.3.6 

and table 3.3, it is apparent that with increasing ammonia concentration, the predicted 

butyrate degradation potential undergoes a subtle transition from 2095.5 to 2432.4 mg 

COD/L. In contrast, the maximum butyrate degradation rate experiences a gradual decline 

from 965.8 to 52.9 mg COD/L/d. Simultaneously, the lag phase time of butyrate degradation 

exhibits a gentle increase from 4.2 d to 41.8 d. These observations suggest the sensitivity of 

SBOB to ammonia exposure, with increasing inhibition of their activity when ammonia 

concentration increased from 0.18 to 16.0 g TAN/L. However, SBOB demonstrates the 

ability to adapt to ammonia inhibition, eventually achieving a consistent butyrate degradation 

capacity after adaption. Notably, with rising TAN concentrations, SBOB necessitates an 

extend duration to acclimate to escalating ammonia stress. At a TAN concentration of 20.0 g 

N/L, SBOB experiences severely inhibited, resulting in almost no butyrate degradation. From 
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the value of Cmax, it is evident that the maximum butyrate degradation concentration is 

approximately 2400 mg COD/L. This concentration exceeds the initial butyrate concentration 

of 2288.77 mg COD/L, indicating a greater potential for butyrate degradation. 

 

 
Figure 3.6 Variation in Cmax, μm and λ at different ammonia concentrations 

Table 3.3 Kinetic parameters of first order and modified Gompertz models 

Note: k: d-1; C0: mg COD/L; Cmax: mg COD/L; µm: mg COD/L/d; λ: d. 

3.3.3 Inhibition model 

In AD systems utilizing nitrogen-rich substrates such as manure and slaughterhouse 

wastewater, ammonia emerges as a prevalent inhibitor, including free ammonia (NH3), and 

ammonium ion (NH4+). Extensive research has been conducted on the inhibitory effects of 
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ammonia inhibition, primarily on methane production and acetate degradation (Yellezuome et 

al., 2022). Nonetheless, the impact of ammonia on butyrate degradation has received limited 

attention, with rare exploration into the inhibition degree attributed to different ammonia 

species (Bonk et al., 2018). Therefore, both simple and modified Monod models were 

employed to evaluate ammonium and free ammonia inhibition on butyrate degradation. As 

detailed in Table 3.4, the Adj. R2 for two models were 0.863 and 0.998, respectively. The 

superior fit of the modified Monod inhibition model to the experimental results led to its 

selection for further investigation. The results from the modified Monod model demonstrated 

that the concentrations of NH4+ or NH3, which induced a 50% inhibition of butyrate 

degradation, were 6606.0 ± 187.8 mg N/L and 673.3 ± 56.3 mg N/L, respectively. 

Additionally, at a TAN concentration of 6606. 0 mg N/L and at pH 7, the calculated NH3 

concentration using Eq. (2-6) was at 257.4 mg N/L. Remarkably, this calculated NH3 

concentration was lower than the predicted NH3 concentration (PNH3), indicating a heightened 

sensitivity of SBOB to NH4+ compared to NH3. 

To evaluate the individual inhibitory effects of NH4+ and NH3 on butyrate degradation, a new 

index, the ratio of 𝐼𝐼𝑁𝑁𝑁𝑁4+/𝐼𝐼𝑁𝑁𝑁𝑁3was introduced. Fig. 3.7 illustrates the ratios of 𝐼𝐼𝑁𝑁𝑁𝑁4+/𝐼𝐼𝑁𝑁𝑁𝑁3 for 

butyrate degradation under varying ammonia concentrations. The ratio of 𝐼𝐼𝑁𝑁𝑁𝑁4+/𝐼𝐼𝑁𝑁𝑁𝑁3= 1 

indicates that NH4+ and NH3 have equivalent contribution to the inhibition, while 

𝐼𝐼𝑁𝑁𝑁𝑁4+/𝐼𝐼𝑁𝑁𝑁𝑁3>1 signifies a greater contribution from NH3, and 𝐼𝐼𝑁𝑁𝑁𝑁4+/𝐼𝐼𝑁𝑁𝑁𝑁3<1 indicates more 

contribution from NH4+ to the inhibition. As shown in Fig. 3.7, the observed ratios of 

𝐼𝐼𝑁𝑁𝑁𝑁4+/𝐼𝐼𝑁𝑁𝑁𝑁3 at all ammonia concentrations were less than 1, indicating a greater contribution 

from NH4+ to the inhibition. Specifically, the contribution of NH4+ to the inhibition 

intensified with increasing ammonia concentration, concurrent with a decreasing contribution 

from free ammonia. Despite at 20.0 g TAN/L (equivalent to 779.2 mg NH3-N/L), the 

contribution from NH3 rose but the ratio remained below 1. It is noteworthy that NH3 

concentration is influenced by pH, and reducing pH can decrease NH3 concentration while 

favouring the presence of NH4+. The findings suggest that pH control is likely not an effective 

strategy for mitigating ammonia inhibition in butyrate degradation. This underscores the 

necessity for a comprehensive and integrated approach to ammonia mitigation measures in 

AD system. 
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Figure 3.7 𝐼𝐼𝑁𝑁𝑁𝑁4+/𝐼𝐼𝑁𝑁𝑁𝑁3ratios for butyrate degradation under different ammonia concentrations 

Table 3.4 Model parameters of simple and modified Monod model 

Parameters 
Simply  

Monod model 
Modified Monod model 

mµ  (mg/L/d) 191.71 166.94 

4NH
K +  11211.46 6606.02 

3NHK  436.68 673.28 

n1 - 2.47 

n2 - 13.79 

Adi.R2 0.8634 0.9983 

3.3.4 Recovery after ammonia removal 

A severe inhibition of butyrate degradation was observed at 20.0 g TAN/L. Subsequently, a 

recovery experiment was conducted to investigate the restoration of butyrate degradation and 

methane production after reducing the ammonia concentration from 20.0 to 0.18 g TAN/L. 

As shown in Fig. 3.8, both butyrate degradation and methane production were observed 

following the reduction in ammonia concentration. The recovery of the activity of 

methanogenic archaea and SBOB appeared to be a gradual process, necessitating an extend 

duration. In comparison to the control condition (R1) without ammonia inhibition, the time 

required for complete butyrate degradation was extended to approximately 20 d after removal 

of acute ammonia stress, with a lag phase time of around 9 d. Additionally, the cumulative 
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methane volume was decreased to 62.8 NmL from 125.5 NmL in R1, and the lag phase time 

for methane production was approximately 13 d. These results indicate that an extremely high 

ammonia concentration, such as 20.0 g TAN/L, led to irreversible inhibition to the activity of 

methanogens. Conversely, SBOB demonstrated full recovery of its activity from severe 

ammonia inhibition, provided that a prolonged adaption time was allowed. 

 
Figure 3.8 Recovery of methane production and butyrate degradation after severe ammonia 

inhibition 

3.4 Conclusions 

This chapter has demonstrated that the anaerobic degradation of butyrate experienced 

remarkable inhibition when TAN exceeded 8.0 g N/L at pH 7.5, while no discernible impacts 

were observed at pH 7.0 - 8.0 with 4.0 g TAN/L. Additionally, it was found that the lag phase 

for butyrate degradation was prolonged with increasing ammonia concentration. Notably, the 

complete recovery of butyrate-degrading bacteria was observed following severe ammonia 

inhibition, provided that an extended adaption period was allowed. Our findings indicate that 

NH4+ emerges as the predominant inhibitory factor within the TAN range of 2.0 - 20.0 g N/L, 

rather than NH3. The study also reveals that the inhibition of butyrate degradation caused by 

high ammonia concentration cannot be mitigated by simple lowering the pH level. 

Consequently, implementing an extended HRT strategy is recommended to mitigate the 

accumulation of butyrate in AD of nitrogen-rich substrates. 
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Chapter 4  
Microbial transitions and degradation pathways 
driven by butyrate concentration in mesophilic and 
thermophilic anaerobic digestion under low 
hydrogen partial pressure 
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4.1 Introduction 

The substantial increase in fossil fuel consumption resulting from rapid industrial 

development has exacerbated climate change and caused energy shortages, thus necessitating 

a transition to renewable energy sources. Anaerobic digestion (AD) emerges as a sustainable 

and cost-effective waste treatment technology that not only treats organic waste but also 

recovers energy, such as biogas (Tisocco et al., 2024). Biogas, a clean alternative to fossil 

fuels produced from household, agriculture, and industrial waste, can considerably reduce 

greenhouse gas emissions (Zhang et al., 2021b). The AD process consists of four sequential 

and parallel processes: hydrolysis, acidogenesis, acetogenesis, and methanogenesis. 

Acetogenesis and methanogenesis are commonly viewed as the rate-determining steps for 

most soluble organics, which are crucial for the efficiency of the AD system (Wang et al., 

2021b). A major challenge in AD is the timely degradation of short-chain volatile fatty acids 

(VFAs) that are produced during the acetogenesis process. Ineffective degradation of these 

acids can hinder methane production and affect the stability of the AD process, which limits 

the practical application of AD technologies (Ferguson et al., 2016).  

Despite extensive research on the degradation of propionate and acetate (Pan et al., 2021; 

Sitthi et al., 2022), the degradation of butyrate remains less explored. Butyrate, produced 

during acidogenesis, plays a crucial role in the subsequent stages of acetogenesis and 

methanogenesis. Its degradation primarily occurs through syntrophic interactions involving 

butyrate-oxidizing bacteria and methanogens due to thermodynamic constraints (Nikitina et 

al., 2022). Therefore, butyrate accumulation in AD systems is likely to happen when 

intermediates such as hydrogen and acetate build up due to the ineffectiveness of 

methanogenesis. Excessive butyrate can lower pH levels, create unfavourable conditions for 

microbial growth and potentially lead to reactor failure (Moset et al., 2012). Thus, monitoring 

butyrate levels could serve as an effective early indicator of stability of AD systems (Wu et 

al., 2022). When AD systems experience acidification, butyrate concentrations can increase 

dramatically, rising to 20-fold from 0.06 to 1.30 g/L (Moset et al., 2012). However, in a 

stable AD of food waste and pig manure, a high butyrate concentration of up to 2.2 g/L was 

observed (Dennehy et al., 2016). These varying thresholds underscore the critical importance 

of managing butyrate levels to ensure system efficiency. However, there is limited research 

on how elevated butyrate levels affect its own degradation within AD systems, especially on 
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its degradation pathways. The accumulation of butyrate inevitably affects the methane yield, 

as well as AD process efficiency and stability (Xu et al., 2023). A stronger inverse correlation 

between the methane yield and the butyrate concentration compared to other VFAs (R = -

0.71, P < 0.05) was reported (Moset et al., 2012). Accelerating butyrate degradation has been 

shown to markedly enhance the daily methane production, with one study reporting a 16.6% 

increase in the methane yield (Wang et al., 2020a). Consequently, it is essential to examine 

the influence of butyrate levels on the AD performance and identify specific concentrations 

that inhibit methane production and lead to reactor instability. 

Butyrate degradation and methane production are highly sensitive to operational conditions, 

particularly temperature, due to its notable influence on the metabolic activity and the growth 

of microorganisms during the AD process (Chen et al., 2024; Nie et al., 2021). It has been 

widely explored how temperature affects methanogenesis. For instance, the optimal 

temperature for methane production in AD was found to be 37 oC (Cao et al., 2020), and the 

predominate methanogens were Methanoculleus and Methanothermobacter at 37 oC and 55 
oC, respectively (Chen aand Chang, 2020). However, there have been limited studies focusing 

on the butyrate degradation process. Butyrate degradation and methanogenesis involve 

syntrophic interactions, and syntrophic butyrate-degrading microbes such as Syntrophomonas 

and Methanothrix have been reported (Ziels et al., 2019). Li et al. (2020a) analysed the 

kinetic impact of temperature on butyrate degradation, which produces substrates for 

methanogenesis, and found that the rate of methane production by butyrate degradation was 

higher at 35 oC than at 55 oC. However, it is unclear how temperature regulates butyrate 

degradation, especially the functional microbial species at different temperatures. Therefore, 

it’s important to investigate the microbial structure and the metabolic pathway of butyrate 

degradation at varying temperatures. 

A deeper insight into the mechanisms of methane production and butyrate degradation will 

contribute to improvements in the diagnostic methods of AD and enable timely preventative 

measures. Therefore, the objectives of this study were to (1) examine the effects of butyrate 

levels and temperature on methane production and butyrate degradation, and (2) analyse 

microbial community characteristics and butyrate degradation pathways at varying butyrate 

concentrations under both mesophilic and thermophilic conditions. Through comprehensive 

analysis, this study aimed to achieve a deeper understanding of methane generation and 
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butyrate degradation at different butyrate concentrations and to provide valuable insights that 

could improve the performance of AD systems. 

4.2 Materials and methods 

4.2.1 Anaerobic inoculum 

Dewatered anaerobic sludge, sourced from a mesophilic anaerobic digester at a local 

municipal wastewater treatment plant, was used as the anaerobic inoculum. The sludge was 

stored in a cold room and kept at an average temperature of 11 oC. Prior to experimentation, 

the sludge was conditioned by weekly feeding with glucose for several months at two 

different temperatures: 37 oC (Inoculum 1) and 55 oC (Inoculum 2), to enhance biomass 

activity. The specific methanogenic activity of Inoculum 1 and Inoculum 2, using acetate as 

the substrate, was determined to be 0.093 and 0.085 g COD/ g VSS/ d, respectively. The total 

solids (TS) and volatile solids (VS) for Inoculum 1 were 5.40% and 2.58%, respectively, 

while Inoculum 2 had TS and VS values of 4.98% and 2.12%, respectively. The VS/TS ratios 

of the two inocula were 47.8% and 42.6%, respectively. These relatively low ratios indicated 

that the seed sludge was highly stabilized, as much of its biodegradable organic matter had 

already been consumed. Such characteristics are typical of sludge subjected to extended 

anaerobic digestion or prolonged pre-treatment processes. 

4.2.2 Experimental operation 

The effects of butyrate concentration and temperature on the AD performance were assessed 

in batch experiments. Serum bottles with a working volume of 100 mL were used as the 

digesters and the headspace volume was 61 mL each. The experiments were conducted at two 

temperatures: 37 oC and 55 oC. Reactors operating at 55 oC were labelled RT1, RT2, RT3, 

and RT4, corresponding to butyrate concentrations of 2.0, 5.0, 10.0, and 20.0 g COD/L, 

respectively. Similarly, reactors at 37 oC were labelled RM1, RM2, RM3, and RM4, for the 

same butyrate concentrations. 

In previous studies, the maximum butyrate accumulation was about 5.0 – 6.0 g/L (Wang et 

al., 2023b). In thermophilic anaerobic digestion, 170 mM butyrate (equivalent to 14.96 g/L) 

did not significantly inhibit methanogenesis after bioaugmentation. At high organic loading 

rates (18 g VS/L/d), the butyrate concentration accumulated to 35.09 g COD/L from fruit 
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waste, leading to the arrest of methanogenesis (Li et al., 2022a). Therefore, in this study, 

butyrate was used as the sole substrate to provide carbon source in the anaerobic digesters, 

with concentrations set at 2.0, 5.0, 10.0, and 20.0 g COD/L.  

The substrate-to-inoculum ratio was controlled at 1:5 based on COD: VSS. The volumes of 

inoculum and substrate were 27.2 mL and 72.8 mL at 37°C, respectively, and 31.5 mL and 

68.5 mL at 55°C, respectively. Butyric acid was directly added to the substrate according to 

the experimental setup. The composition of the substrate containing mineral medium, and 

trace elements, have been described previously (Shi et al., 2024a).Then, the initial pH of all 

reactors was adjusted to 7.0 using 2 M NaOH and KOH (1:1). Each reactor was purged with 

nitrogen gas for 5 minutes, and then sealed with butyl rubber stoppers and aluminium covers. 

Afterwards, reactors RT1 to RT4 were incubated at 55 oC, while reactors RM1 to RM4 were 

incubated at 37 oC, both at a shaking speed of 150 rpm. The batch experiments continued 

until the butyrate concentrations stabilized. All experiments were performed in triplicate. 

4.2.3 Kinetic models 

The conversion of butyrate to methane involves two primary steps: (1) the conversion of 

butyrate to acetate, and (2) the production of methane from acetate. The simplified reaction 

pathways for butyrate degradation are shown in Fig. 4.1. To evaluate the reaction rates under 

different conditions, a kinetic model was employed to simulate the experimental data. 

Considering the complexity of butyrate biochemical degradation, the following assumptions 

were made for building the kinetic model: (1) the activity of microorganisms involved in 

butyrate degradation was stable; (2) butyrate degradation was simplified to the two steps: 

acetate production and methane production; (3) the conversion of H2 and CO2 to methane was 

not considered due to the fact that the reactor headspace pressure was manually balanced with 

a nitrogen bag every one or two days, resulting in a hydrogen concentration close to zero and 

a hydrogen partial pressure below 10 Pa over the majority of the experimental timeline. 

Under these conditions, syntrophic butyrate degradation was theoretically thermodynamically 

feasible (Junicke et al., 2016). 
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Figure 4.1 Simplified reaction scheme of butyrate degradation 

A Monod-type kinetic equation was employed to describe butyrate oxidation (Eq. 4-1 and 4-

4). Other reactions were modelled using a first order model (Shin & Song, 1995), considering 

the low concentrations of intermediates. The degradation reactions of butyrate, iso-butyrate, 

acetate, and CH4 production are expressed as follows: 

𝑟𝑟1 = 𝑘𝑘1 ∗ 𝑐𝑐𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 ∗ [(𝑐𝑐0 − 𝑐𝑐𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏) + 𝑘𝑘2]/�𝑘𝑘3 + 𝑐𝑐𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏� (4-1) 

𝑟𝑟2 = 𝑘𝑘4 ∗ 𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖−𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 (4-2) 

𝑟𝑟3 = 𝑘𝑘5 ∗ 𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖−𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 (4-3) 

𝑟𝑟4 = 𝑘𝑘6 ∗ 𝑐𝑐𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 ∗ [(𝑐𝑐0 − 𝑐𝑐𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏) + 𝑘𝑘7]/�𝑘𝑘8 + 𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏� (4-4) 

r5 = 𝑘𝑘9 ∗ 𝑐𝑐𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 (4-5) 

where: r1, r2, r3, r4 and r5: the degradation rate of butyrate to iso-butyrate, iso-butyrate to 

butyrate, iso-butyrate to acetate, butyrate to acetate and acetate to methane, respectively; k1 

and k6: maximum growth rate of butyrate degradation microorganisms (d-1); k2, k7: modifying 

factor (mg COD/L); k3, k8: half-saturation constant (mg COD/L); k4: the degradation rate 

constant of iso-butyrate to butyrate (d-1); k5: the degradation rate constant of iso-butyrate to 

acetate (d-1); k9: the degradation rate constant of acetate to methane (d-1); c0: initial butyrate 

concentration (mg COD/L); cbutyrate, ciso-butyrate, cacetate and cCH4 : butyrate, iso-butyrate, acetate 

and CH4 concentration (mg COD/L). 

The rate equations for the simultaneous degradation of butyrate, iso-butyrate, acetate, and 

CH4 production are given by: 

−𝑑𝑑𝑐𝑐𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
𝑑𝑑𝑑𝑑

= 𝑟𝑟1 + 𝑟𝑟4 − 𝑟𝑟2 (4-6) 

−𝑑𝑑𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖−𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
𝑑𝑑𝑑𝑑

= 𝑟𝑟2 + 𝑟𝑟3 − 𝑟𝑟1 (4-7) 
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−𝑑𝑑𝑐𝑐𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝑑𝑑𝑑𝑑

= 𝑟𝑟5 − 𝑟𝑟3 − 𝑟𝑟4 (4-8) 

𝑑𝑑𝑐𝑐𝐶𝐶𝐶𝐶4
𝑑𝑑𝑑𝑑

= 𝑟𝑟5 (4-9) 

where: t is the reaction time (d).  

4.2.4 Analytical analysis 

TS and VS were analysed following standard methods (APHA, 2023). The pH was recorded 

using a digital pH meter (PHS-3C, Leici, Shanghai, China). Samples of two milliliters were 

collected from all reactors at specific time intervals. Subsequently, these samples were 

filtered using 0.45 µm nylon syringe filters before VFAs analysis. VFAs and the composition 

of biogas were measured using gas chromatography (Shi et al., 2024a). 

4.2.5 DNA extraction and metagenomic sequencing 

DNA extraction and metagenome sequencing were performed on samples from the inoculum 

sludges activated at 55 oC (T0) and 37 oC (M0), as well as sludge samples withdrawn from 

reactors RT1 to RT4 and RM1 to RM4 at the end of the incubation (T1, T2, T3, T4, M1, M2, 

M3, and M4). Detailed sample collection information is provided in Table 4.1. Genomic 

DNA from microbial samples was extracted with the DNeasy PowerSoil Pro Kit (QIAGEN, 

UK) following the supplier’s protocol. The DNA library was constructed using the Illumina 

PE-150 platform (Novegene, UK). Then the clean data were obtained using Readfq to 

reprocess the raw sequencing data (https://github.com/cjfields/readfq). Metagenome 

assembly of the clean data was performed using MEGAHIT software (v1.0.4). Open reading 

frame (ORF) was predicted using MetaGeneMark (v2.10), and the initial gene catalogue was 

generated with CD-HIT (v4.5.8) (Zeller et al., 2014). The gene read counts were calculated 

through Bowtie2 (v2.2.4), followed by the calculation of gene abundance based on the 

number of reads and gene lengths (Villar et al., 2015). DIAMOND software was used for 

taxonomic annotation and functional annotation  by aligning genes with the NCBI database 

and the KEGG database, respectively (Kanehisa et al., 2017). The raw sequencing data have 

been submitted to the National Center for Biotechnology Information (NCBI) database 

(https://www.ncbi.nlm.nih.gov/), with accession number PRJNA1182101. 

 

https://github.com/cjfields/readfq
https://www.ncbi.nlm.nih.gov/
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Table 4.1 Samples and reactors 

Reactors Samples Name Group 

Inoculum 1 T0 

G1 

R1 T1 

R2 T2 

R3 T3 

R4 T4 

Inoculum 2 M0 

G2 

R5 M1 

R6 M2 

R7 M3 

R8 M4 

4.2.6 Data analysis 

Graphical representations were created using OriginPro 2021 software 

(https://www.originlab.com/). All experimental results are presented as mean ± standard 

deviation. SPSS software was employed to calculate the correlation, and differences were 

considered statistically significant at p < 0.05. The linear curve fitting for kinetic models was 

performed using RStudio 4.1.2 (http://www.rstudio.com/). 

4.3 Results and discussion 

4.3.1 Methane production and butyrate degradation 

The theoretical methane yield is 350.0 Nml/ gCODadded. As shown in Fig. 4.2a, the 

cumulative CH4 yields at 55 oC were 308.1 ± 10.5, 273.1 ± 6.1, 264.3 ± 6.4, and 205.8 ± 30.5 

NmL/ gCODadded with initial butyrate concentrations of 2.0, 5.0, 10.0, 20.0 g COD/L, 

respectively. At 37 oC, the cumulative CH4 yields were 321.3 ± 7.9, 294.9 ± 4.0, 274.0 ± 13.3 

and 214.0 ± 16.3 Nml/ gCODadded with the same butyrate concentrations. These results 

indicate that the methane yield gradually decreased, suggesting that methane production was 

gradually inhibited with butyrate accumulation. Elevated butyrate concentrations not only 

reduced the methane yield, but also inhibited the methane production rate, especially at 37 
oC. At this temperature, the period to attain the maximum methane yield increased from 14 

https://www.originlab.com/
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days to 46 days as the butyrate concentration rose from 2.0 to 20.0 g COD/L. Fig. 4.2c 

illustrates the significant decrease in the methane production rate with increasing butyrate 

concentration (from 2.0 to 20.0 g COD/L). Table 4.2 shows a significant reduction (p < 0.05) 

in the methane yield with increasing butyrate concentration. Under the mesophilic condition 

(37 oC), both the methane yield and the production rate were higher than that under the 

thermophilic condition (55 oC) (Fig. 4.2c). This finding contrasts with previous studies, 

which concluded that higher temperatures (55 oC) can accelerate methane production without 

affecting the methane yield (Gu et al., 2020; Zhang et al., 2019).The lower methane yield and 

production rate observed under the thermophilic condition may be attributed to different 

methanogenesis pathways, which will be further discussed in the microbial community 

structure analysis (Section 4.3.3).  

 

Figure 4.2 Cumulative methane yield (a), butyrate degradation efficiency (b), rate of butyrate 
degradation and methane production (c), and VFAs evolution (d) in the rectors 
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Table 4.2 Spearman’s correlation between the methane yield and butyrate concentration at 

different temperatures 

Type  Sperman correlation 

coefficient 

Mesophilic condition 
Methane yield 

-0.996*** 

Thermophilic condition -0.979** 

Significance degree: ** P < 0.05, *** P < 0.005. 

Fig. 4.2b shows the effect of the butyrate concentration and temperature on butyrate 

degradation. The results demonstrated that butyrate was completely degraded at initial 

concentrations ranging from 2.0 to 20.0 g COD/L at both 37 oC and 55 oC. However, the 

degradation efficiency varied with butyrate concentration and temperature. In the initial stage 

(1-10 days) of butyrate degradation, the degradation efficiency was higher at 55 oC, whereas 

it was higher at 37 oC at the latter stage, especially at a butyrate concentration of 20.0 g 

COD/L. The shift may be caused by different butyrate degradation pathways under 

thermophilic and mesophilic conditions, as shown in Fig. 4.2d. Under the thermophilic 

condition, iso-butyrate accumulation was observed only at a high butyrate concentration of 

20.0 g COD/L, with iso-butyrate concentration reaching approximately 535 mg COD/L. 

Under mesophilic condition, iso-butyrate production at all butyrate concentrations was 

observed, with concentrations reaching 392.3, 980.1, 1524.8, and 2862.3 mg COD/L in RM1, 

RM2, RM3, and RM4, respectively. The conversion of butyrate to iso-butyrate is 

thermodynamically favourable, as shown in Eq. (4-10). Iso-butyrate exhibits lower toxicity to 

microorganisms compared to butyrate (De Leeuw et al., 2020), so the isomerization between 

butyrate and iso-butyrate is considered a detoxification mechanism to mitigate butyrate 

inhibition (Chen et al., 2016; Wu et al., 2000). This butyrate isomerization can be stimulated 

when butyrate or acetate accumulates (Angelidaki and Ahring, 1995; Wang et al., 1999). 

 (4-10) 

Additionally, the butyrate degradation rate was influenced by temperature and butyrate 

concentration, as illustrated in Fig. 4.2c. At 55 °C, the period to reach complete butyrate 

OH

O

OH

O

CH3

H3C ∆Gθ= -1.98 KJ/mol 
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degradation increased from 11 to 49 days as butyrate concentration was elevated from 2.0 to 

20.0 g COD/L. Similarly, at 37 °C, the degradation time extended from 13 to 40 days with 

increasing butyrate concentrations. Notably, the butyrate degradation rate increased with 

higher butyrate concentrations, regardless of temperature. Specifically, at a butyrate 

concentration of 2.0 g COD/L, the degradation rate was higher at 55 oC. However, as the 

butyrate concentrations were 5.0, 10.0, and 20.0 g COD/L, the degradation rate was higher at 

37 oC. This variation could be ascribed to differences in the microbial communities present at 

varying temperature conditions. 

4.3.2 Kinetics of butyrate degradation and methane production 

To model the time course of butyrate degradation, a 4th order Runge-Kutta algorithm was 

employed to numerically solve the differential equations simultaneously. The optimization of 

kinetic parameters was conducted using genetic algorithms and the L-BFGS-B method to 

ensure the best alignment with experimental data, as shown in Table 4.3. The concordance 

between the simulated and experimental data for butyrate degradation is illustrated in Fig. 

4.5, which validates the accurate modelling of the butyrate degradation and methane 

production. 

Table 4.3 Kinetic parameters of the butyrate degradation model 

Parameters RT1 RT2 RT3 RT4 RM1 RM2 RM3 RM4 
𝑐𝑐0  2000 5000 10000 20000 2000 5000 10000 20000 
k1 0.55 0.41 0.21 0.87 0.24 0.31 0.54 0.34 
k2 0.022 0.009 0.083 4.56 1.92 0.45 0.91 1.89 
k3 0.94 1.51 0.12 0.12 0.047 0.064 0.16 0.050 
k4 0.71 0.83 0.68 1.53 1.87 1.50 1.55 0.75 
k5 0.42 0.36 0.034 0.068 0.025 0.049 0.057 0.024 
k6 0.24 0.22 0.23 0.38 0.13 0.14 0.22 0.13 
k7 0.012 0.012 1.98 13.84 1.68 0.17 0.40 1.76 
k8 6.05 9.76 9.99 19.69 9.92 8.61 9.71 9.85 
k9 0.063 0.070 0.056 0.032 0.39 0.37 0.18 0.098 

M0 unit: mg COD/L; k1, k4, k5, k6, and k9 units: d-1; k2, k3, k7 and k8 units: mg COD/L. 

Analysis of the kinetic parameters reveals that the degradation behaviour of butyrate differed 

at 37 oC and 55 oC. At 55 oC, the maximum growth rates for the isomerization of butyrate to 
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iso-butyrate (k1) initially decreased and then increased with butyrate concentration increasing 

(Table 4.3). In contrast, at 37 oC, the trend was completely opposite. In addition, the half- 

saturation constant (k3) was higher at 55 oC than at 37 oC. These phenomena could be 

attributed to the fact that, at 37 oC, the individual microorganisms exhibited better 

adaptability, resulting in higher butyrate degradation rates (Fig. 4.2c). Moreover, the 

degradation behaviour of iso-butyrate varied significantly between the two temperatures. At 

37 oC, the rate of iso-butyrate conversion to acetate (k5) was markedly lower than its 

conversion to butyrate. However, it couldn’t be overlooked, as it gradually increased with the 

increasing concentration of butyrate (Fig. 4.2d). Concurrently, k4 gradually decreased as the 

butyrate concentration increased, which likely contributed to the progressive accumulation of 

iso-butyrate as the butyrate concentration increased from 2.0 to 20.0 g COD/L. The 

parameters k6, k7, and k8 represented the conversion of butyrate to acetate. k6 didn’t vary 

significantly with the increase in the butyrate concentration, and it was higher at 55 oC 

compared to at 37 oC, which might explain the higher accumulation of acetate at 55 oC, as 

shown in Fig. 2d. At 55 oC, the methane production rate from acetate (k9) exhibited slight 

alterations with increasing butyrate concentrations. Conversely, at 37 oC, k9 deceased with 

butyrate concentrations increasing. 
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Figure 4.3 Fitting of the kinetic model of butyrate degradation in different reactors 

4.3.3 Analysis of the microbial community structure 

4.3.3.1 Microbial community diversity 
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To assess the alpha diversity of the microbial communities under different conditions, the 

Shannon and Simpson indices were analysed. These indices are comprehensive indicators of 

community heterogeneity. The Shannon index measures the richness of the microbial 

diversity, whereas the Simpson index assesses the evenness, especially focusing on 

dominance (Tang et al., 2022). The Shannon and Simpson index are shown in Figs. 4.4a and 

4b. A higher Shannon index and lower Simpson index indicate a more diverse microbial 

community. At 37 oC, both indices decreased as the butyrate concentration increased, 

indicating that higher butyrate levels reduced the genus diversity. In contrast, at 55 oC, the 

indices were higher with butyrate addition compared to the initial inoculum, indicating the 

enhanced microbial diversity. Overall, the diversity indices for each temperature group (37 oC 

and 55 oC), shown in Figs. 4.5a and 5b, suggested that the microbial community structure at 

55°C was more stable but simpler, with a limited capacity for dynamic adjustment and 

adaptability in response to environmental changes.  

 

Figure 4.4 Comparisons of genus diversity under different conditions. (a): Shannon index at 

the genus level; (b) Simpson index at the genus level; (c) PCA (Principal Components 

Analysis) revealing the similarity of samples by analysing the top 12 most abundant genera in 

each sample; (d) PCoA (Principal Coordinates Analysis) revealing the separation of 

microbial communities based on Bray-Curtis distance 
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Principal Components Analysis (PCA) and Principal Coordinates Analysis (PCoA) were 

conducted to analyse the beta diversity of microbes. The results, depicted in Figs. 4.4c and 

4d, showed significant differences in the microbial structure at 37 oC and 55 oC. At 55 oC, the 

genus composition remained similar across different butyrate concentrations, whereas at 37 
oC, the confidence ellipse was lager, indicating greater variation with different butyrate 

concentrations. These analyses suggest that the microbial community at 37 °C was richer and 

possessed greater adaptability. This enhanced adaptability may contribute to the increased 

rate of butyrate degradation as the butyrate concentration increased, as discussed in Sections 

4.3.1 and 4.3.2. 

 

Figure 4.5 Comparisons of microbial diversity of different groups. (a) Shannon index; (b) 

Simpson index 

4.3.3.2 Bacterial community structure 

Microbial samples were collected at the end of butyrate degradation experiment in each 

reactor to study the effects of the butyrate concentration and temperature on the microbial 

community. Fig. 4.6a presents the relative abundance of the bacterial community at the genus 

level. The top 15 genera, each representing over 0.5% of the total abundance and 

cumulatively accounting for more than 50%, are discussed. In the seed sludge (M0) at 37 oC, 

the dominant genera included Mesotoga (12%), Clostridium (34%), Alkalibacter (21%), 

Brevefilum (20%), and Nannocystis (4%). The bacterial community of the inoculum at 55 oC 

(T0) differed from M0, with Mesotoga, Defluviitoga, and Clostridium being predominant. 

Particularly, Clostridium contributed to over 81% of the top 15 bacterial abundance as shown 

in Fig. 4.6a.  



Chapter 4 

66 

 

To clarify the relationships between these genera and system performance, including the 

butyrate degradation rate and methane production rate, Spearmen’s correlation analysis was 

carried out, as presented in Fig. 4.6c. Further analysis explored the correlation between the 

genera (relative abundance over 0.5%) and butyrate degradation and methane production 

rates. This revealed that the functional bacteria for butyrate degradation and methane 

production differed at 37 oC and 55 oC. At 55 oC, the relative abundances of genera such as 

Syntrophomonas, Aminivibrio, and Amaricoccus increased as the butyrate concentration 

increased, showing a significant positive correlation with butyrate degradation (Fig. 4.6c). 

Syntrophomonas has been identified as a syntrophic butyrate-oxidizing bacterium crucial for 

the β-oxidation pathway in anaerobic digestion (Kong et al., 2018a; Meng et al., 2022). 

Aminivibrio is related to butyrate degradation (Zeng et al., 2024), while Amaricoccus, 

predominantly utilizing acetate and propionate, is infrequently associated with butyrate 

degradation (Liu et al., 2016). Nannocystis showed a positive correlation with the methane 

production rate, known for utilizing glucose, butyrate, and acetate (Roy et al., 2022).  

Conversely, at 37 oC, the bacteria showing strong positive correlations with the butyrate 

degradation rate, included Syntrophaceticus and Candidatus Cloacimonas, which are 

syntrophic acidogenic bacteria that partner with hydrogenotrophic methanogens for methane 

production (Li et al., 2022b; Li et al., 2020b). However, as shown in Fig. 4.6c, these genera 

negatively correlated with the methane production rate, likely because the methane 

production primarily relied on acetoclastic methanogenesis. Additionally, genera like 

Syntrophorhabdus, Aminivibrio, Acetomicrobium, and Amaricoccus, which typically convert 

glucose or VFAs into acetate, H2 and CO2 (Zhang et al., 2023a), showed negative correlations 

with the butyrate degradation rate and positive correlations with the methane production rate. 

This decrease in the relative abundance of these genera as butyrate concentrations increased 

at 37 oC (Fig. 4.6a) suggests a sensitivity to butyrate concentrations. This correlation analysis 

can help to identify the functional genera involved in butyrate degradation and offers insights 

in the incubation conditions of butyrate degradation bacteria. 
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Figure 4.6 Composition of microbial communities in different reactors, showing bacterial (a) 

and archaeal (b) communities and Pearson’s correlation analysis between bacterial genera 

and reactor performance (c) 

4.3.3.3 Archaeal community structure 

To gain a deeper insight of the methanogenesis process, the genus-level composition of 

archaeal communities across all reactors is shown in Fig. 4.6b. Methanogenesis occurs via 

three main pathways based on the substrates used: 1) hydrogenotrophic, 2) acetoclastic, and 

3) methylotrophic methanogenesis (Ferry, 2011); the latter is rare in AD and is not discussed 

in this study. The key archaea involved in acetoclastic methanogenesis are Methanothrix 

(formerly Methanosaeta) and Methanosarcina, which also participate in mixed 

methanogenesis utilizing acetate, H2/CO2, methanol, and methylamine (Ziels et al., 2019) . 

Predominant hydrogenotrophic methanogens include Methanoculleus, Methanobacterium, 

Methanolinea, Methanocalculus, and Methanoregula (Demirel and Scherer, 2008).  

In the initial inoculum at 37 oC, Methanothrix, along with Methanoculleus, 

Methanobacterium, and Methanolinea dominated the archaeal community (Fig. 4.6b). 
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Methanothrix constituted about 79% of the archaea, indicating that methane production was 

primarily via acetoclastic methanogenesis. However, the relative abundance of Methanothrix 

gradually decreased with the increasing butyrate concentration, while the proportion of 

hydrogenotrophic methanogens, particularly Methanobacterium, increased. At 55 oC, 

Methanothrix remained the dominant acetoclastic methanogen, with a relative abundance 

reaching up to 84% (Fig. 4.6b). Methanobacterium and Methanolinea were the major 

hydrogenotrophic methanogens. Butyrate concentrations seemed to have little effect on the 

community communities’ structure of methanogens at 55 oC. Kinetic analyses suggests that 

methane production rates are generally higher via hydrogenotrophic methanogenesis (Xu et 

al., 2015). Therefore, compared to the mesophilic condition, the lower relative abundance of 

hydrogenotrophic methanogens in the thermophilic condition may lead to the observed 

decrease in the methane production rate. 

4.3.4 Metabolic pathways 

4.3.4.1 Butyrate degradation metabolic pathways 

To understand the metabolic pathways involved in butyrate degradation, functional genes 

using the KEGG database were analysed. As shown in Fig. 4.7a, the primary potential 

pathways include butyrate oxidation to acetate, acetate oxidation, and methanogenesis. Fig. 

4.7b presents the relative abundance of functional genes encoding butyrate oxidation 

enzymes, which generally increased with higher butyrate concentrations. 

As shown in Table 4.3 and Fig. 4.2, the production of iso-butyrate should not be 

underestimated, especially at elevated butyrate concentrations and a temperature of 37 oC. 

According to Angelidaki and Ahring (1995), iso-butyrate metabolism primarily occurs 

through two pathways: (1) isomerization to butyrate followed by β-oxidation to acetate and 

(2) degradation via propionyl-CoA. The isomerization is facilitated by isobutyryl-CoA 

mutase (EC 5.4.99.13) (Yi et al., 2020), with a relative abundance of approximately 0.001% 

across samples. Propionyl-CoA was not observed due to the absence of the gene encoding 3-

hydroxyisobutyryl-CoA hydrolase (EC 3.1.2.4), as shown in Fig. 4.7. The actual metabolic 

pathway of iso-butyrate was predicted (Fig. 10a), where iso-butyrate is first oxidized to (S)-2-

methylbutanoyl-CoA and then converted to acetyl-CoA through several reactions.  
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Figure 4.7 Schematic diagram of iso-butyrate metabolic pathway 

At 55 oC, enzymes involved in iso-butyrate oxidation, such as isobutyryl-CoA dehydrogenase 

(EC 1.3.99.-), enoyl-CoA hydratase (EC 4.2.1.17) and 3-hydroxyacyl-CoA dehydrogenase (EC 

1.1.1.35), were enriched and positively correlated with butyrate degradation (p < 0.05), 

indicating that iso-butyrate conversion was crucial to the overall butyrate degradation process 

(see Table 4.4). Additionally, enzymes such as 3-hydroxybutyryl-CoA dehydrogenase (EC 

1.1.1.157), acetyl-CoA C-acetyltransferase (EC 2.3.1.9), and acetyl-CoA synthetase (EC 

6.2.1.1) played critical roles in butyrate oxidation, involving metabolic pathways that were 

significantly strengthened (p < 0.05). However, the enzymes related to iso-butyrate oxidation 

showed no significant correlation with butyrate degradation at 37 oC. Moreover, some other 

enzymes such as butyryl-CoA synthetase (EC 6.2.1.2), acetate CoA-transferase (EC 2.8.3.8), 

butyryl-CoA dehydrogenase (EC 1.3.8.1), 3-hydroxybutyryl-CoA dehydrogenase (EC 

1.1.1.57), acetyl-CoA C-acetyltransferase (EC 2.3.1.9), phosphate acetyltransferase (EC 

2.3.1.8), acetate kinase (EC 2.7.2.1) and acetyl-CoA synthetase (EC 6.2.1.1), were negatively 

correlated with butyrate degradation (Table 4.4), which explains the accumulation of iso-

butyrate at 37 oC. Overall, the genes involved in the butyrate oxidation pathway were 

enriched with increasing butyrate concentrations, with relative abundances ranging from 

0.23% to 0.36% at 55 oC, and from 0.25% to 0.57% at 37 oC. The higher relative abundance 

corresponds to the high reaction rate at 37 oC, consistent with the data shown in Fig. 4.2. 
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Figure 4.8 Analyses of metabolic pathways: (a) schematic diagram of butyrate metabolic 

pathway, including butyrate oxidation and methanogenesis; (b) names of enzymes involved 

in the metabolic pathways; (c) relative abundance of enzymes involved in butyrate oxidation; 

and (d) relative abundance of enzymes involved in methanogenesis present in different 

reactors 
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Table 4.4 Correlation between the metabolic pathway and butyrate degradation rate 

Metabolic pathway 
(EC number) 

Butyrate degradation rate 
55oC 37oC 

6.2.1.2   
2.8.3.8   

5.4.99.13   
1.3.99.- * ** 
1.3.8.7 * * 
2.3.1.16  ** 
4.2.1.17 * *** 
1.1.1.35 * ** 
1.3.8.1   

1.1.1.157 **  
2.3.1.9 **  
2.3.1.8   
2.7.2.1   
6.2.1.1 **  

4.3.4.2 Methane production metabolic pathways 

As shown in Fig. 4.6b and Fig. 4.8a, methane production includes two main pathways: 

acetoclastic and hydrogenotrophic methanogenesis. The genes associated with these 

pathways were predominantly linked to Methanothrix, Methanolinea, Methanoculleus, and 

Methanobacterium. From Fig. 4.8d, it is evident that most functional genes associated with 

methanogenesis were more abundant under mesophilic conditions, particularly in M1, 

correlating with higher methane production rates at 37°C. The relative abundance of genes 

encoding the unique acetoclastic methanogenesis pathway, including acetate kinase (2.7.2.1) 

and phosphate acetyltransferase (2.3.1.8), was higher at 55 oC. In contrast, genes encoding 

enzymes related to hydrogenotrophic methanogenesis, including formylmethanofuran 

dehydrogenase (EC 1.2.7.12), acetyl-CoA C-acetyltransferase (EC 2.3.1.9), 

methenyltetrahydromethanopterin cyclohydrolase (EC 3.5.4.27), coenzyme F420 

hydrogenase (EC 1.12.98.1) and methylenetetrahydromethanopterin dehydrogenase 

(EC1.5.98.1), were more abundant at 37 oC. This indicates the presence of distinct 

methanogenesis pathways at 37 oC and 55 oC. 



Chapter 4 

72 

 

Under mesophilic conditions, the relative abundance of most genes involved in acetoclastic 

methanogenesis decreased with increasing butyrate concentrations, while hydrogenotrophic 

methanogenesis increased. This was because hydrogenotrophic methanogenesis was more 

adaptable to the changes in the environment, compared to acetoclastic methanogenesis 

(Rafieenia et al., 2018). Conversely, at 55 oC, genes related to hydrogenotrophic 

methanogenesis showed little changes with increasing butyrate concentrations. This suggests 

that a shift towards hydrogenotrophic methanogenesis under the mesophilic condition 

occurred, whereas no obvious changes were observed under the thermophilic condition. 

Additionally, the overall relative abundance of genes related to methanogenesis decreased 

with increasing butyrate concentrations, which explains the decrease in the methane 

production rate under these conditions. 

4.4 Conclusions 

This chapter demonstrated that methane production and butyrate degradation were 

remarkably affected by temperature and butyrate concentrations. The methane yield was 

significantly inhibited, as butyrate increased from 2.0 to 20.0 g COD/L. 37 oC favoured 

methane production and butyrate degradation at butyrate concentration over 5 g COD/L. 

Metagenomics analysis identified that iso-butyrate conversion and key enzymes such as 

enoyl-CoA hydratase and 3-hydroxyacyl-CoA dehydrogenase, were crucial to butyrate 

degradation. The metagenomics analysis was based on a single incubation, and would not 

fully reflect the microbial dynamics in continuous operations. Nevertheless, the novel 

findings offered valuable insights for optimizing anaerobic digestion. 
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Chapter 5  
Decoding butyrate fermentation: Parameter 
optimization and metagenomic insights with glucose 
as a model substrate 
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5.1 Introduction 

The transition toward a sustainable bioeconomy is fundamental to achieving global climate 

neutrality by 2050. Central to this shift is the circular economy approach, which prioritize 

resource efficiency, waste valorization, and the development of renewable sources (CEAP, 

2020). A crucial aspect of circular economy strategies is the bioconversion of organic waste 

into valuable-added chemicals, reducing dependence on fossil resources while mitigating 

environmental impacts associated with waste disposal (Moretto et al., 2020). Among bio-based 

chemicals, volatile fatty acids (VFAs) have gained considerable attention due to their extensive 

industrial applications, serving as precursors of biofuels, biopolymers, and fine chemicals. 

Butyrate, a highly valuable VFA, is widely used in the chemical, pharmaceutical, animal feed, 

and bioenergy sectors (Zhang et al., 2021a). According to the data reported by Duong and Nga 

(2024), its market value ranges from $2000 to 2500 per ton, which is higher than that of 

propionic acid ($1500 – 2000 per ton) and substantially greater than acetic acid ($400 – 800 

per ton).Biotechnological production of butyrate provides a viable alternative, as current 

industrial synthesis remains predominantly dependent on petroleum-based precursors such as 

propylene and butyraldehyde, which contribute to fossil fuel depletion and greenhouse gas 

emissions (Kelbert et al., 2024). Microbial fermentation using organic waste as a feedstock 

offers a sustainable alternative, consistent with waste-to-resource strategies (Perez-Esteban et 

al., 2025). However, in fermentation systems, butyrate is typically co-produced with other 

VFAs, including acetate, propionate, and caproate, complicating its recovery. Thus, optimizing 

fermentation parameters to maximize butyrate selectivity and yield is crucial to improve the 

economic and environmental viability of bio-based butyrate production. 

Despite extensive research, no definitive consensus has been reached regarding the optimal 

conditions for butyrate production, primarily due to variability in reported pH values, 

temperature and inoculum-to-substrate (ISR) conditions. pH, one of the most influential factors, 

regulates microbial metabolic pathways and affects VFA selectivity. While some studies 

suggest that butyrate production is optimal at mildly acidic conditions (pH 4-7) (Eryildiz et al., 

2020; Liu et al., 2025), others report butyrate accumulation under alkaline conditions (pH 8-

11) (Atasoy et al., 2019; Begum et al., 2018). Similarly, temperature has a significant effect on 

butyrate production, influencing both microbial activity and metabolic pathways. While some 

studies report enhanced butyrate production at thermophilic temperatures (50-55 oC or higher) 
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(He et al., 2012; Perez-Esteban et al., 2025), others suggest that mesophilic conditions (35-37 
oC) favor butyrate accumulation (Lin et al., 2016). Even some studies suggest that butyrate 

concentration remains relatively stable across a broad temperature range from 20 oC to 70 oC 

(Fernandez-Dominguez et al., 2020). Contradictory findings also exist regarding ISR effects 

on butyrate production. Some studies indicate an optimal ISR of 1:2 or 1:1 for butyrate 

accumulation in the anaerobic digestion of food waste(Li et al., 2022d), while other report no 

significant differences across a broad ISR range . These discrepancies underline the importance 

of a systematic evaluation of how pH, temperature, and ISR interact to influence butyrate 

production, particularly in terms of microbial activity and metabolic pathways.  

Beyond process parameters, microbial community structure and functional metabolism play a 

critical role in butyrate fermentation. Butyrate is primarily produced by strictly anaerobic 

bacteria, including Butyribacterium, Butyrivibrio, Clostridium (especially Clostridium 

tyrobutyricum and Clostridium butyricum), Coprococcus, and Eubacterium (Harirchi et al., 

2022; Lv et al., 2022). However, non-butyrogenic bacteria also influence butyrate production 

by generating butyrate precursors. For instance, lactate (from Ruminococcaceae and 

Lactobacillaceae), acetate (from Ruminococcaceae and Actinomycetaceae) and succinate 

(from Actinomycetaceae) contribute to butyrate synthesis (Detman et al., 2021; Esquivel-

Elizondo et al., 2017). Additionally, Ethanoligenens has been reported to enhance butyrate 

production, via ethanol- and acetate- based chain elongation reaction (Montecchio et al., 2024). 

Despite these insights, little is known about how microbial populations shift under different 

fermentation conditions and how metabolic pathways are regulated to enhance butyrate 

production. There are two major metabolic pathways for butyrate biosynthesis from glucose: 

the succinate and the acetyl-CoA pathways (Vital et al., 2014). While, most butyrate-producing 

bacteria participate in the acetyl-CoA pathway, only a subset of species, particularly from 

Firmicutes and Bacteroidetes phyla, are involved in the succinyl-CoA pathway (Vital et al., 

2017). The dominance of one pathway over another is often condition-dependent, yet limited 

studies have examined how environmental factors regulate these metabolic routes. Moreover, 

chain elongation reactions, which contribute to butyrate formation from ethanol and acetate, 

remain underexplored. Given these knowledge gaps, a deeper understanding of the relationship 

between fermentation parameters, microbial dynamics, and metabolic pathway regulation is 

essential for improving butyrate selectivity and process stability.  
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In this study, glucose was selected as a model substrate to systematically evaluate butyrate 

production mechanisms under controlled conditions. The objectives of this study were to (1) 

determine the optimal fermentation conditions (pH, temperature, and ISR) for selective 

butyrate production and (2) elucidate the microbial and metabolic mechanisms regulating 

butyrate biosynthesis. A comprehensive assessment of microbial community dynamics and 

metabolic pathways responses under different fermentation conditions is expected to provide 

fundamental insights into improving butyrate production efficiency. A better understanding of 

the optimal conditions and regulatory mechanisms of butyrate biosynthesis is essential for 

enhancing butyrate yield and facilitating its biorefinery from organic waste streams.  

5.2 Material and Method 

5.2.1 Anaerobic inoculum 

The original anaerobic inoculum used in this study was anaerobic sludge, sourced from a 

mesophilic digester at a local municipal wastewater treatment plant in Galway, Ireland. The 

sludge was stored in polyethylene drums in a cold room where the temperature was maintained 

at around 11 oC. Prior to its use in the experiments, the sludge was acclimated and activated by 

weekly feeding with glucose (2 g COD/L) for several months at 37 oC to maintain a high 

activity. The total solids (TS) and volatile solids (VS) contents of the inoculum were 5.68% 

and 2.48%, respectively.  

5.2.2 Experiment operation 

All batch experiments were carried out in serum bottles with a working volume of 400 mL, 

inoculated with pre-activated anaerobic sludge. Glucose (3.0 g COD/L) was used as the carbon 

source and directly added to the reactors. The concentrations of medium and trace elements 

were supplemented in the reactors to support microbial growth according to previous study 

(Shi et al., 2024b). To inhibit methanogenesis and facilitate butyrate production, 50 mM 2-

bromoethanesulfonate (BES) was added into all reactors (Eryildiz et al., 2020). To 

systematically investigate the effects of temperature, pH, and inoculum-to-substrate ratio (ISR) 

on anaerobic fermentation for butyrate production, two sets of batch experiments were 

conducted sequentially: (1) pH and temperature experiments, and (2) ISR experiments. The 

specific experimental conditions for both experiments are summarized in Table 5.1.  
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Table 5.1 Experimental condition for pH, temperature and ISR experiments 

Batch 
experiments 

Mesophilic conditions (T = 37 
oC) 

Thermophilic conditions 
(T = 55 oC) Remark 

Groups pH Groups pH 

pH and 
temperature 
experiments 

RA-M1 Uncontrolled RA-T1 Uncontrolled ISR=2:1; 
except the 
uncontrolled 
groups, pH 
was adjusted 
every day 

RA-M2 4.5 RA-T2 4.5 
RA-M3 5.0 RA-T3 5.0 
RA-M4 5.5 RA-T4 5.5 
RA-M5 6.0 RA-T5 6.0 
RA-M6 6.5 RA-T6 6.5 
RA-M7 7.0 RA-T7 7.0 
RB-M1 Uncontrolled RB-T1 Uncontrolled 
RB-M2 8.5 RB-T2 8.5 
RB-M3 9.0 RB-T3 9.0 
RB-M4 9.5 RB-T4 9.5 
RB-M5 10.0 RB-T5 10.0 
RB-M6 10.5 RB-T6 10.5 
RB-M7 11.0 RB-T7 11.0 

ISR 
experiments 

ISR-1 3:1 

 

Initial pH 
adjusted to 
5.5; pH 
unregulated 
during the 
reaction 

ISR-2 2:1 
ISR-3 1:1 
ISR-4 1:2 

ISR-5 1:3 

Previous studies have reported that the optimal pH ranges for butyrate production are 4.0 - 7.0 

and 8.0 - 11.0 (Atasoy et al., 2019; Eryildiz et al., 2020; Liu et al., 2025). Based on these 

findings, two maintained pH ranges (4.5 - 7.0 and 8.5 - 11.0) were tested in the pH and 

temperature experiments using an ISR of 2:1(VSS: COD). As VFAs composition and yield are 

influenced by the pH control model strategy (uncontrolled vs. maintained pH) (Shi et al., 2022), 

daily adjustments were performed using 2M HCl or 2M NaOH to maintain the target pH 

throughout the process (Table. 5.1). A reactor without pH regulation was used as the control 

group, with an initial pH of approximately 7.3. For the ISR experiments, the optimal pH and 

temperature were 4.5 - 5.5 and 37 oC, respectively (see Section 5.3.1). Furthermore, as shown 

in Fig. 5.1, when the initial pH was adjusted to 5.5 using 2M HCl or 2M NaOH without further 

regulation, the final pH values remained within the optimal range of 4.5 - 5.5. Therefore, pH 

was not manually controlled in the ISR experiments to minimize chemicals addition and 
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operation interventions. Five ISRs (1:3, 1:2, 1:1, 2:1, and 3:1) were evaluated under these 

conditions (Table 1). The glucose concentration was consistently maintained at 3 g COD/L, 

while different ISR values were achieved by adjusting the inoculum volume. Specifically, the 

inoculum volumes of 96.1, 69.6, 38.1, 20.0 and 13.6 mL were used for ISRs of 3:1, 2:1, 1:1, 

1:2 and 1:3, respectively. 

 
Figure 5.1 pH values at the end of the rection in the ISR experiment 

To establish anaerobic conditions, each reactor was purged with nitrogen gas for 5 minutes 

prior to sealing with butyl rubber stoppers and aluminium covers. The reactors were then 

incubated in shaking incubators at the specified temperatures (37°C and 55°C) at 150 rpm. 

Experiments are carried out until the concentrations of VFAs, ethanol and lactate 

concentrations stabilized. During the experiments, 2-mL samples were collected from all 

reactors every one or two days for physicochemical analysis. At the conclusion of the 

experiments, 50-mL samples were taken for further analysis, including NADH/NAD+ 

concentrations and INT-ETS activity, and metagenomic sequencing. All experiments were 

carried out in triplicates. 

5.2.3 Analytical methods 

5.2.3.1 Physicochemical analysis 

TS and VS were measured following standard methods (APHA, 2012). The pH was analysed 

using a portable pH meter (HQ40d, Hach, Germany). VFAs, including acetate, propionate, 

iso-butyrate, n-butyrate, iso-valerate, n-valerate, as well as ethanol and lactate were measured 

using a gas chromatography (GC 8860, Agilent Technologies, USA) equipped with a DB-
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FFAP column and a flame ionization detector (FID). For the clarity in the following context, 

butyrate concentrations represent the combined total of n-butyrate and iso-butyrate, while the 

valerate concentrations include both n-valerate and iso-valerate. The concentrations of 

NAD+/NADH at the conclusion of the experiments were analysed using a NAD+/NADH 

Assay Kit (Abcam, Netherland), following the protocol provided by the manufacture, as 

described in the supplementary. The activity of the electron transport system (ETS) was 

measured using the 2-(p-iodophenyl)-3-(p-nitrophenyl)-5-phenyltetrazolium chlorideelectron 

transport system (INT-ETS) method, as described in previous research (Shi et al., 2024b). 

5.2.3.2 Production efficiency calculations 

To evaluate the conversion efficiency of glucose under different conditions, the production 

efficiency (E) was calculated as the ratio of the total products to the initial total COD 

concentration, as shown in Eq. (5-1) 

𝐸𝐸 = 𝐶𝐶𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝐶𝐶𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

∗ 100%  (5-1) 

where Cproducts represents either the concentration of butyrate or the concentration of total 

products including acetate, propionate, butyrate, valerate, lactate and ethanol (mg COD/L); 

CODreduction is the initial glucose concentration minus the glucose concentration at the end of 

the reaction (mg COD/L). 

5.2.3.3 Metagenomic sequencing analysis 

The primary objective of this analysis is to elucidate the microbial mechanisms underlying 

butyrate production under varying operational conditions. Based on the anaerobic fermentation 

performance, high temperature and alkaline conditions were considered unfavourable for 

butyrate production (see Section 5.3.1). Considering the optimal conditions for butyrate 

production and the variations observed across pH, temperature and ISR conditions, six 

representative samples (RA-M1, RA-M3, RA-M5, RA-T1, ISR-2 and ISR-5) were selected for 

sequencing analysis. These biomass samples were labelled as RM1, RM3, RM5, RT1, ISR2 

and ISR5, respectively. Genomic DNA was extracted from these microbial samples using the 

DNeasy PowerSoil Pro Kit (QAIGEN, UK), following the manufacturer’s protocol. 

Subsequently, the extracted DNA was sent to Novogene (Cambridge, UK) for sequencing and 

bioinformatic analysis as described by Shi et al. (Shi et al., 2024b). 



Chapter 5 

80 

 

5.2.3.4 Statistical analysis 

All experimental results are presented as mean ± standard deviation. Graphical 

representations were created using OriginPro 2021 software (https://www.originlab.com/) 

and linear curve fitting for kinetic models was performed using RStudio 4.1.2 

(http://www.rstudio.com/). Correlations were calculated using SPSS software. Differences 

were considered statistically significant at p < 0.05. The heatmaps were generated using 

ChiPlot (https://www.chiplot.online/). 

Normalized taxonomic classification data were used as input for the co-occurrence analysis, 

which was conducted in R utilizing the cooccur package, a distribution-free method that does 

not refer to a statistic (http://www.rstudio.com/). The output from the co-occurrence analysis, 

along with the normalized taxonomic classification data, were further processed in the 

software package Gephi (Bastian et al., 2009). According to module separation and 

modularity calculation, the key hubs were determined by the Zi-Pi method (Deng et al., 

2012). 

5.3 Results and discussion 

5.3.1 Anaerobic fermentation performance 

5.3.1.1 pH and temperature effects 

As shown in Fig. 5.2 and Table 5.2, under mesophilic conditions (37 oC), when the pH 

ranged from 4.5 to 7.0, acetate, propionate and butyrate were the predominate products at 37 
oC. The highest proportion of butyrate were observed at pH 4.5 (74%,), 5.0 (70%), 5.5 (60%) 

and 6.0 (51%), with corresponding concentrations of 1260.5 mg COD/L, 1326.7 mg COD/L, 

1314.8 mg COD/L, and 1113.9 mg COD/L, respectively. At pH 7.0, the predominant 

products were propionate and acetate. Under thermophilic conditions (55 oC), the 

predominant products shifted to ethanol, butyrate and acetate. The concentrations of butyrate 

at 55 oC were 213.8 (12%), 166.7 (9%), 503.8 (24%), 511.6 (23%), 518.5 (22%) and 620.9 

mg COD/L (26%) at the pH of 4.5, 5.5, 5.5, 6.0 6.5 and 7.0, respectively (Table 5.2). These 

values were lower compared to those at 37 oC. Notably, ethanol production was favored at 55 
oC, especially at pH 4.5 and 5.0, where ethanol accounted for over 50% of the total products. 

The optimal conditions for ethanol production were 37 oC (Shi et al., 2022) and pH values 

higher than 6.0 (Dionisi and Silva, 2016). Under alkaline conditions (pH 8.5 to 11.0), 

https://www.originlab.com/
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butyrate production was substantially reduced, with concentrations consistently below 500 

mg COD/L. The butyrate concentration was not detectable at pH 9.5 to 11.0, regardless of 

whether the conditions were mesophilic or thermophilic. Lactate began to accumulate at 55 
oC when the pH was between 9.0 to 11.0. 

 

Figure 5.2 Percentage and concentration of butyrate in all reactors 

As shown in Table 5.2, the production efficiency of butyrate from glucose was from 0 to 45.2% 

under different temperatures and pH values. These findings suggest that the optimal conditions 

for butyrate production are maintained at a stable pH range of 4.5 - 5.5 and a temperature of 37 
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oC. These results differ from those reported in previous studies (Atasoy et al., 2019; He et al., 

2012; Shi et al., 2022). For instance, Atasoy et al (2019) reported the highest butyrate yield 

(60.0%) from glucose was under alkaline conditions (pH 8 and 10). However, this discrepancy 

could be attributed to the lack of pH control in their experiments, resulting in the effluent pH 

values around 5.0, which aligns with the optimal pH range observed in this study. In another 

study, He at al. (2012), examined the hydrolysis and acidification of food waste at an initial pH 

of approximately 7.0, and found that butyrate concentration was the highest at 55 oC compared 

to 37 oC and 70 oC, while ethanol production peaked at 37 oC. The finial pH values in their 

experiment were approximately 3.75, 4.25 and 4.50 at 37 oC, 55 oC and 70 oC, respectively, 

highlighting the interplay between pH and temperature in influencing products distribution. 

Similarly, Shi et al. (2022) investigated the anaerobic fermentation of fruit and vegetables and 

observed a butyrate-type fermentation under controlled conditions of pH 6.0 and 35 oC. Overall, 

these variations emphasize the significant role of pH and temperature in shaping the metabolic 

pathways and product yields during anaerobic fermentation processes. 

Additionally, pH and temperature mutually influenced the VFAs, ethanol and lactate 

production efficiency from glucose as shown in Table 5.2. The production efficiency declined 

as pH dropped from 6 to 4.5 regardless of the temperature, while compared to 37 oC, 55 oC 

improved the production efficiency at these pH levels due to the fact that 55 oC could promote 

glucose hydrolysis (Khan et al., 2016). At 37 oC, the production of VFAs, ethanol and lactate 

slightly increased when pH increased from 8.5 to 10.0, then decreased with pH 10.5 and 11. 

The alkaline condition (pH 8 and 9) could enhance the acidification efficiency (Cai et al., 2024). 

However, at 55 oC, the production efficiency abruptly decreased when pH increased to 9.5, 

which may be attributed to the formation of undetected soluble or insoluble intermediate 

products under high-temperature and highly alkaline conditions. As shown in Fig. 5.3, the mass 

balance was evaluated by calculating COD values of determined products. Under acidic 

conditions, the COD value of the final products consistently accounted for approximately 80% 

of the initial COD value of the added glucose regardless of temperature, demonstrating good 

mass balance. Under alkaline conditions, the COD value of the products remained around 80% 

of the initial COD at 37°C. However, at 55°C, when the pH increased to 9.5, the COD value 

of the final products decreased significantly, accounting for only about 40% of the initial COD. 

High alkaline pH (pH 9.9) and temperature (55 oC) can promote the hydrolysis process, but is 

not suitable for VFAs, ethanol and lactate production (Chen et al., 2017). The mass imbalance 
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could be attributed to intermediate products such as pyruvate and succinate. Therefore, when 

optimizing fermentation conditions for butyrate production, it is essential to consider both the 

percentage and butyrate production efficiency. In this study, the optimal pH and temperature 

for butyrate production were determined to be 5.5 and 37 oC, respectively. 

Table 5.2 Concentration and conversion efficiency of products from glucose at the end of 
anaerobic fermentation 

Reactor 

Concentration  

(mg COD/L) 

E  

(%) 

HAc HPr HBu HVa Ethanol LA Glucose EHBu ETVFA 

M1 1306.9 997.7 193.0 67.3 0.0 0.0 62.4 6.6 87.3 

RA-M2 420.0 0.0 1260.5 0.0 14.8 0.0 76.2 43.1 58.0 

RA-M3 537.9 22.5 1345.8 30.1 0.0 0.0 70.0 45.2 66.1 

RA-M4 624.2 217.2 1328.1 49.2 0.0 0.0 58.1 44.6 70.3 

RA-M5 658.5 370.4 1113.9 52.5 0.0 0.0 65.5 38.0 80.0 

RA-M6 1101.0 973.7 517.2 62.8 0.0 0.0 61.44 17.6 90.3 

RA-M7 1270.4 1128.5 154.6 68.6 0.0 0.0 37.9 5.2 88.5 

RB-M2 1672.7 342.3 404.8 55.1 0.0 0.0 52.9 13.7 84.0 

RB-M3 1865.1 497.0 68.3 63.5 0.0 0.0 42.4 2.3 84.3 

RB-M4 1871.3 579.7 40.7 58.6 0.0 0.0 31.4 1.4 85.9 

RB-M5 1866.4 572.7 12.2 72.4 0.0 0.0 46.6 0 85.5 

RB-M6 1031.7 350.1 37.0 80.5 676.6 12.6 42.78 0 73.6 

RB-M7 910.2 299.9 41.3 95.5 807.3 63.9 78.7 0 73.7 

T1 1466.7 57.5 661.4 0.0 218.7 0.0 153.5 23.2 86.7 

RA-T2 558.8 0.0 213.8 0.0 1021.7 0.0 162.6 7.5 65.5 

RA-T3 595.1 0.0 166.7 0.0 1025.8 0.0 170.3 5.9 65.6 

RA-T4 1204.8 37.5 503.8 0.0 320.7 0.0 164.5 17.7 74.9 

RA-T5 1309.8 56.5 511.6 48.8 331.5 0.0 168.9 18.1 82.8 

RA-T6 1425.1 69.4 543.9 57.6 363.1 0.0 160.8 18.3 86.6 

RA-T7 1472.8 73.1 641.6 51.0 204.9 0.0 163.6 21.9 86.1 

RB-T2 1559.7 163.2 357.9 46.6 218.7 0.0 171.3 23.8 84.0 

RB-T3 1281.0 206.9 463.0 67.3 250.0 0.0 163.4 12.7 84.0 

RB-T4 760.3 186.5 0.0 0.0 365.6 66.0 103.5 16.3 43.5 
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RB-T5 479. 166.3 0.0 0.0 247.8 117.0 93.6 0 26.3 

RB-T6 433.5 174.8 0.0 0.0 0.0 143.1 130.3 0 26.2 

RB-T7 356.2 183.0 0.0 0.0 0.0 131.6 154.1 0 23.6 

ISR-1 601.7 0.0 1196.0 0.0 0.0 0.0 71.4 40.8 61.4 

ISR-2 684.0 0.0 1308.7 0.0 0.0 0.0 110.3 45.3 69.0 

ISR-3 586.0 0.0 1487.0 0.0 0.0 0.0 64.4 50.7 70.6 

ISR-4 454.2 77.7 1557.9 0.0 0.0 0.0 16.5 52.2 70.0 

ISR-5 401.7 0.0 1513.2 0.0 0.0 0.0 120.6 52.6 66.5 

Note: HAc: acetate; HPr: propionate; HBu: butyrate; HVa: valerate; LA: lactate; EHBu: the 
production efficiency of butyrate from glucose; ETVFA: the production efficiency of total 
products including acetate, propionate, butyrate, valerate, ethanol and lactate. 

 

5.3.1.2 Inoculum-to-substrate ratio effects 

In the subsequent ISR experiment, as shown in Fig. 5.2e, the predominant products in anaerobic 

fermentation systems were acetate and butyrate. Only a small amount of propionate was 

detected when the ISR was set to 1:2, potentially resulting from the reductive 

disproportionation of butyrate and acetate (De Bok et al., 2001). The proportion and 

concentration of butyrate in VFAs increased as the ISR decreased from 3:1 to 1:3. 

Correspondingly, the production efficiency of butyrate from glucose increased from 40.8% to 

52.6%. At an ISR of 1:3, the proportion and concentration of butyrate reached 79% and 1513.2 

mg COD/L, with a production efficiency of 52.6% (Table 5.2). The production efficiency 

obtained in the experiment was much higher than previous studies (Atasoy et al., 2019; Lv et 

al., 2022), for example 35.25% in Atasoy et al.’ s research and 32.55% in Lv et al.’ s research.  
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Figure 5.3 Mass balance of VFAs, ethanol, lactate and H2 under the following conditions (a) 

pH range of 4.5 – 7.0 at 37 oC and 55 oC, (b) pH range of 8.5 – 11.0 at 37 oC and 55 oC, (c) 

various ISRs (1:3, 1:2, 1:1, 2:1, and 3:1) at 37 oC with uncontrolled pH 

5.3.2 Microbial community 

5.3.2.1 Microbial community diversity 

Microbial community diversity was assessed using richness and diversity indices (Table 5.3). 

High coverage values (99.99%–100%) confirmed sufficient sequencing depth and reliable 

analysis. Ace and Chao1 indices, reflecting species richness, were slightly lower in reactor 

samples than in the inoculum, particularly in RT1 and ISR5, suggesting reduced richness under 

changing conditions. This observation is consistent with previous studies (Fykse et al., 2016), 

which reported that initial richness typically declines over time as the operational conditions 

change. Shannon and Simpson indices, which measure diversity and evenness, revealed that 

RM1, RM3, and RM5 had higher Shannon (4.990–5.33) and Simpson (0.878–0.906) values 

than the inoculum (4.934), indicating greater diversity and evenness. In contrast, RT1, ISR2, 

and ISR5 exhibited lower Shannon and Simpson values, with ISR5 showing the lowest 

diversity, likely due to the dominance of butyrate-producing species. 
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Table 5.3 Diversity and richness indices of the microbial community of samples under 

different conditions 

Samples 
Richness indices Diversity indices Coverage 

(%) Ace Chao1 Shannon Simpson 

Inoculum 3319.855 3336.719 4.934 0.877 99.999 

RM1 3257.032 3257.114 4.990 0.878 100.000 

RM3 3318.127 3330.113 5.312 0.906 99.999 

RM5 3306.918 3317.620 5.333 0.888 100.000 

RT1 2659.19 2659.852 4.525 0.817 100.000 

ISR2 3309.516 3308.024 4.536 0.838 100.000 

ISR5 2492.614 2491.282 2.133 0.410 99.999 

5.3.2.2 Microbial community structure 

In Fig. 5.4a presents a circular heatmap, illustrating the relative abundance of the top 10 

phyla under different experimental conditions, including Bacillota, Euryarchaeota, 

Chloroflexota, Bacteroidota, Actinomycetota, Thermotogota, Synergistota, Pseudomonadota, 

Candidatus Cloacimonadota and Atribacterota. The Bacillota (formerly Firmicutes) phylum, 

primarily associated with hydrolysis and acidogenesis, was the most abundant phylum across 

all samples, particularly in RT1 (66%) and ISR5 (87%). The spore-forming ability of 

Bacillota likely supported their survival under thermophilic conditions (Fitamo et al., 2017). 

Bacillota was dominant in ISR5, where the highest butyrate production was observed, 

consistent with the previous microbial diversity analyse, indicating the existence of fewer but 

dominant species. Euryarchaeota was another abundant phylum in all rectors, with relative 

abundance ranging from 3% to 28%. This phylum mainly includes methanogenic archaea, 

crucial in methanogenesis, and is resilient and can persist under unfavourable conditions 

(Hailu et al., 2021). Euryarchaeota may persist in a dormant or less active state, even though 

methanogenesis was inhibited and methane was not detected throughout the process. 

Chloroflexota, Bacteroidota, and Actinomycetota, commonly found in anaerobic digestion, 

are crucial for glucose degradation and VFAs production (Parsy et al., 2024). The 

predominant phyla in all samples are involved in essential functions such as hydrolysis and 

acidification. 
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Fig. 5.4b presents the redundancy analysis (RDA) results, showing correlations between the 

top 10 phyla and the system parameters, such as VFAs, ethanol and environmental variables. 

RDA1 and RDA2 explained 74.68% and 18.75% of the variation in the phyla distribution, 

respectively, indicating that RDA1 played the dominant role in shaping the phyla distribution. 

System parameters such as pH, temperature, ISR, acetate, propionate, butyrate, and ethanol 

are represented by red arrows. The direction and angle of these arrows reveal the correlations 

between environmental variables, functional genes, and variations in specific VFAs. The 

RAD plot showed temperature and ISR had a greater impact on microbial community 

structure than pH. Furthermore, there was a competitive relationship between butyrate 

production and the production of acetate, propionate, and ethanol. The RDA plot also showed 

that butyrate concentration was closely related to Bacillota and Candidatus Cloacimonadota, 

indicating that these phyla were critical for butyrate production. As shown in Fig. 5.4a, the 

relative abundance of these two phyla was high in RM3 and ISR5, corresponding to increased 

butyrate production in these two conditions. In addition, ethanol production was strongly 

associated with temperature. 

Fig. 5.4c listed the top 30 genera in the samples. Acidogenic genera in the phylum Bacillota, 

such as Clostridium, Romboutsia, Ethanoligenens, Caproiciproducens and Caproicibacter 

increased in all samples, compared to the inoculum, especially Clostridium. The abundance 

of Clostridium genus significantly increased in RM3, ISR2 and ISR5, likely contributing to 

butyrate production. To explore the relationship between the functional bacteria and 

environmental variables, a co-occurrence network was constructed (Fig. 5.4d). The network 

comprised 11 nodes and 14 edges, with node filtered based on a corelation coefficient greater 

than 0.7 and a p value of less than 0.05. The network confirmed that butyrate production 

competed with propionate and acetate production. For example, the Tepidanaerobacter genus 

was negatively correlated with butyrate production, but positively correlated with propionate 

production. Conversely, the genera of Caproicibacter and Caproicibacterium were positively 

correlated with butyrate production and negatively correlated with acetate production. Five 

genera were significantly correlated with butyrate production: Caproicibacter, 

Caproicibacterium, Sporolactobacillus, and Ethanoligenens showed positive correlations, 

while Tepidanaerobacter displayed a negative correlation. Ethanoligenens is known for its 

role in in ethanol-type fermentation (Li et al., 2020c). Sporolactobacillus is recognized for its 

lactate production capability (Duan et al., 2021). The relative abundance of Ethanoligenens 
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and Sporolactobacillus were higher in RM3, ISR2 and ISR5. The genera Caproicibacter and 

Caproicibacterium are associated with chain elongation (Tang et al., 2023) and ethanol and 

lactate have been reported as the most ideal electron donors for inducing the chain elongation 

process (Wu et al., 2019). Hence, the higher butyrate production in these samples may result 

from chain elongation, utilizing ethanol or lactate as electron donors and acetate as the 

electron acceptor. 

Moreover, the competition and cooperation among microorganisms were evident. The 

network (Fig. 5.4e) illustrates the relationships among the top 30 genera, with those lacking 

significant correlations excluded. A synergistic relationship was observed between 

Caproicibacter and Caproicibacterium, both of which were positively correlated with 

butyrate production. Additionally, Terrisporobacter was associated with butyrate production, 

negatively correlated with Tepidanaerobacter. Although Clostridium is known for producing 

butyrate and other VFAs (Atasoy et al., 2019), its relationship with butyrate production was 

not evident in the network analysis, likely because only certain species within Clostridium 

genus contributed to butyrate production. Core species were identified using the network 

topology to gain a deeper understanding of their contributions. 
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Figure 5.4 Microbial community structure, (a) top 10 phyla; (b) relationships between phyla 

and environmental variables; (c) top 30 genus; (d) co-occurrence network analysis of critical 

genus and reactor performance; (e) co-occurrence network analysis of top 30 genus with the 

red edges representing the positive associations and  the green edges representing the 

negative associations; (f) identification of keystone species on their topological roles in 

networks with module hubs being identified as Zi ≥ 2.5, Pi ≤ 0.62, connectors being 

identified as Zi < 2.5, Pi ≥  0.62 and network hubs being identified as Zi ≥ 2.5, Pi ≥ 0.62; (g) 

Relative abundance of 29 keystones presented in module hubs, connectors and network hubs. 

In anaerobic fermentation systems, microbial diversity is extensive. The topological role of a 

node is an effective way to identify key microorganisms (Meng et al., 2023). In this study, the 

topological role of microorganisms across all samples was determined using Zi-Pi plot, as 

shown in Fig. 5.4f. The topological characteristics of the species was shown in Table 5.4. 

According to Zi and Pi values, nodes are divided four categories, including peripheral, 

connectors, network hubs and module hubs. Nodes classified as connectors, network hubs, 

and module hubs are recognized as keystone species, essential for maintaining the structural 

integrity and functional connectivity of the ecological network. A total of 29 keystone species 

were identified in the samples. Among them, Aminivibrio pyruvatiphilus and Clostridium 

neonatale were categorized as connectors, indicating that these two species were responsible 

for linking different modules. These two species belong to genera Aminivibrio and 

Clostridium genus, respectively, both of which play roles in glucose degradation and VFAs 

production (Xing et al., 2022). As illustrated in Figs. 5.4c and e, the abundance trends of 

these two genera in the samples were opposite, with no direct correlation observed between 

them. This suggests that these two species are likely responsible for producing different 

VFAs, while collectively serving as connectors between other functional processes. 

Additionally, 19 species were identified as the module hubs, with most belonging to the 

Clostridium genus. This finding suggests that Clostridium remain core microorganisms 

responsible for butyrate production, particularly Clostridium sp., uncultured Clostridium sp., 

and Clostridium pasteurianum. Studying the butyrate-producing function of Clostridium, 

with a focus on specific species, was more accurate. As shown in Fig. 5.4g, these two species 

(Clostridium sp. and uncultured Clostridium sp.) exhibited higher relative abundance 

compared to the inoculum, particularly in IR5, further confirming their critical role in 

butyrate production. 
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Table 5.4 Keystone species in Zi-Pi analysis 

Species zi pi type 
s__Aminivibrio pyruvatiphilus 0.335 0.628 Connectors 

s__Clostridium neonatale 0.335 0.628 Connectors 
s__Aminivibrio sp. 2.971 0.459 Module hubs 

s__Planctomycetes bacterium RBG_16_64_12 2.976 0.360 Module hubs 
s__uncultured archaeon 2.971 0.459 Module hubs 

s__Methanosaeta sp. PtaU1.Bin112 2.971 0.459 Module hubs 
s__Methanosaeta sp. PtaU1.Bin060 2.971 0.459 Module hubs 

s__Mesotoga prima 2.971 0.459 Module hubs 
s__uncultured Mesotoga sp. 2.971 0.459 Module hubs 

s__Candidatus Methanofastidiosum 
methylothiophilum 

2.971 0.459 Module hubs 

s__Clostridium sp. 2.678 0.466 Module hubs 
s__uncultured Clostridium sp. 2.971 0.459 Module hubs 

s__Methanosaeta sp. PtaB.Bin018 2.971 0.459 Module hubs 
s__Methanosaeta sp. PtaU1.Bin028 2.971 0.459 Module hubs 

s__Mesotoga sp. 2.678 0.466 Module hubs 
s__Planctomycetia bacterium 21-64-5 2.976 0.360 Module hubs 

s__Methanosaeta sp. PtaB.Bin039 2.971 0.459 Module hubs 
s__Planctomycetes bacterium ADurb.Bin126 2.976 0.360 Module hubs 

s__Lentisphaerae bacterium 
RIFOXYA12_FULL_48_11 

2.976 0.360 Module hubs 

s__Clostridium pasteurianum 2.678 0.466 Module hubs 
s__Clostridium puniceum 2.678 0.466 Module hubs 

s__Brooklawnia sp. SH051 2.920 0.621 Networks hubs 
s__Brooklawnia cerclae 2.920 0.621 Networks hubs 

s__Propionimicrobium sp. PCR01-08-3 2.920 0.621 Networks hubs 
s__Propionibacterium sp. oral taxon 192 2.920 0.621 Networks hubs 

s__Candidatus Atribacteria bacterium 2.920 0.621 Networks hubs 
s__Raineyella sp. 2.920 0.621 Networks hubs 

s__Tessaracoccus sp. SD287 2.920 0.621 Networks hubs 
s__Tessaracoccus bendigoensis 2.920 0.621 Networks hubs 

5.3.3 Metabolic pathway 

5.3.3.1 electron transfer and NADH concentration 
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Eq. (5-2) – (5-7) indicate the metabolic pathways of microorganisms using glucose as the 

substrate to produce pyruvate, and the subsequent production of lactate, acetate, butyrate, 

propionate and ethanol by pyruvate. The equations clearly show that the difference of VFAs 

distribution was related to NADH/NAD+ and electron transfer (Chen et al., 2022). 

Glucose+2NAD++2Pi+2ADP → 2Pyruvate+2NADH+2ATP+2H+ (5-2) 

2Pyruvate+2NADH+2H+ → 2lactate+2NAD+ (5-3) 

2Pyruvate+2ADP+2𝑃𝑃𝑃𝑃 → 2Actate + +2ATP+2CO2+H2 (5-4) 

2Pyruvate + 2NADH+2H++ADP+𝑃𝑃𝑃𝑃 → Butyrate+2NAD++ATP+H2O+2CO2 (5-5) 

2Pyruvate + 4NADH+4H++2ADP+2𝑃𝑃𝑃𝑃 → 2Propionate+4NAD++2ATP (5-6) 

2Pyruvate + 2NADH+2H+ → 2Ethanol+2NAD+ (5-7) 

NADH/NAD+ serves as a crucial cofactor in cytoplasmic redox reaction and is present in 

limited quantities within cells (Chen et al., 2022). In the conversion of glucose to pyruvate 

(key intermediate products of glucose degradation), NAD+ is reduced to NADH and must be 

regenerated to sustain the process. This regeneration occurs through the reoxidation of 

NADH via the reduction of organic intermediates, such as butyrate, propionate, and ethanol. 

The ratio of NADH/ NAD+ is shown in Fig. 5.5a, which varied with the proportion of 

butyrate. Acidic pH can result in an increase the NADH/NAD+ ratio as the excess protons can 

be utilized (Yang et al., 2024). This shift made NADH-consuming reactions more favourable, 

directing a greater electron flow toward more reduced compounds such as propionate, 

butyrate, and ethanol. This made butyrate production favourable with pH 4.5 to 6.0 (Fig. 

5.2a). With the production of butyrate, NADH was gradually consumed, leading to the lower 

ratio of NADH/NAD+, especially in ISR2 and ISR5. Fig. 5.5c shows that the relative 

abundance of NADH dehydrogenases, which was consistent with the changes in 

NADH/NAD+ ratio and butyrate production, except in RT1. Thie may be due to the fact that 

ethanol production in RT1 also consumed NADH, but ethanol production did not generate 

ATP, and thus cannot provide energy to the microorganisms, resulting in a low abundance of 

NADH dehydrogenase genes (Cheng et al., 2020). The highest relative abundance of NADH 

dehydrogenases was found in ISR5, where butyrate production was also the highest. As 

described in Section 5.3.2.2, the ISR experiment demonstrated that butyrate production was 

promoted by the chain elongation process. This finding aligned with the rapid decrease in the 
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NADH/NAD⁺ ratio observed in the ISR2 and ISR5 reactors (Fig. 5.5a), as chain elongation 

(via reverse β-oxidation) requires a higher demand for reducing equivalents (NADH) (Spirito 

et al., 2014). These results suggested that butyrate production can be regulated through 

controlling NADH levels. 

Figs. 5.5a and b shows the ETS activity, and the abundance of functional genes involved in 

electron transfer. The electron transport system (ETS) is commonly used to measure 

microbial metabolic activity, particularly the activity of the electron transport chain (Li et al., 

2024). As described in Eq. (5-2) – (5-7), the consumption of NADH is accompanied by the 

generation of electrons, which could enhance the electron transfer and facilitate ATP 

synthesis. In RM3, RM5, and ISR2, ETS activity increased, corresponding to the increasing 

abundance of genes encoding electron transfer. The high abundance of electron transport 

genes suggests a strong potential for electron transport activity, which could promote butyrate 

production (Cheng et al., 2020). In ISR5, despite a high gene relative abundance, ETS 

activity was low. One potential reason could be that lower ISR may also contribute to the 

observed reduction in ETS activity. Alternatively, increased butyrate production relied on the 

electron transport chain to oxidize NADH to NAD⁺, potentially leading to limited NADH 

availability and thereby resulting in a lower ETS activity (Wang et al., 2022a). 

 

Figure 5.5 Electron transfer and NADH concentrations under different conditions: (a) ETS 

activity and the ratio of NADH/ NAD+; (b) abundance of functional genes involved in 

electron transfer (hycB: FeS-containing electron transfer protein; fixC: electron transfer 

flavoprotein-quinone oxidoreductase; fixB: electron transfer flavoprotein alpha subunit; fixA: 

electron transfer flavoprotein beta subunit); (c) relative abundance of NADH dehydrogenases 

5.3.3.2 Hydrolysis process 

Based on KEGG annotation, the metabolic pathways of glucose were constructed. As shown 

in Fig. 5.6a, the pathway for glucose glycolysis is mapped. Glycolysis, as a critical metabolic 
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step in anaerobic fermentation, directly provides substrates (such as pyruvate) for the 

acidogenesis stage, significantly influencing the production of VFAs (Guo et al., 2021). The 

expression and activity of enzymes are directly related to the rate of biochemical reactions, 

which participate in various biochemical processes that indicate cellular metabolism (Wang 

et al., 2024). The relative abundance of functional genes encoding the enzymes involved in 

the glycolysis process is shown in Fig. 5.6b. The names of enzymes in these metabolic 

pathways were shown in Table 5.5. 

As shown in Fig. 5.6b, the total relative abundance of genes encoding enzymes involved in 

the hydrolysis process decreased under different conditions compared to the inoculum. The 

relative abundance showed little variation among RM1, RM3, and RM5, suggesting that the 

hydrolysis process was not affected by different pH levels. However, under different ISR 

conditions, the relative abundance significantly decreased, particularly in ISR5. Despite this, 

no significant differences of VFAs production efficiency were observed across the different 

ISR conditions (Fig. 5.2), suggesting that acidogenesis was enhanced in lower ISR reactors 

and butyrate production might be further promoted by improving glycolysis efficiency. 

5.3.3.3 Acidogenesis process 

In the experiments, the main products included butyrate, acetate, propionate, and ethanol. 

Consequently, the pathways for the production of these compounds are illustrated in Fig. 

5.6c. Each metabolic pathway consists of a series of enzyme-catalysed reactions, and the 

gene abundances encoding these enzymes are shown in Fig. 5.6d. 

Based on the speculation in the previous section (Section 5.3.2.2), the production of butyrate 

may involve a chain elongation process. Therefore, the metabolic pathways for butyrate 

production can be classified into three types: 1) succinyl-CoA pathway; 2) acetyl-CoA 

pathway; and 3) reverse β oxidation pathway. As shown in Fig. 5.6c, in the succinyl-CoA 

pathway, pyruvate is first converted into succinyl-CoA, which is subsequently converted into 

butyryl-CoA, and finally into butyrate (Esquivel-Elizondo et al., 2017). In the acetyl-CoA 

pathway, pyruvate is first converted into acetyl-CoA, which is then converted into 

acetoacetyl-CoA, followed by a series of reactions that ultimately produce butyrate. The 

reverse β-oxidation pathway is a carbon chain elongation process that partially overlaps with 

the acetyl-CoA pathway, as shown in Fig. 5.6c (red lines). In reverse β-oxidation, ethanol or 

lactate serves as the electron donor. It is first oxidized to acetyl-CoA, which is then coupled 
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with another acetyl-CoA, catalyzed by acetoacetyl-CoA thiolase, to form acetoacetyl-CoA. A 

series of enzymatic reactions then follow, involving NAD- and NADH-dependent 3-

hydroxybutyryl-CoA dehydrogenase, 3-hydroxybutyryl-CoA dehydratase, and NAD-

dependent butyryl-CoA dehydrogenase, ultimately producing the key intermediate butyryl-

CoA. Finally, butyryl-CoA transfers its CoA to acetate (the electron acceptor), resulting in 

the formation of butyrate and the release of acetyl-CoA, catalysed by acetate CoA transferase 

(Wu et al., 2019).  

Table 5.5 The names of enzymes in metabolic pathways 

EC Name 
2.7.1.2 glucokinase 
5.3.1.9 glucose-6-phosphate isomerase 
2.7.1.11 6-phosphofructokinase 
4.1.2.13 fructose-bisphosphate aldolase 
5.3.1.1 triosephosphate isomerase 
1.2.1.12 glyceraldehyde-3-phosphate dehydrogenase 
1.2.1.59 glyceraldehyde-3-phosphate dehydrogenase 
2.7.2.3 phosphoglycerate kinase 
5.4.2.11 2,3-bisphosphoglycerate-dependent phosphoglycerate mutase 
5.4.2.12 2,3-bisphosphoglycerate-independent phosphoglycerate mutase 
4.2.1.11 enolase 1/2/3 
2.7.1.40 pyruvate kinase 
2.7.9.1 pyruvate, orthophosphate dikinase 
2.7.9.2 pyruvate, water dikinase 
1.2.5.1 pyruvate dehydrogenase (quinone) 
1.2.7.11 2-oxoglutarate/2-oxoacid ferredoxin oxidoreductase subunit alpha 
2.8.3.18 succinyl-CoA:acetate CoA-transferase 
6.2.1.13 acetate---CoA ligase 
1.2.3.3 pyruvate oxidase 
2.7.2.1 acetate kinase 
1.2.1.10 acetaldehyde dehydrogenase 
1.2.1.3 aldehyde dehydrogenase 
1.1.1.1 alcohol dehydrogenase 
6.4.1.1 pyruvate carboxylase 
1.1.1.37 malate dehydrogenase 
4.2.1.2 fumarate hydratase 
1.3.5.1 succinate dehydrogenase flavoprotein subunit 
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6.2.1.5 succinyl-CoA synthetase alpha subunit 
5.4.99.2 methylmalonyl-CoA mutase 
5.1.99.1 methylmalonyl-CoA 
4.1.1.- methylmalonyl-CoA decarboxylase 
2.3.1.8 phosphate acetyltransferase 
6.2.1.1 acetyl-CoA synthetase 
1.1.1.27 lactate dehydrogenase 
4.1.1.101 malolactic enzyme 
2.8.3.1 propionate CoA-transferase 
4.2.1.54 actoyl-CoA dehydratase 
1.3.1.- acrylyl-CoA reductase 

1.2.1.76 succinate-semialdehyde dehydrogenase 
1.2.1.79 succinate-semialdehyde dehydrogenase 
1.1.1.- glyoxylate/succinic semialdehyde reductase 
2.8.3.- 4-hydroxybutyrate CoA-transferase 

4.2.1.120 4-hydroxybutyryl-CoA dehydratase 
1.3.1.44 trans-2-enoyl-CoA reductase 
2.3.1.19 phosphate butyryltransferase 
2.7.2.7 butyrate kinase 
2.3.1.9 acetyl-CoA C-acetyltransferase 
1.1.1.35 3-hydroxyacyl-CoA dehydrogenase 
4.2.1.17 enoyl-CoA hydratas 
1.3.1.86 crotonyl-CoA reductase 
1.1.1.157 3-hydroxybutyryl-CoA dehydrogenase 
4.2.1.55 3-hydroxybutyryl-CoA dehydratase 
1.3.8.1 butyryl-CoA dehydrogenase 
2.8.3.8 acetate CoA/acetoacetate CoA-transferase alpha subunit 

As shown in Fig. 5.6d, he relative abundance of genes in the succinyl-CoA pathway and the 

acetyl-CoA pathway was higher in RM3, RM5, ISR2 and ISR5 compared to the inoculum. 

These results indicated that the activities of enzymes involved in butyrate production were 

enhanced, leading to high butyrate concentration in these reactors. Additionally, the relative 

abundance of genes involved in the succinyl-CoA pathway was higher than that in acetyl-

CoA pathway, suggesting that butyrate production in this system mainly rely on the succinyl-

CoA pathway. Notably, the relative abundance of genes involved in the reverse β oxidation 

was significantly increased in ISR5 from 0.06% to 0.11% Additionally, the relative 

abundance of genes encoding ethanol production metabolic pathway and lactate conversion, 
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such as lactate dehydrogenase (EC 1.1.1.27) and alcohol dehydrogenase (EC 1.1.1.1), 

increased in ISR5. These results provide another evidence for carbon chain elongation, which 

enhanced butyrate production. In the RM3 and RM5, the relative abundance of genes 

associated with the succinyl-CoA and acetyl-CoA pathways primarily increased, whereas the 

relative abundance of genes encoding the reverse β-oxidation pathway showed a significant 

increase in the ISR2 and ISR5. These results showed that pH altered the activity of butyrate-

producing bacteria to regulate butyrate production. Under the combined control of pH, 

temperature, and ISR (ISR2 and ISR5 samples), the butyrate production pathway gradually 

shifted to reverse β-oxidation pathway, which promoted butyrate production via carbon 

elongation reaction. This change can increase the concentration of butyrate and reduce the 

concentration of acetate, further improving the purity of butyrate. 

As shown in Table 5.6, the key enzymes regulated butyrate production including acetate 

kinase (EC 2.7.2.1), acetate-CoA ligase (EC 6.2.1.13), lactoyl-CoA dehydratase (EC 

4.2.1.54), succinic semialdehyde reductase (EC 1.1.1.-) and 3-hydroxybutyryl-CoA 

dehydratase (EC 4.2.1.55). Acetate kinase and lactoyl-CoA dehydratase showed a negative 

correlation with butyrate production, aligning with previous results that butyrate production 

competed with the production of acetate and propionate. In contrast, acetate-CoA ligase (EC 

6.2.1.13), succinic semialdehyde reductase (EC 1.1.1.-) and 3-hydroxybutyryl-CoA 

dehydratase (EC 4.2.1.55) exhibited a positive correlation with butyrate production. The 

results indicated that in the succinyl-CoA pathway of butyrate production, regulating the 

succinic semialdehyde reductase activity may enhance butyrate production. Moreover, in 

reverse β-oxidation, the conversion of acetate to acetyl-CoA was vital for butyrate 

production. 
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Figure 5.6 Analyses of metabolic pathways: (a) schematic diagram of the hydrolysis 

metabolic pathway; (b) schematic diagram of the acidogenesis metabolic pathway, including 

propionate, butyrate, acetate and ethanol production; (c) relative abundance of enzymes 

involved in the glycolysis process; and (d) relative abundance of enzymes involved in the 

acidogenesis process 

Table 5.6 Pearson’s correlation analysis between VFAs concentrations and the relative 

abundance of genes encoding key enzymes involved in metabolic pathways 

EC number Name of enzyme Butyrate Acetate Propionate 

2.7.2.1  acetate kinase * ***  

6.2.1.13  acetate---CoA ligase ** **  

4.2.1.54  lactoyl-CoA dehydratase *  *** 

1.1.1.-  succinic semialdehyde reductase ** **  

4.2.1.55  3-hydroxybutyryl-CoA dehydratase *  * 

2.3.1.19  phosphate butyryltransferase  *  

2.7.2.7  butyrate kinase  **  

2.3.1.9  acetyl-CoA C-acetyltransferase  *  

Note:  (1) Significance levels: * P < 0.1; ** P < 0.05; *** P < 0.005. 

  (2) Color coding: Orange boxes represent positive correlations; blue boxes indicate 

negative correlations. 

Since the production of acetate and propionate competes with butyrate production, exploring 

the metabolic pathways of propionate and acetate can help enhance butyrate yield. As shown 

in Figs. 5.6c and d, the metabolic pathways for propionate production can be categorized into 

two types: 1) the succinate pathway and 2) the acrylate pathway. The relative abundance of 

genes encoding the succinate pathway was higher than that in the acrylate pathway, 

indicating that the succinate pathway was the primary route for propionate production. 

However, lactoyl-CoA dehydratase (EC 4.2.1.54) showed a positive correlation with 

propionate production, which suggesting that the presence of lactate made the acrylate 

pathway crucial for propionate production. As for the metabolic pathway of acetate, acetate 

kinase (EC 2.7.2.1) exhibited a positive correlation with acetate production. Therefore, the 

reduction of activity of lactoyl-CoA dehydratase and acetate kinase may promote butyrate 

production. 
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5.4 Conclusion 

This chapter investigated the effects of three fermentation parameters, including pH, 

temperature, and ISR, on butyrate selection production. Results demonstrated that different 

conditions lead to varying primary products. The optimal parameters for butyrate production 

were found to be pH 5.5, a temperature of 37°C, and an ISR of 1:3. Microbial community 

analysis showed that there was a competitive relationship between the production of butyrate 

and the production of acetate, propionate, and ethanol and the functional genera for butyrate 

production were Clostridium, Ethanoligenens, Sporolactobacillus, Caproicibacter and 

Caproicibacterium. Metabolic pathway analysis found the involvement of carbon chain 

elongation processes, which may have improved the production and purity of butyrate under 

the optimal condition. These findings provide valuable insights into optimizing butyrate 

production through controlling the operation parameters, highlighting the interconnected 

nature of microbial activity and metabolic flexibility in response to changes in external 

factors. 
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Chapter 6  
Conclusions and Recommendations 
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6.1 Overview 

This PhD research investigated the critical factors influencing both the degradation and 

production of butyric acid in anaerobic conditions. It uncovered the inhibitory impact of 

ammonia on butyrate degradation and examined the influence of temperature and butyric acid 

concentration on butyrate degradation. The study also identified optimal conditions for 

butyric acid production, alongside an in-depth exploration of the functional microbial 

communities and metabolic pathways across various environments. 

6.2 Main conclusions 

6.2.1 Inhibition of ammonia on butyrate degradation 

1) The anaerobic degradation of butyrate experienced remarkable inhibition when TAN 

exceeded 8.0 g N/L at pH 7.5, while no discernible impacts were observed at pH 7.0 - 8.0 

with 4.0 g TAN/L. 

2) The lag phase for butyrate degradation was prolonged with increasing ammonia 

concentration from 0.18 to 20 g TAN/L. 

3) Complete recovery of butyrate-degrading bacteria was observed following severe 

ammonia inhibition, provided that a sufficient adaptation period was available. 

4) NH4+ emerged as the predominant inhibitory factor within the TAN range of 2.0 - 20.0 g 

N/L, rather than NH3. 

6.2.2 Effect of temperature and butyrate concentration on butyrate degradation 

1) High butyrate concentration significantly inhibited the methane yield. Specifically, the 

methane yield decreased from 321.3 to 214.2 N mL/ g CODadded at 37 oC, and from 308.1 to 

205.5 N mL/ g CODadded at 55 oC, as butyrate concentrations increased from 2.0 to 20.0 g 

COD/L. 

2) When the butyrate concentration exceeded 5 g COD/L, the methane production and 

butyrate degradation were more favourable at 37 oC than at 55 oC. 
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3) The kinetic modelling revealed that temperature and butyrate concentrations not only 

influenced the rate of butyrate degradation but also the distribution of intermediates. 

4) The metagenomic sequencing analysis highlighted that the conversion of iso-butyrate 

played a crucial role in facilitating butyrate degradation. 

6.2.3 Optimal conditions for butyrate selective production 

1) The optimal conditions for butyrate production were found to be pH 5.5, a temperature of 

37°C, and an ISR of 1:3. 

2) The microbial community analysis showed that there was a competitive relationship 

between the production of butyrate and the production of acetate, propionate, and ethanol. 

The functional genera involved in butyrate production were probably Clostridium, 

Ethanoligenens, Sporolactobacillus, Caproicibacter and Caproicibacterium. 

3) The metabolic pathway analysis found that carbon chain elongation processes improved 

the production and purity of butyrate under the optimal condition. 

6.2.4 Summary 

This PhD research offers valuable insights into the key factors affecting butyric acid 

production and degradation in anaerobic digestion systems, recognizing the dynamic nature 

of butyrate accumulation. It revealed that the inhibition of butyrate degradation caused by 

high ammonia concentrations, and the results have shown that the ammonia inhibition cannot 

be mitigated by simply lowering the pH level because NH4+ is the predominant inhibitory 

factor. Even at a high butyrate concentration of 20 g COD/L, butyrate degradation was not 

significantly affected, indicating that the accumulation of high butyrate concentrations does 

not lead to the collapse of the anaerobic reactor under pH control. Moreover, the increased 

butyrate concentration resulted in the inhibition of methane production, which is particularly 

advantageous in systems targeting higher butyrate yields, as it reduces methane production (a 

byproduct) and improves butyrate recovery from the anaerobic system. The optimal 

conditions for butyrate production were with pH 5.5, an ISR of 1:3 and at 37 oC. The results 

showed that carbon chain elongation enhanced butyrate yield and purity by using acetate as 

the substrate and ethanol or lactate as the electron donor. Providing additional electron donors 

(ethanol or lactate) could further improve the butyrate yield.  
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Overall, high ammonia concentration, moderate temperature, a pH of 5.5, and an inoculum-

to- substrate ration of 1:3 are the most favourable conditions for butyrate accumulation in 

anaerobic digestion. These results provide a comprehensive understanding of how to design 

reactors and control operational conditions to optimize butyrate production in anaerobic 

digestion. 

6.3 Recommendations for future research 

While this thesis has advanced the understanding of butyric acid production and degradation 

in anaerobic digestion systems, several areas warrant further investigation: 

1) Coupling butyric acid production with biogas generation 

Butyric acid accumulation in anaerobic digestion systems has been shown to influence 

methane production. While high butyrate concentrations can inhibit methanogenesis, 

controlled production of butyric acid alongside biogas generation offers potential advantages 

for integrated bioenergy systems. Future research should explore strategies to balance these 

two outputs, ensuring that butyric acid production does not excessively inhibit 

methanogenesis while still achieving high butyrate yields. 

Several approaches could be considered for optimizing this balance. First, reactor operation 

strategies, such as phase separation or two-stage anaerobic digestion, could be further 

developed to facilitate selective butyrate accumulation in the first stage while maintaining 

methanogenesis in the second stage. Additionally, metabolic engineering and microbial 

consortia optimization could play crucial roles in tailoring microbial communities to 

selectively enhance butyrate production while controlling its conversion to methane. 

Understanding the kinetics of butyric acid-producing pathways and their interactions with 

methanogenic archaea would provide further insights into fine-tuning this balance. Moreover, 

co-substrate utilization (e.g., adding ethanol or acetate) could be investigated to enhance 

butyrate production while maintaining an efficient biogas yield  

2) Mechanisms of carbon chain elongation 

The metabolic pathways governing carbon chain elongation remain an area of active 

research. Butyric acid production is closely linked to the availability of intermediate 
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metabolites such as ethanol, acetate, and lactate, which serve as precursors in chain 

elongation processes. Understanding how these intermediates contribute to butyric acid 

synthesis under different environmental conditions is essential for optimizing production 

efficiency. 

Future studies should investigate the regulatory mechanisms governing chain elongation, 

particularly the role of specific microbial populations and their enzymatic activities. 

Metagenomic and metatranscriptomic analyses could provide deeper insights into the 

functional genes involved in these pathways. Additionally, factors such as pH, redox 

potential, and electron donors/acceptors should be systematically studied to identify 

conditions that favor efficient butyrate synthesis and further elongation to higher-value 

products like caproic acid. 

Caproic acid, a valuable medium-chain fatty acid, can be derived from butyrate through chain 

elongation processes facilitated by specific microbial consortia. However, optimizing the 

metabolic conditions for this conversion remains a challenge. Investigating the electron 

transfer mechanisms and interactions between key microbial groups will be crucial for 

enhancing caproate production. Furthermore, bio-electrochemical approaches, such as 

microbial electrosynthesis, could be explored to drive the elongation of butyrate to caproate, 

thereby improving the overall economic viability of the process. 

3) Enhancing butyrate purity for commercial applications: 

In this study, the proportion of butyric acid in the fermentation products reached 79%, 

indicating promising selectivity. However, achieving higher purity remains a key challenge 

due to the presence of other volatile fatty acids (VFAs) in the fermentation broth. Enhancing 

butyrate purity is critical for reducing downstream purification costs and increasing the 

commercial value of the product. 

Future research should focus on developing bio-electrochemical systems to enhance butyrate 

production while minimizing undesired byproducts. These systems can be designed to 

selectively favor butyrate-producing pathways by controlling electron flow and redox 

conditions. Moreover, innovative reactor designs, such as membrane bioreactors or integrated 

fermentation-separation systems, should be explored to improve process efficiency. 
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In addition to optimizing production strategies, advanced separation and purification 

techniques must be investigated. Membrane filtration, electrodialysis, and chromatographic 

methods offer potential solutions for selectively separating butyrate from complex VFA 

mixtures. For instance, membrane-based separation processes can enhance butyrate recovery 

while maintaining low energy requirements. Additionally, solvent extraction and 

pervaporation technologies could be explored for their ability to selectively concentrate 

butyric acid from fermentation broths. These techniques, combined with metabolic 

engineering approaches, could significantly improve the overall yield and purity of butyric 

acid. 

Achieving high-purity butyric acid will not only reduce purification costs but also expand its 

potential applications in various industries, including bioplastics, and animal feed additives. 

Future studies should explore the feasibility of using high-purity butyric acid as a precursor 

for polyhydroxyalkanoates (PHA) synthesis, given its role in sustainable biopolymer 

production. 
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