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ABSTRACT 

 

Anaerobic digestion (AD) has been widely employed as an effective method for the 

treatment and utilisation of food wastes, often used to produce biogas. AD is 

conventionally conducted in a single phase using a single digester, although this 

method is hampered by the slow reaction, poor reactor stability, and acute sensitivity 

to changes to both biological and reaction environment during the process. Two-

phase anaerobic digestion (TPAD) is a relatively new concept and has been 

developed to overcome the problems inherent in single-phase AD. The separation of 

the digestion into two phases provides the flexibility of exploiting the optimal 

operating conditions for the growth of specific microbial populations that increase 

the yield of either H2 or CH4. However, improvement in H2 and CH4 production in 

bench-scale and semi-continuous operation are still required. Biochar, with its 

beneficial characteristics, has become an innovative aspect of this study. The present 

research aims to systematically study and investigate the mechanism of biochar in 

enhancing H2 and CH4 production. 

The specific objectives of this PhD thesis research included a systematic study of the 

role of minerals in biochar in the batch TPAD to produce H2 and CH4 and a study of 

the effect of biochar on H2 and CH4 production in laboratory continuous stirred tank 

reactors. In addition, a preliminary study of the effect of biochar on the removal of 

H2S from the biogas product was conducted using a packed column reactor. To 

accomplish these objectives, two samples of biochar from pine sawdust produced at 

two pyrolysis temperatures of 650 oC and 900 oC were subject to partial 

demineralisation by citric acid leaching. The effect of the raw biochar, and the 

leached biochar with and without reintroducing the leached elements on the biogas 
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production rate, yield, volatile fatty acid (VFA) concentration and microbial profile 

in each phase of the TPAD process was investigated systematically. The optimum 

biochar addition level suggested from the bench-scale batch experimentation was 

applied to investigate the effect of biochar on the production of H2 and CH4 as well 

as microbial profile in two sequentially connected 5L continuous stirred tank 

reactors over a period of 100 days. The organic loading rate (OLR) was increased 

stepwise from 0.5 to 6.0 gVS.L-1.d-1. The hydraulic retention times (HRT) of the H2 

and CH4 reactors were 3 days and 10 days, respectively.  

The bench-scale studies showed that raw biochar addition significantly increased the 

maximum H2 yield (YH) by 107% and the H2 production rate (RH) by 54%. However, 

the addition of leached biochar only increased the maximum YH by 39% and RH by 

45% than control. Fe, K and Ca had the highest concentrations in the leachates of 

biochar samples. The results suggest that trace elements in biochar, especially Fe, 

played a crucial role in enhancing H2 production. The primary elements in biochars 

that contribute to H2 production (Fe, K and Ca) were shown to increase the acetic 

acid, butyric acid. Furthermore, Illumina MiSeq sequencing results showed that the 

proportion of Clostridium butyricum increased due to the trace elements in biochar in 

the culture for H2 production.  

The bench-scale studies of the effect of biochar addition on the CH4 production and 

microbial community during anaerobic digestion were experimentally investigated, 

focusing on the role of minerals in biochar. Compared to the control without biochar 

addition, the addition of raw biochar significantly increased CH4 yield (YM) by 

46.9% and CH4 production rate (RM) by 43.0%, while leached biochar only 

increased the YM by 33.2% and RM by 18.2%, respectively. The cultures with the 

combined leached biochar and Fe addition showed similar YM to those with biochar 
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addition. The Fe-containing minerals in biochar were found to enhance VFA 

degradation. Further investigation with high throughput sequencing indicated that 

the microbial distribution of Clostridia and Methanosaeta correlated with the 

function of trace elements contained in biochar on the CH4 production. 

Investigation into the effect of biochar on H2 and CH4 production by two-phase 

anaerobic digestion (TPAD) of a food waste simulated with fresh white bread using 

mesophilic bacteria was conducted. Biochar addition in all different OLR treatments 

accelerated RH and RM, enhanced YH and YM as biochar stabilised pH value and 

increased the proportion of Clostridiaceae in the H2 reactor and Methanosarcinaceae 

and Methanobacteriaceae in the CH4 reactor. Biochar addition also allowed the 

mesophilic digestion to operate at higher OLR at 6.0 gVS.L-1.d-1 versus 4.0 gVS.L-

1.d-1 without biochar. This study proves that biochar is an effective additive 

supporting high OLR operations in H2 and CH4 production during TPAD operation. 

Finally, the biochar was examined as an adsorbent for H2S removal. The results 

showed that H2S removal was shown to increase from 86% to 95% if the temperature 

of biochar treatment was increased from 650°C (B650) to 900°C (B900), 

respectively. The adsorption capacity at equilibrium time of B650 and B900 was 

73.54 mg.g-1 and 73.86 mg.g-1. It was found that B900 performed as a better 

adsorbent for H2S removal than B650 because B900 had higher pH, higher minerals 

(especially Fe and Ca) and more abundant functional groups. Increasing the gas flow 

rate reduced the adsorption of H2S because of decreasing availability of adsorption 

sites to H2S molecules. Overall, this study demonstrated that pine sawdust biochar is 

an ideal H2S adsorbent.  
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The present research has contributed new knowledge on the role of minerals in 

biochar in enhancing H2 and CH4 production in the TPAD process. The working 

mechanisms of the minerals in biochar involved in H2 and CH4 production have been 

proposed. The application of biochar in semi-continuous operation using continuous 

stirred tank reactor and H2S removal for biogas cleaning has also been demonstrated. 
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Chapter 1 Introduction 

 

1.1 Background and motivation 

Anaerobic digestion (AD) is a process of biological degradation of organic substrates 

in the absence of oxygen by a complex microbial ecosystem. AD technology has 

been used widely and generally plays dual roles in both waste treatment and energy 

generation [1]. Although AD has been well practised for many decades, there are 

some drawbacks that need to be overcome. For example, the reactions in 

conventional AD has poor stability and sensitivity to biological and environmental 

changes [2]. Most importantly, the biogas has a low heating value [3], poor flame 

stability [4], and poor ignition quality if it is to be used in gas engines [4].   

Two-phase anaerobic digestion (TPAD) is an improvement over conventional AD. 

TPAD is a sequential process that produces H2 and CH4 using two anaerobic 

digesters [5]. The first bioreactor is used for H2 production and uses acidogenic 

bacteria to convert biodegradable materials to hydrogen (H2), carbon dioxide (CO2) 

and fatty acids, while the second bioreactor converts volatile fatty acids (VFAs) in 

the digester to CH4 and CO2 [1,6,7]. At the end of the process, a mixture of hydrogen 

and methane are produced to form H2-enriched biogas from TPAD. H2 in the biogas 

helps improve ignition quality for gas engine applications [4].  To improve the 

performance of TPAD, particularly in terms of the attempt to enhance the H2 and 

CH4 production, further innovations are required. 
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The generation of H2 and CH4 in TPAD has been enhanced through several methods.  

Some varieties of treatments have been conducted to increase H2 and CH4 production 

in TPAD, such as improve process stability by digestate recirculation[8,9], co-

digestion with different organic substrates [8], adoption of pre-treatment to enhance 

degradability of various substrates [10], and use organic or inorganic additives. 

Among the various process enhancement strategies which have been investigated, 

the supplementation of organic or inorganic additives was applicable, such as 

magnetite [11], zero-valent iron [12], EDTA [13], Zeolite [14] and biochar [15]. The 

addition of additives provides micronutrients and trace elements required to enhance 

enzyme activation and improve microbial activity [16].  

Biochar is the solid residue of pyrolysis of biomass, also known as charcoal, which 

generally has a large specific surface area and porous structure [17]. The use of 

biochars from some sources of biomass has been applied in the AD process. The 

different types of biochar and pyrolysis temperature have significant effects on the 

properties of biochar. Zahra et al. (2015) investigated that biochar produced at low 

temperatures had higher total organic carbon content but a lower C/N ratio [18]. 

Moreover, higher heating rates provided the larger pores and greater pore surfaces of 

biochar [19]. It has been reported that biochar addition in the single-phase AD 

increased 13% of biogas yield in citrus peel waste [20] and 23% of biogas yield in 

food waste [21]. 

Previous studies at the UWA Centre for Energy have shown that the addition of 

certain biochar to the TPAD system can also reduce the lag phase period in both 

phases, prevent acid accumulation, and therefore increase H2 and CH4 production 

[22]. Due to the porous structure, biochar becomes a suitable supporting material for 



3 
 

methanogenic bacteria [23,24].  However, the study of the effect of biochar on the 

performance of TPAD was very preliminary. It is known that the properties of chars 

vary with feedstock and pyrolysis conditions, which will in turn affect the 

performance of anaerobic digestion [25]. Most importantly, the working mechanisms 

of biochar in promoting both H2 and CH4 production are yet to be understood. 

Therefore, there are both scientific and technical reasons to study the effect of 

different types of biochar and their properties in enhancing H2 and CH4 yield in 

TPAD and the underlying working mechanisms. 

 

1.2 Scope and aims 

The overall aim of this project is to understand the mechanism of biochar in 

enhancing H2 and CH4 production. Within this scope, the role of minerals in biochar 

in the first phase of batch TPAD to produce H2 was analyzed using bench-scale 

research. Secondly, the role of minerals in biochar in the second phase of batch 

TPAD to produce CH4 was investigated using bench scaled study. Thirdly, 

knowledge accumulated from bench-scale results deepened the understanding of the 

effect of biochar in the semi-continuous operation of H2 and CH4 production using a 

continuous stirred tank reactor (CSTR). In addition, this work also studied the effect 

of biochar addition on the microbial community during H2 and CH4 production. 

Lastly, the effect of biochar to remove H2S from biogas was investigated using a 

packed column reactor.  
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1.3 Thesis structure  

This thesis comprises eight chapters designed to a set of logically sequenced topics 

of work and discussion. The thesis structure is schematically shown in Figure 1.1 

and each chapter is outlined as follows: 

Chapter 1 Defines the scope, overall aims and the thesis structure 

Chapter 2 Reviews the existing knowledge in the open literature on the 

principle of anaerobic digestion (AD) and two-phase anaerobic 

digestion (TPAD), leading to the factors influencing TPAD 

operation, existing studies of biochar utilization in H2 and CH4 

production, and biogas cleaning. This finally leads to the 

identification of gaps and specific objectives for the present 

research.  

Chapter 3 Present the methodology and approaches used to achieve the 

research objectives identified in chapter 2, along with the 

explanations of the experimental set-up of bench-scale, semi-

continues operation in five-litre reactors and H2S removal from 

biogas.  

Chapter 4 Investigates the role of minerals in biochar in promoting 

hydrogen production on the batch operation of the first phase.  

Chapter 5 Studies the role of minerals in biochar on methane production on 

the batch operation of the second phase 

Chapter 6 Demonstrate the effect of biochar on the production of hydrogen 

and methane during semi-continuous two-phase anaerobic 

digestion (TPAD). 
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Chapter 7 Studies the effect of biochar to remove H2S from biogas using a 

packed column reactor. 

Chapter 8 Evaluates the findings from the present research and discuss the 

implications of these findings in a practical process, along with 

the new gap identified for future research 

Chapter 9 Draws the conclusions from the present research and provides a 

set of recommendations for further research in the future. 
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Figure 1.1  A schematic showing the structure of the thesis



Chapter 2. Literature Review 1 

 2 

This chapter provides an overview of the current status of knowledge of two-phase 3 

anaerobic digestion (TPAD). This review will first provide an overview of the 4 

fundamental steps of anaerobic digestion (AD) and two-phase anaerobic digestion 5 

(TPAD). The role of biochar on hydrogen production, such as bacterial 6 

immobilisation, buffer the pH, and provide temporary substrate during the hydrogen 7 

production will also be touched. This review will discuss the role of biochar on 8 

methane production, such as bacterial immobilisation, buffer the pH of the methane 9 

production, adsorption of inhibitor, and the direct interspecies electron transfer. The 10 

biochar effect on H2S removal will also be discussed. Through this literature review, 11 

the current knowledge and technology gaps are identified and the specific research 12 

objectives of this study are chosen from the gaps, which is the basis upon which this 13 

research was developed. 14 

 15 

2.1 Anaerobic Digestion (AD) 16 

AD is a biochemical process that degrades organic substrates in a zero-oxygen 17 

environment by a complex anaerobic microbial ecosystem. The AD process 18 

produces usable products such as biogas and digested materials [1,26,27]. AD 19 

technology is widely used and plays an important role in both waste treatment and 20 

energy generation [1]. AD is also used in effluent treatment from municipal sewage, 21 

food and beverage industries and agriculture, in developed and developing countries. 22 

This process occurs naturally in soil, old landfills, or the stomachs of animals. Two 23 
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methods of AD commonly used are single-phase anaerobic digestion and two-phase 1 

anaerobic digestion.  2 

2.1.1 Principles of Anaerobic Digestion 3 

The breakdown of organic polymers during the anaerobic digestion process produces 4 

biogas. Biogas largely consists of 50-75% methane (CH4) and 25-45% carbon 5 

dioxide (CO2), along with trace amounts of hydrogen (H2), hydrogen sulphide (H2S), 6 

ammonia (NH3), oxygen (O2), nitrogen (N2), and water vapour (H2O). The 7 

biotransformation reactions in an anaerobic digestion process are hydrolysis, 8 

acidogenesis, acetogenesis, and methanogenesis (Figure 2.1).  9 

 10 

Figure 2.1 A schematic diagram of the major steps in an AD and TPAD: 1. 11 

fermentative bacteria; 2. acetogenic bacteria; 3. syntropic acetate-12 

oxidising bacteria; 4. homoacetogens; 5. azeotropic methanogens; 6. 13 

hydrogenotrophic methanogens. Notes; AA; amino acids; LCFA: 14 

long-chain fatty acids; VFAs: volatile fatty acids. 15 



9 
 

a. Hydrolysis 1 

The first stage of AD is hydrolysis, in which complex macromolecular organic 2 

polymers (carbohydrates, proteins, lipids and nucleic acids) are broken down into 3 

smaller molecules (glucose, glycerol, amino acids, fatty acid and other related 4 

compounds). Hydrolytic fermentative bacteria, including Clostridium, Bacillus, 5 

Proteus vulgaris, Vibrio, Peptococcus, Acetovibrio celluliticus, Micrococcus, 6 

Staphylococcus, and Bacteroides (Table 2.1), are responsible for the 7 

depolymerisation of organic materials. This reaction is catalysed by extra-cellular 8 

hydrolysis enzymes, such as amylases, lipase, protease, and cellulose excreted from 9 

hydrolytic bacteria, that are required to break apart polymers into their basic building 10 

units (monomers) during hydrolysis [28]. The soluble products of hydrolysis are 11 

transported across the cell membrane of bacteria.  Hydrolysis can be represented by 12 

the following reaction: 13 

     (R2.1) 14 

Hydrolysis is the most energy-consuming and rate-limiting step of the overall AD 15 

process [29]. Hydrolysis can be accelerated by pre-treatment of the substrate in order 16 

to break the polymers by chemical, biological, mechanical or/and thermal 17 

processes[30,31]. Westerholm et al. (2019) found that thermal pre-treatment of 18 

household waste by high-pressure steam at 165ºC increases the biodegradability of 19 

feedstock and enhances CH4 yields by 15% [32]. The pre-treatment of chicken 20 

manure by microorganisms (such as Bacillus subtilis, Bacillus megaterium, Bacillus 21 

licheniformis, Bacillus amyloliquefaciens, Bacillus thuringiensis, Nitrosomonas and 22 

raw poultry manure) has also been shown to prevent VFA accumulation and increase 23 

the concentration of CH4 by up to 10.4% [33], by supporting increased degradation 24 
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of the manure. Conversely, chemical pre-treatment of grass silage using NaOH 1 

actually decreased CH4 production but increased H2 production during TPAD by 2 

enhancing hydrolysis[34]. The combination of chemical and thermal pre-treatment of 3 

an algal bloom using steam acid provides advantages during the TPAD process. 4 

Steam acid treatment resulted in the breakdown of the amorphous structure 5 

(hemicellulose and cellulose) of the algal biomass into macromolecules that 6 

enhanced H2. Moreover, acetic acid and butyric acid support metabolic processes in 7 

methanogenic archaea during CH4 production[35].  The efficiency of the hydrolysis 8 

process is, therefore, key to the success of TPAD. 9 

b. Acidogenesis 10 

Acidogenesis or acidification is the second stage of AD and TPAD. During 11 

acidogenesis, the monomers formed by hydrolysis are fermented to produce H2 and 12 

various intermediate products, such as volatile fatty acids or VFAs, CO2, and other 13 

organic products, such as lactate and alcohols[28,29,31]. Fermentation is carried out 14 

by a variety of bacteria, including Clostridium, Bacillus, Lactobacillus, 15 

Staphylococcus, Escherichia, Pseudomonas, Desulfovibrio, Selenomonas, 16 

Veillonella, Desulfobacter, Sarcina, Eubacterium limosum, Streptococcus, 17 

Desulfomonas, and Streptococcus (Table 2.1). Acidogenesis can be represented by 18 

the following reactions (R2.2, R2.4 and R2.4): 19 

      (R2.2) 20 

    (R2.3) 21 

       (R2.4) 22 
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The most prevalent products of acidogenesis are acetic, propionic, and butyric acid, 1 

which has molar ratios that vary from 75:15:10 to 40:40:20 [36,37]. The 2 

concentration of acetic, propionic, and butyric acid depends on the concentration and 3 

characteristics of the feedstock and the operating conditions of AD. Temperature and 4 

pH have been shown to be the most crucial operating conditions for optimal 5 

acidogenesis. Eryildiz et al. (2020) reported that by maintaining pH at 6 during 6 

acidogenesis, VFA production increased by 95% (from 0.161 gVFA.gVS-1 to 0.314  7 

gVFA.gVS-1) [38]. Furthermore, pH can directly control the dominant VFA formed 8 

during fermentation. Another study reported that acetic acid was dominant in 9 

alkaline conditions, while butyric acid was dominant in acidic conditions [39]. While 10 

then mechanisms are the same, H2 is harvested in the first phase of TPAD and the 11 

VFAs are used directly as a substrate for methanogens in the second phase, as acetic 12 

and butyric acid are the primary precursors for CH4 production[40]. 13 

14 
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Table 2.1 Types of bacteria in TPAD [28] 1 

Degradation 

Stage 
Bacterial 

Group 
Type of 

conversion 
Type of bacteria 

Hydrolysis Hydrolytic 

bacteria 
Protein to soluble 

peptides and amino 

acids 

Clostridium, Proteus vulgaris, 

Peptococcus, Bacillus, Vibrio 

Carbohydrates to 

soluble sugar 
Clostridium, Acetovibrio 

celluliticus, Staphylococcus, 

Bacteroides 

Lipids to fatty 

acids or alcohols 

and glycerol 

Clostridium, Micrococcus, 

Staphylococcus 

Acidogenesis Acidogenic 

bacteria 
Amino acids to 

fatty acids, acetic 

acid and NH3 

Bacillus, Lactobacillus, 

Pseudomonas, Escherichia, 

Desulfovibrio, Staphylococcus, 

Sarcina, Selenomonas, Veillonella, 

Desulfobacter, Streptococcus, 

Desulfomonas 

Sugar to 

intermediary 

fermentation 

products 

Clostridium, Eubacterium 

limosum, Streptococcus 

Acetogenesis Acetogenic 

bacteria 
Higher fatty acids 

or alcohols to H2 

and acetic acid 

Clostridium, Syntrophomonas 

wofeii 

VFA and alcohols 

to acetic acid or H2 
Sytrophomonas wolinii, 

Sytrophomonas wolfei 

Methanogenesis CO2 reducing 

methanogens 
H2 and CO2 to CH4 Methanobacterium, 

Methanoplanus, 

Methanobrevibacterium, 

Methanospirillum 

Acetoclastic 

methanogens 
Acetic acid to CH4 

and CO2 
Methanosaeta, Methanosarcina 

2 
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c. Acetogenesis 1 

The third stage of AD is acetogenesis, in which the organic acids (fatty acids, alcohol 2 

and aromatic fatty acids) are converted to acetic acid and H2 by acetate forming 3 

bacteria in a strictly anaerobic condition. In the acidogenic phase, acetogenic 4 

bacteria become an intermediate metabolic group to produce an appropriate substrate 5 

for the methanogenic microorganisms. In the acetogenesis stage, acetogenic bacteria 6 

convert all products of acidogenesis into acetic acid, H2, and CO2. The obligate 7 

hydrogen-producing acetogenic bacteria are Sytrophomonas wolfei and 8 

Sytrophomonas wolinii. Acetates are the most critical intermediate product of the 9 

process of methane digestion. During this stage, 25% of acetates are produced, and 10 

11% of H2 is formed [41]. Acetate forming bacteria are growing with a symbiotic 11 

relationship with methanogenic archaea. Acetogenic microorganisms have the 12 

characteristic to grow in the optimum pH around 6, need anaerobic conditions and 13 

have long periods for adjusting to environmental changes[42]. Acetogenesis can be 14 

represented by the following reactions (R2.5 - R2.7): 15 

  (R2.5) 16 

    (R2.6) 17 

    (R2.7) 18 

Acetic acid is also produced by homoacetogenesis, which is a crucial step following 19 

acetogenesis. In the homoacetogenesis process, the homoacetogenic microorganism 20 

synthesises acetic acid from H2 + CO2 by the Wood-Ljungdahl pathway[43]. During 21 

Wood-Ljungdahl pathway, the homoacetogenic microorganism converts CO or CO2 22 

+ H2 to produce acetyl (Co-A), assimilate CO2, and catalyse acetate formation.  23 

24 
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d. Methanogenesis 1 

The last stage of AD is the formation of methane gas by methanogens, called 2 

methanogenesis. The methanogenic archaea (Methanobacterium, 3 

Methanobrevibacterium, Methanoplanus, Methanospirillum, Methanosaeta, and 4 

Methanosarcina) metabolise H2, CO2, and acetate produced by previous stages to 5 

form methane. Methanogenesis occurs through two pathways: acetoclastic 6 

methanogenesis (acetate dissimilation) and hydrogenotrophic methanogenesis (H2 7 

and CO2 reduction). Acetoclastic methanogens ferment acetic acid to CH4 and CO2 8 

(reaction 3). 70% of the total methane produced is derived from acetoclastic 9 

methanogenesis. Hydrogenotrophic methanogenesis accounts for the remaining 30% 10 

and is the complex result of hydrogenotrophic methanogens reducing CO2 by H2 11 

through a series of chemical reactions (R2.8 - R2.11) [31].  12 

    (R2.8) 13 

      (R2.9) 14 

       (R2.10) 15 

     (R2.11) 16 

Although AD has been well practised for many decades, there are many drawbacks. 17 

In an AD system, acid-forming bacteria and methane-forming bacteria are mixed in 18 

one vessel with the same physical and chemical environment. Unfortunately, those 19 

two groups of organisms have different requirements for optimal growth and their 20 

metabolic characteristics, nutrient requirements, physiology, and sensitivity to 21 

environmental stresses differ significantly. As such, this leads to low gas production 22 
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because the optimum environments cannot be provided for both groups of organisms 1 

simultaneously. The reactions in conventional AD are slow, and the process has poor 2 

stability and high sensitivity to biological and environmental changes [44]. During 3 

AD, acidogenic and methanogenic bacteria digest the substrate together [45], leading 4 

to an imbalance between the two microorganisms due to the differences in nutrition 5 

and environmental conditions. Most importantly, the biogas produced by AD 6 

(mainly containing CH4 and CO2) has a low heating value[3], poor flame stability[4], 7 

and too low ignition quality to be used in gas engines[4].  Therefore, to optimise AD, 8 

increase the stability of the reactor and improve biogas quality, innovative 9 

alternatives are required. 10 

2.1.2 The Principle of Two-Phase Anaerobic Digestion (TPAD) 11 

Two-phase anaerobic digestion (TPAD) was derived as an alternative process to 12 

address and overcome the limitations of AD. TPAD is a process that produces H2 13 

and CH4 using two separate digesters that are run in series (Figure 2.2) [5]. The first 14 

bioreactor is optimised for H2 production and uses acidogenic and acetogenic 15 

bacteria to convert biodegradable materials to hydrogen (H2), carbon dioxide (CO2) 16 

and VFAs. The second bioreactor uses the effluent from the first digester as a 17 

feedstock and is optimised for the conversion of VFAs to CH4 and CO2 [5–7,46].  18 

In TPAD, the hydrolysis process in phase 1 is operated at a higher temperature than 19 

the methanogenesis process in phase 2[27]. The first phase of TPAD combines 20 

stages 1 and 2 of the conventional AD process. The process is rapid and optimum at 21 

short hydraulic retention time (HRT) (<3 d) and pH 5.5 – 6.5. During this phase, 22 

VFAs are generated by the complete conversion of feedstock, H2 is produced by 23 

hydrolysis and the resulting effluent is passed onto the second phase of TPAD. The 24 
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second phase of TPAD combines stages 3 and 4 of conventional AD. The second 1 

phase is generally operated for longer HRT (5–30 d) than the first phase because 2 

methanogens are slow-growing and function best at pH 7.0–7.5[27,36,47]. During 3 

phase 2, VFAs are continuously broken down to acetic acid and H2 by acetogenesis, 4 

which is used by methanogenic microorganisms to produce CH4. The gas from each 5 

phase can then be mixed to form biogas that is further cleaned before application. 6 

Separating AD into the two phases allows for the production of H2-enriched biogas, 7 

which is desirable as H2 addition in biogas enhances the quality of ignition in gas 8 

engines [3].  In fact, the addition of only 5% hydrogen in biogas provides efficient 9 

stability enhancement, increased the flame temperature and reduced flame height [4]. 10 

Moreover, Zhang (2017) reported that hydrogen addition in the TPAD system 11 

increased engine power output and thermal efficiency [48].  12 

 13 

Figure 2.2 Schematic diagram of TPAD 14 

Using TPAD in the fermentation of food waste increases the total energy recovery 15 

by 18% compared to AD[49]. A study directly comparing AD and TPAD using food 16 

waste showed that TPAD had higher specific gas production rate (0.88 m3
biogas.kgvs

-1) 17 

and removal efficiency (93%) than AD (0.75 m3
biogas.kgvs

-1 and 77%, respectively) 18 
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under thermophilic conditions [50]. The first phase of TPAD buffers the system by 1 

avoiding a sudden pH drop caused by the accumulation of VFAs, which has a 2 

negative effect on methanogenesis and leads to reactor failure in AD [49]. Therefore, 3 

by separating the two phases, TPAD greatly improves the overall performance of 4 

AD. 5 

2.2 Factors influencing TPAD  6 

During operation, several vital parameters influence the performance of TPAD.  7 

Factors including feedstock, microbes, pH, temperature, organic loading rate and 8 

hydraulic retention time can enhance or inhibit the biogas yield, substrate 9 

degradation or specific growth rate.  10 

2.2.1 Feedstock 11 

Feedstock for TPAD is comprised of a range of simple and complex organic and 12 

inorganic materials, which vary in composition and concentration depending on the 13 

source. There are three main types of feedstock for TPAD; (i) Carbohydrate-rich 14 

material, such as food waste [15,49,51,52], sugarcane bagasse [53] and grass [47,54] 15 

from the sugar, fruit and vegetable processing industries; (ii) protein-rich materials, 16 

such as residues from dairy production [55], cheese whey [56] slaughterhouse waste, 17 

pig and chicken manure, and ethanol industry stillage; and (iii) fat-rich materials, 18 

such as from the edible oil industry and palm oil mills[57,58].  19 

The evaluation of feedstocks for TPAD for gas potential analysis is determined by 20 

their volatile solids (VS), chemical oxygen demand (COD) value, biological oxygen 21 

demand (BOD) value, or carbon to nitrogen ratio C/N). Previous studies concern 22 

with the C/N ratio of feedstock because it indicates the process stability in the form 23 
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of ammonia-nitrogen accumulation in the digester[59–61]. The optimal C/N ratio to 1 

promote microbial growth is between 15 and 30 [36]. High feedstock C/N ratios 2 

produce low gas production yields due to less nitrogen availability for microbial 3 

growth. However, if the C/N ratio of the feedstock is very low, there is an 4 

accumulation of toxic ammonia, which severely impacts microbial growth. Suitable 5 

co-substrates and adjustment of C/N ratio to its optimum value or culture enrichment 6 

in the system minimise these inhibition problems. Moreover, to increase nutrients 7 

and improve the feedstock quality, supplementation materials may be added to the 8 

reactor, such as enzymes, activated carbon or biochar.  9 

2.2.2 Microbial community 10 

The microbial community is another vital control of the TPAD process, as the 11 

microorganisms break down organic matter to produce H2 and CH4. The key success 12 

of TPAD depends upon the feasibility of separating and maintaining acid-forming 13 

bacteria in the first phase and methane-forming archaea (methanogens) in the second 14 

phase. The common phase split in the two reactors occurs after hydrolysis to produce 15 

VFAs, which are used as a feedstock in the second phase.  16 

Generally, the microbes are sourced from pure cultures or mixed cultures. H2 and 17 

CH4 production using a pure culture mean the reactor is restricted to a single, 18 

specific microbe grown in isolation. Using a pure culture has the advantage of 19 

predictable metabolic pathways and controllable performance [62]. Mixed cultures, 20 

as the name suggests, consists of a variety of microbes. Mixed cultures allow for 21 

more flexibility in H2 and CH4 production, as well as the ability to remove unwanted 22 

by-products. However, the application of mixed cultures in AD has several 23 

drawbacks, including increased biomass washout, low HRT, and unstable bacterial 24 
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populations [63]. To combat this, an attached growth media can be applied to retain 1 

the biomass in the reactor.  2 

The microbial community’s immobilisation is crucial for the TPAD process, 3 

especially with regard to enhance the methanogenesis in direct interspecies electron 4 

transfer (DIET). DIET mechanism is recognised by electron transfer between 5 

microorganisms via intracellularly generated metabolites. During the DIET process, 6 

electrons were transferred between methanogens and syntrophic bacteria using H2 or 7 

formic acid as the carrier [64]. DIET has been suggested to improve energy recovery 8 

during CH4 production compared to common electron carriers [65]. Previous studies 9 

have been reported that three types of DIET mechanisms are electron transport via 10 

proteins, conductive pili, and electron transfer via conductive materials [66,67]. 11 

2.2.3 pH 12 

The pH has a strong control on microbial growth and biogas production, and thus the 13 

stability of TPAD. The ideal pH range depends on the enzyme activity of the target 14 

microbes, as well as the conditions needed to ensure continued microbial growth. As 15 

such, pH monitoring as a liquid-phase indicator of the performance and stability of 16 

TPAD is often vital. 17 

In the first phase of TPAD, acidic and alkaline compounds are produced, which alter 18 

pH. Fermentative bacteria can survive over a wide pH range, with the range of pH 19 

between 5.0 – 6.5 being most favourable for H2 producing bacteria. Acetic acid 20 

production is optimum when the pH in the first phase of TPAD can be maintained at 21 

pH 5.5. However, when pH is less than 4.0, VFA production increases and causes 22 

acid accumulation and microbial inhibition [36].  23 
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Methanogens in the second phase of TPAD are particularly sensitive to variation in 1 

the pH [68]. Several studies have suggested that methanogens work most effectively 2 

at pH between 6.5 and 7.5 [36], with the optimum at pH 7.0 [39]. In these studies, it 3 

was shown that the rate of CH4 production decreased when pH was lower than 6.3 or 4 

higher than 7.8 due to the inhibition of methanogens [45]. However, later studies 5 

showed that optimum pH was not only microbe specific but would also depend on 6 

the type of feedstock selected. Gosh, et al. (1995) reported that the optimal pH for 7 

methanogens was 5.8 when using municipal wastewater as feedstock [69,70]. Other 8 

studies that directly compare feedstocks demonstrated that optimum pH varied from 9 

7.2 to 8.0 when using synthetic wastewater as feedstock, respectively [71,72]. 10 

Nonetheless, most studies have reported that a pH greater than 8 favours ammonia 11 

production, which can reduce biogas production [33,73].  12 

There are two strategies to maintain the optimal pH during AD. The first strategy is 13 

to give the methanogens sufficient time to degrade excess VFAs, whose presence 14 

inevitably lowers the pH, by stopping the addition of feed to the reactor. However, 15 

while the degradation of excess VFAs raises the pH, it inevitably results in overall 16 

decreased production of biogas because the process is time-consuming. The second 17 

approach is to raise the buffering capacity of the reactor by adding alkalis, such as 18 

sodium bicarbonate, sodium nitrate, potassium bicarbonate, calcium hydroxide, and 19 

calcium carbonate[28]. The addition of alkalis, however, increases the production of 20 

ammonia, which inhibits microbial activity. 21 

2.2.4 Temperature 22 

Microbial growth and TPAD performance strongly depend on the operating 23 

temperature of each reactor. Anaerobic digestion can be applied in three temperature 24 
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ranges from 10 to 30ºC (psychrophilic), 30 to 40ºC (mesophilic) and 40 to 75ºC 1 

(thermophilic). Most microbes have the best growth and metabolic activity under 2 

mesophilic and thermophilic conditions, but optimal temperature ranges often do not 3 

overlap. The advantage of TPAD is the ability to separate the acetate-forming 4 

bacteria (thermophilic) from the methane-forming archaea (mesophilic) and run each 5 

within their optimum temperature range[74].  6 

During TPAD operation, various result on temperature effect on system performance 7 

was found. The variation of the optimum temperature in the first phase of TPAD 8 

may be caused by the origin of the inoculum. Mamimin et al. [75] used inoculum 9 

from a pilot-scale thermophilic biogas reactor for H2 production from palm oil mill 10 

effluent at 55 ºC, which is dominant with Thermoanaerobacterium 11 

thermosaccharolyticum bacteria.  Krishnan et al. [58] also studied the production of 12 

hydrogen using the inoculum from full scale thermophilic treating pam oil mill 13 

effluent at 55°C. The result showed that Thermoanaerobacterium was dominant 14 

during H2 production due to the thermophilic condition[76]. On the other hand, Jung 15 

et al. [77] investigated the production of hydrogen using inoculum from brewery 16 

wastewater at mesophilic conditions. This study proposed that Clostridium 17 

butyricum was the major bacteria during hydrogen production due to the mesophilic 18 

condition.   19 

In the second phase of TPAD, Cao et al. [78] reported that CH4 production was 20 

48.7% (20.15 L.kg-1
VSfeed.d

-1) higher at mesophilic temperatures than psychrophilic 21 

temperatures (13.55 L.kg-1
VSfeed.d

-1) and 9 fold higher than thermophilic temperature 22 

(2.08 L.kg-1
VSfeed.d

-1). Consistently low production of CH4 under psychrophilic 23 

conditions is linked to decreased microbial activity at these temperatures [78]. 24 
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Moreover, the very low CH4 production of methanogens at thermophilic 1 

temperatures can be attributed to NH3 inhibition of the acidogenic bacteria and 2 

methanogenic archaea [78].  3 

2.2.5 Organic loading rate (OLR) 4 

The OLR is essential for maintaining the performance and stability of AD. OLR is 5 

defined as the organic material in kilograms that a system intakes over a defined 6 

volume in a day expressed as kg.VS.m-3.d-1 or kg.COD.m-3.d-1[27]. The OLR 7 

controls the functional microbes by providing nutrition and energy to microbes 8 

during AD. While high OLR provides adequate nutrition in support of microbial 9 

growth, it may also lead to high VFA production that destabilises the AD system. 10 

In AD, OLR needs to be high due to the complexity of acquainting various microbial 11 

consortia in a single system to its optimum conditions. The optimum OLR in AD of 12 

organic municipal/food waste is typically between 1 and 4 kg.VS.m-3.d-1 and strongly 13 

depends on the operating conditions and reactor configuration[79]. However, high 14 

OLR in AD causes microbial inhibition, inactivation of biomass and restart of the 15 

systems [27]. 16 

In the TPAD system, the production of H2 and CH4 in different phases under optimal 17 

conditions provides the opportunity to increase OLR. Aslanzadeh et al. (2014) 18 

studied the effect of OLR in AD and TPAD using food waste. They found that 19 

TPAD produces a higher methane volume than AD. In AD, the highest methane 20 

yield was achieved when the OLR was only 3 gVS.L-1.d-1. When OLR was increased 21 

4 and 12 gVS.L-1.d-1, AD did not produce methane due to acid accumulation, while  22 

TPAD was producing a high methane yield [79]. It is may be TPAD has sufficient 23 

time to convert VFA to methane in high OLR using two reactors than a single 24 
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reactor. While the application of TPAD has been shown to allow for increased OLR, 1 

the operational cost needs to be evaluated. [27]. 2 

2.2.6 Hydraulic retention time (HRT) 3 

The hydraulic retention time (HRT) is the average time that organic material remains 4 

in the digester as a substrate, typically described as the ratio of the volume of the 5 

digester to the daily feed flow rate. HRT is a crucial parameter in AD since it 6 

indicates the time available for microbial growth and conversion of the substrate to 7 

H2 or CH4 [80]. The optimal HRT depends on the total solid content of the substrate, 8 

environmental conditions, and intended use of the digested material.  9 

Generally, AD is operated at an HRT of 18-30d, varying depending on the operating 10 

temperature [27,68]. Long HRT utilised in AD accommodates the wide range of 11 

microbial consortia, especially the methanogenic archaea that grow slowly. In 12 

contrast, TPAD can be operated at a much shorter  HRT, where the HRT is adjusted 13 

for ideal microbial community growth[79]. Most TPAD uses a combined HRT 14 

between 10 – 18d, which also reduces the size of the reactor by between 25 – 15 

45%[27].  16 

The optimum HRT for H2 and CH4 production during TPAD operation was varied in 17 

some previous studies. Maspolim et al. (2013) studied the effect of HRT during two-18 

stage of AD from municipal wastewater plant at 35ºC [69]. It was reported that the 19 

maximum methane production was obtained at 2 and 10 days of HRT for acidogenic 20 

and methanogenic stages, respectively. On the other hand, Krishnan et al. (2017) 21 

conducted at lab scale two-stage of palm oil mill effluent in thermophilic and 22 

mesophilic conditions.  The result showed that the maximum H2 and CH4 production 23 

was achieved at 2 days of HRT and 5 days of HRT, respectively. Therefore, the 24 
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optimum HRT can vary for TPAD depending on the feedstock, temperature 1 

operation and types of microbial. 2 

2.2.7 Additives 3 

The generation of H2 and CH4 in TPAD has been enhancing through several 4 

methods.  Some varieties of treatments have been conducted to increase H2 and CH4 5 

production in TPAD, such as improve process stability by digestate 6 

recirculation[8,9], co-digestion with different organic substrates [8], adoption of pre-7 

treatment to enhance degradability of various substrates [10], and use organic or 8 

inorganic additives. Among the various process enhancement strategies which have 9 

been investigated, the supplementation of organic or inorganic additives was 10 

applicable.  11 

Previous literature has demonstrated a need to improve the performance and biogas 12 

yields of TPAD, which are limited by microbial stability. Supplementation of 13 

additives, including natural zeolite (clinoptilolite) and activated carbon, have been 14 

shown to enhance microbial growth and enzymatic activation. The addition of 15 

additives provides distinct advantages, such as reducing the lag phase and providing 16 

a large surface area for microbial growth. However, the application of clinoptilolite 17 

is not feasible for large biogas production due to the high cost.   18 

Biochar is the solid residue of pyrolysis of biomass, also known as charcoal, which 19 

has a large specific surface area and porous structure[17]. The properties of biochar 20 

are dependent on the types of starting material and pyrolysis temperature. Zahra et 21 

al. (2015) found that biochar produced at low temperatures (300ºC) had a lower 22 

porosity than biochar produced at high temperatures (700º) [18]. Zhao et al. (2017) 23 

reported that biochar with high pyrolysis temperature (600ºC) had a higher surface 24 
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area than lower pyrolysis temperature (300ºC) [81].  The authors also showed that 1 

higher heating rates provided larger pores and higher total porosity in biochar[19]. 2 

The variation of these properties of chars will, in turn, affect the performance of 3 

anaerobic digestion[25].  The addition of biochar provides micronutrients and trace 4 

elements that are required to enhance enzyme activation and improve microbial 5 

activity [16].  6 

During the H2 production stage of TPAD, the presence of many trace elements (e.g. 7 

Fe, Ni, Co) are beneficial to H2 yields. Kim et al. (2013) and Ezebuiro et al. (2017) 8 

showed that supplementation of certain metals (e.g. Fe, Ni, Co, Mo, Se etc.) 9 

enhances COD solubilisation (SCOD), VFAs production, and increased hydrolysis 10 

and acidification rates [82] [83]. Micronutrients, such as Co, Ni, Mo, W, and Se, also 11 

stimulate syntrophic bacteria growth during acetogenesis by converting VFAs to 12 

precursors of methanogenesis [84,85]. In the second phase of TPAD, the 13 

methanogenic activity is also greatly influenced by trace elements from the 14 

feedstock. Molaey et al. (2018) reported that the addition of Co, Mo, Ni, Se and W 15 

during CH4 production from chicken manure increased CH4 yield by improving the 16 

population and activity of hydrogenotrophic methanogens [86].  17 

Fe is an essential element for microbial growth. The source of Fe can be zero-valent 18 

iron (Fo), FeSO4 and FeCl2. Several studies on the effect of Fe addition on H2 and 19 

CH4 production from different studies are shown in Table 5. Some studies have been 20 

reported that the appropriate concentration of Fe increase could enhance H2 and CH4 21 

production, but the optimal Fe for each H2 and CH4 process was different. Zhang et 22 

al. (2017) investigated the effect of different Fe2+ concentrations ranged from 0 to 23 

300 mg.L-1 on H2 production from glucose[87]. The result showed that the optimal 24 
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H2 yield was achieved with the addition of Fe2+ by 200 mg.L-1
 and the addition of 1 

Fe2+ with more concentration reduced the H2 yield. The authors concluded that the 2 

supplementation of Fe2+ with appropriate concentration facilitated hydrogenase and 3 

ferredoxin activity. Hence, the Fe supplementation enhances hydrogen production. 4 

Feng et al. (2014) reported the effect of different Feo concentrations from 0 to 20 5 

g.L-1  on CH4 production from active waste sludge [88]. The authors concluded that 6 

the highest CH4 production was achieved with the addition of Feo by 10 g.L-1 and the 7 

successive addition in Fe level to 20 g.L-1 gave a slight increase in the CH4 8 

production. The presence of appropriate Fe concentration enhanced acetic acid 9 

production by H2-producing bacteria that were also increasing Methanosaeta growth. 10 

Meng et al. (2013) indicated that Fe supplementation promotes the growth of 11 

propionate utilising and homoacetogenic bacteria, which improve the propionate 12 

conversion rate and contribute to CH4 generation [89].  As previously stated, the 13 

addition of Fe was crucial for microbial growth in AD, as it stimulates the formation 14 

of cytochromes and ferredoxin (Fd), which are important for cell energy metabolism 15 

[90]. Therefore, the Fe supplementation on CH4 production provides the benefit to 16 

enhance the yield.  17 

 18 

2.3 The Role of Biochar in Hydrogen Production 19 

This section reviews the existing studies on biochar utilisation in H2 production and 20 

the possible mechanism by which it enhances H2 production. Several studies 21 

investigated the effect of biochar on H2 production (Table 2.2). This section will 22 

discuss three main mechanisms of biochar in enhancing H2: bacterial immobilisation, 23 

pH buffering and providing temporary nutrients. 24 
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2.3.1 Stimulating of H2-Producing Bacteria Immobilisation  1 

Bacterial immobilisation using biofilms as natural cell entrapment is an important 2 

strategy for H2 production. Bacterial immobilisation is the attachment of bacteria to 3 

the surface of solid material to establish microbial colonisation. Patel et al. [91] 4 

found that the immobilisation of a defined mixed culture increased H2 four-fold 5 

compared to AD that allowed free-floating cells. Moreover, immobilisation of the 6 

bacterial cells on the biofilm provides a robust environment for H2 production by 7 

bolstering bacterial resistance to environmental stress [92].  8 

Biochar is beneficial to biofilm formation because it has a rich pore structure, large 9 

specific surface area and large pore volume where the microbes can attach [73], [96], 10 

[97]. Biochar also has the added benefits of high biomass holding capacities and 11 

durability under extreme environmental conditions, ease of handling, simple 12 

immobilisation process, and economic viability [93,96]. Moreover, biochar contains 13 

many crystalline minerals that are beneficial for bacterial immobilisation[95]. Li et 14 

al. (2020) reported that the porosity of biochar increased bacterial immobilisation 15 

and thus improved H2 production[93]. The colonisation of porous materials in 16 

biochar by microbes can alter the resistance of cells from product inhibition and thus 17 

improve cell growth [93]. Sunyoto et al. (2019) investigated the possibility of 18 

accelerating biofilm formation by adding biochar during the start-up of the two-19 

phase anaerobic digestion process demonstration unit[15]. In 15d, the hydrogen 20 

reactor was able to reach stable performance with high H2 production, suggesting the 21 

development of biofilm rich in active hydrogen-producing bacteria.  22 

The high porosity of most biochars leads to high available surface areas. The pores 23 

on the biochar are divided into micropores, mesopores and macropores and are 24 
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defined by the width of the opening. Micropores are important for the adsorptive 1 

capacity and surface area of biochar, while the mesopores are essential for the liquid-2 

solid adsorption process and the macropores are responsible for aeration [97]. In AD, 3 

porous biochar provides a high surface area for the adhesion and growth of 4 

hydrogen-producing bacteria [93,98] and methane-producing archaea [99,100] while 5 

reducing inhibition by adsorbing the inhibitors [2]. The surface area and porosity of 6 

biochar strongly depend on the initial properties of the feedstock and the pyrolysis 7 

temperature[101]. Zhao et al. (2017) found that if the temperature of pyrolysis of 8 

feedstock from apple tree branches was increased from 300 to 600°C, the resulting 9 

biochar had 98% (from 1.10 to 84.44 m2g-1) higher micropores [81]. This is because 10 

increasing pyrolysis temperatures can remove -OH, aliphatic C-O, and ester C=O 11 

groups [102–104], thereby producing biochar with a high surface area and porosity. 12 

On the other hand, Wang et al. (2017) reported that immobilised microbial growth in 13 

the pore of biochar was not strong using biochar derived from vermicomposting. It is 14 

because the biochar surface was not developed enough and the existing pore was not 15 

big enough to accommodate the bacteria[105].  16 



Table 2.2 Comperehensive review of biochar studes and biochar’s regulatory roles 

No Biochar 

source 

Pyrolysis 

condition 

(℃) 

Feedstock Type of 

digestion 

Reactor 

volume (L) 

Temperature 

(°C) 

pH AD parameters 

monitored  

Impact of biochar 

in AD observed  

Properties/mechanism of biochar 

highlighted 
 Ref 

1 Raw corn 

stalk 

300℃  Corn stalk 

hydrolysate 

contained 

Anaerobic 

sequential 

batch 

reactor 

(ASBR)  

1L 

(Working 

volume of 

600 mL) 

37 ± 1 °C 6.5–

7.2 

H2, VFA  H2 production 

increased by 63.4%  

Porous of biochar for microbial 

attachment 
[96]  

2 Sawdust, 

wheat bran, 

peanut shell, 

sewage 

sludge 

300, 500, 

and 700 

°C 

food wastes 

and 

dewatered 

sewage 

sludge (ratio 

4:1) 

glass 

bottles 

120 mL 35 °C 5.5 pH, H2, VFA H2 production rate 

increased by 18–

110% 

pH buffering  [106] 

3 woody mass 400-500  organic 

fraction of 

municipal 

solid waste 

(OFMSW) 

Duran 

reagent 

bottles 

500 ml 

(working 

volume of 

350 ml )  

37 ºC 5.5 H2, VFA H2 production rates  

increased 

- Promote biofilm formation,  

- mitigate ammonia inhibition  

[107] 

4 Sawdust 

was 

500 °C Grass 

biomass 

glass 

bottles 

150 mL 

(working 

volume of 

100 mL) 

37 °C 7.0 ± 

0.1 

H2, VFA, pH, 

VS, microbial 

community 

H2 yield increased 

by 16.2% with 

biochar addition, 

VFA improves 

10.3%, increased 

Clostridium 

- promote biofilm formation 

- mitigate soluble metabolites 

inhibition to H2 producers,  

- provide temporary nutrients  

[108]  

5 Corn-bran 

residue 

(CBR) 

600 °C Sewage 

sludge 

  800 ml 

(working 

volume of 

500 ml) 

37 °C 7.1 ± 

0.1 

H2, pH, VFA increase H2 

production by 29.11 

% 

- pH buffering   

- promote biofilm formation  

 

[87]  

6 calcium 

lignosulfona

te 

250 °C sewage 

sludge 

serum 

bottles 

625 ml 

(working 

volume 

of500 mL) 

54 ± 1 °C 7.0 ± 

0.2 

H2, pH, VFA H2 production 

increased by  62% 

(from 813 to 1309 

mL) 

- Provide inorganic nutrients  

- buffering agents.  

[98]  
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7 pinewood 650 C food waste  serum 

bottles 

100mL 

(woerking 

volume of 

60mL) 

18, 35, and 52 

ºC 

6 H2 biochar promoted 

higher volatile fatty 

acids generation in 

the H2 production 

phase  

- provides a high surface area 

for immobilizing bacteria 
[109]  

8 pinewood 650 C food waste  serum 

bottles 

100mL 

(woerking 

volume of 

60mL) 

35 ºC 7 H2, VFA H2 production rates 

increased by 

32.5%,  and H2 

yield by 31.0%, and 

shortened the lag 

phases in the two 

phases by 36.0%,  

- biochar provided temporary 

substrates  

- buffered pH  

[22]  

9 Rice straw 700 °C   serum 

bottles 

160 mL 37 °C 7 H2, VFA, pH, 

protein 

concentration 

H2 production 

increased by 

118.4% and 79.6% 

in ethanol-type and 

butyrate-type 

fermentations 

- The porosity of biochar 

boosted cell immobilization,  

- buffer the pH,  

- immobilize cells, and  

- release rich mineral nutrients 

[93]  

10 residue 

cornstalk 

600 ◦C cornstalk anaerobic 

bottles 

100mL 

(woerking 

volume of 

50mL) 

60 ± 1 ◦C and 7.5 H2, VFA, 

cellulosa, 

endoglucanase 

activity, beta-

glucosidase 

activity 

H2  production rate 

increased from 

156.2 to 286.1 mL 

H2/g substrate and 

3.5 to 5.7 mL H2/g 

substrate/h, 

respectively 

- bacteria attachment 

- promoted the cellulolytic 

enzyme activity 

[110] 

c



2.3.2 pH buffering potential during Hydrogen Production 1 

Biochars are typically alkaline in nature, with average pH between 7.5 and 10.5 2 

[111]. Biochar alkalinity is a product of the presence of negatively charged surface 3 

phenolic, carboxyl and hydroxyl groups and abundant alkali and alkaline elements in 4 

the ash [112]. The organic functional groups and the ash content are determined by 5 

the nature of the feedstock and the pyrolysis temperature [112]. The ash content 6 

promotes the formation of -OH groups on the surface of the biochar, effectively 7 

reducing its pH. Similarly, pyrolysis temperature affects the alkalinity by volatising 8 

acidic functional groups at different rates. Table 2.3 shows that biochars produced at 9 

high pyrolysis temperatures are more alkaline, as the rate of acid group volatilisation 10 

is much higher and increased burn-off leads to high ash concentrations.   11 

Table 2.3 Properties of biochar from different biomass in the anaerobic 12 

digestion system 13 

Source of biomass The 

temperature of 

pyrolysis (oC) 

pH Carbon 

(%) 

BET 

(m2g-1) 

Particle 

Size 

(mm) 

References 

Coconut shell 450 8.30 72.9 n.d. 1.7-2.0 [20] 

Rice husk 450 8.40 38.6 n.d. 1.7-2.0 [20] 

Wood 450 8.67 68.5 n.d. 1.7-2.0 [20] 

Pinewood  650 n.d. n.d. 2.78 5 and 10 [24] 

Fruitwood 800 8.63 83.2 n.d. 2-5, 0.5-1  

and 0.75-

1.50 

[113] 

Paper sludge and 

wheat husks 

(1:2v/v) 

500 9.30 51.5 n.d. n.d. [114] 

Wheat straw 

digestate 

230 4.80 65.3 n.d. n.d. [114] 

 14 



32 
 

H2 production occurs during the acidification process of AD. Hence, continuous 1 

VFA production decreases the redox potential (pH) of the reactor. Maintaining a 2 

high pH (pH 10) is vital for bacterial growth and sustaining the metabolic pathways 3 

of H2 production. Many studies have shown that the alkalinity of biochar contributes 4 

to its buffering capacity during H2 production. As discussed previously, the ash of 5 

biochar is, at least partially, responsible for the alkalinity of the biochar and bolster 6 

its pH buffering abilities [115]. Rezaeitavabe et al. (2020) investigated biochar's 7 

effect from sewage sludge and resin on H2 production of food waste at 32ºC[116]. 8 

They observed that biochar maintain the pH of culture and prevent pH drop because 9 

of high carbonate, amino acids and phosphate. Moreover, Chiappero et al. (2020) 10 

suggested that the buffering capacity of biochar prevents the rapid accumulation of 11 

acid during acidogenesis. This is, in part, related to the functional groups of biochar 12 

(such as amine) that adsorb H+ and accept electrons, thereby increasing the solution 13 

pH.  14 

However, the buffering capacity of biochar is inherently linked to feedstock and 15 

pyrolysis conditions. Wang et al. (2018) investigated 12 types of biochars derived 16 

from various organic feedstocks and different pyrolysis temperatures on H2 17 

production [106]. The authors found that the highest pH (10.33) of any biochar 18 

produced in the study originated from wheat bran feedstock and the highest pyrolysis 19 

temperature (700ºC). Nonetheless, the buffering capacity of all biochar, regardless of 20 

the feedstock, minimised the decrease in pH caused by the accumulation of VFAs 21 

[106]. 22 

23 



33 
 

2.3.3 Providing temporary substrates to support microbial growth 1 

Biochar contains many macronutrients (carbon, nitrogen, and phosphorous) and 2 

micronutrients (e.g. iron, potassium, sodium, calcium, nickel, cobalt, manganese, 3 

zinc, molybdenum and copper) that support microbial growth[117]. The provision of 4 

these macro- and micronutrients in biochar may be useful for enhancing H2 and CH4 5 

yield but depend on feedstock and pyrolysis temperature. Table 2.4 shows that 6 

biochar derived from wood have higher C and lower N, P and K than biochar from 7 

other sources [102]. Yuan et al. (2015) found that increasing pyrolysis temperature 8 

of a sewage sludge from 300 to 700oC decreased N due to the transformation from 9 

amine into pyridine-like compounds [117] and increased P, K, Mg, Ca and Fe [117]. 10 

Micronutrients are derived from the ash content of the biochar, which varies 11 

significantly with feedstock composition.  12 

Table 2.4 Nutrient content of biochar from different feedstock [102] 13 

Feedstocks C (g.kg-1) N (g.kg-1) P (g.kg-1) K (g.kg-1) Pyrolysis 

temperature (oC) 

Wood 708 10.9 6.8 0.9 Unknown  

Sewage 

sludge 

470 64 56 - 450 

Rice straw 490 13.2 - - 500 

Poultry litter 380 20 25.2 22.1 450 



Table 2.5 Effect biochar addition on CH4 production 

No Biochar source Pyrolysis 

condition 

Substrate Reactor 

volume 

Temperature AD 

parameters 

monitored  

Impact of biochar in 

AD observed  

Properties/ 

mechanism of biochar 

highlighted 

 Ref 

1 Fruit woods 800–

900ºC 

food wastes 1.1 L 35 °C CH4, COD, 

Alkalinity 

CH4 production rate 

increased by 100%-

275% 

- immobilize 

microorganisms 

- promote biofilm 

growth,  

- accelerate DIET  

[100]  

2 Walnut shell 

biochar 

900°C food wastes 650 mL  37 °C ± 1 °C 

and 55 °C ± 1 

°C 

CH4, COD, 

VFA, pH 

CH4 production 

increased by  

Increase alkalinity [21]  

3 Vermicompost 500 °C kitchen waste 1.0 L  35.0 ± 1.0 °C CH4, H2, 

VFA, pH, 

alkalinity 

biochar increased to 

15% and 20% 

pH buffering  [105]  

4 Solid digestate  500 °C  rice straw and 

pig urine 

1-L  55 ± 1 °C CH4, CO2, 

H2, VFA, 

Alkalinity 

VFAs degradation in 

failed reactors within a 

short period (<1 day) 

pH buffering  [118]  

5 Soft wood pellet, 

oil seed rape, and 

wheat straw pellet 

550 °C 

and 700 

°C 

35% bread, 25% 

boiled rice, 25% 

cabbage and 

15% boiled pork 

500 mL  35 °C CH4,  VFA CH4 yield increased by 

24%  

pH buffering [119]  

6 Fine sawdust from 

the cutting of 

spruce wood 

650 °C sugar beet pulp 0.8 dm3,  37±1 °C CH4,  

Microbial 

community 

CH4 production 

increased by 20 to 30%  

- accelerate DIET,  

- influence the 

attachment of 

microorganisms 

[120] 

7 Pine sawdust, 

manuka wood 

chips, and poultry 

waste 

500 and 

550 °C 

the organic 

fraction of 

municipal solid 

waste 

100 mL  35 °C for 10 

days 

Biogas, 

Thermal 

degradation 

behaviours 

CH4 production 

increased by 

adsorb ammonia 

nitrogen 

[121]  

8 Rice husk 600 ℃ sorghum 
 

35℃ CH4, pH, 

VFA 

CH4 production rate 

increased by 25 % and 

shorten the lag phase 

time by 44 % 

increase alkalinity  [122]  
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No Biochar source Pyrolysis 

condition 

Substrate Reactor 

volume 

Temperature AD 

parameters 

monitored  

Impact of biochar in 

AD observed  

Properties/ 

mechanism of biochar 

highlighted 

 Ref 

9 Douglas fir 400 °C, 

500 °C, 

600 °C, 

and 730 

°C 

simple organics 

(glucose) and 

complex 

organics 

(wastewater 

sludge) in 

160 ml     

(60 ml 

working 

volume)  

25 °C, 37 °C 

or 55 °C 

CH4, CO2, 

Microbial 

community 

CH4 production rate 

and yield increased by 

Microbial attachment [99]  

10 Rice husk biochar, 

peanut shell 

biochar, straw 

biochar, and 

sawdust biochar 

were 

600 °C raw straw, cow 

manure, and the 

inoculum 

(biogas slurry) 

450 mL 38 °C CH4,  

Microbial 

community 

CH4 yields increased 

by (319.44 vs. 282.77 

mL/g VS) 

stimulate microbial 

growth 

[123]  

11 Wheat straw 500 °C kitchen wastes 1L 37.0 °C, 40 d CH4,  

Microbial 

community 

CH4 production rate 

increased by 44%  

stimulate microbial 

growth 

[124]  

12 Materials [rice 

straw, corn stalk, 

and bamboo] and 

woody materials 

[pine wood, oak 

wood, and apple 

wood 

500 °C kitchen waste 500 mL  35 °C CH4,  pH, 

COD, 

Ammonia, 

VFA, 

Microbial 

community 

Biochars significantly 

reduce the lag phases 

during AD, compared 

with a control 

treatment 

influence the 

attachment of 

microorganisms 

[125]  

13 Waste wood pellets 700–800 

°C 

Raw FW 

comprised 

mainly rice, 

vegetables, 

noodles, meat 

and condiments. 

1000 L  55 °C CH4,  

Microbial 

community, 

pH, COD 

CH4 content increased 

by 24%  

accelerate DIET [126]  

14 Wood pellets, 

wheat straw and 

sheep manure 

770 °C, 

680 °C 

and 720 

°C 

poultry litter 500 ml  37 °C CH4, Total 

microorganis

m, pH, 

Ammonia, 

VFA, 

Alkalinity 

CH4 yield increased by 

69%  

- promote the 

attachment of 

microorganisms  

- promote the 

formation of 

biofilm 

[127]  
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No Biochar source Pyrolysis 

condition 

Substrate Reactor 

volume 

Temperature AD 

parameters 

monitored  

Impact of biochar in 

AD observed  

Properties/ 

mechanism of biochar 

highlighted 

 Ref 

15 Sawdust waste 500 C food waste and 

dewatered 

activated sludge 

were 

5L  35ºC CH4, VFA, 

pH, microbial 

community 

biochar addition 

shortened lag time and 

promoted maximum 

methane production 

rate 

stimulate DIET [128]  

16 A mix of pine, 

spruce and cedar 

between 

450 and 

550 °C 

municipal sludge 80 mL 38 °C  CH4  CH4 production rate 

increased by 192–

461% 

adsorption of volatile 

fatty acids  

[129]  

17 Industrial 

gasification plant 

500 C and 

850 C 

Organic Fraction 

of Municipal 

Solid Waste 

20 L 51-53 ºC CH4, pH, 

microbial 

community 

CH4 yield did not 

significantly increase 

but led to significant 

changes in the 

microbial community 

composition 

Adsoption of toxicity  [130]  

 18 Pine woods 600 C food waste 100 mL  35ºC CH4, pH, 

microbial 

community 

CH4 yield increased by 

19.4% and the 

maximum CH4 rate by 

24.5%  

- provide a 

conductive surface 

for microbes to 

which acetogens 

and methanogens 

might attach  

- stimulate DIET 

[131]  
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2.4 Effect of Biochar on Methane Production 1 

This section examines the existing studies on biochar in CH4 production and the 2 

possible mechanisms by which it enhances CH4 production. Several studies 3 

investigated the effect of biochar on H2 production (Table 2.5). This section reviews 4 

the existing literature on the utilisation of biochar for stimulating methanogenic 5 

immobilisation, buffering the pH, promoting adsorption of inhibitors and direct 6 

interspecies electron transfer (DIET). 7 

2.4.1 Stimulating of Methanogenic Immobilisation  8 

Biochar is known to facilitate the growth of methanogens. The mechanism of biofilm 9 

formation stimulated by biochar addition is shown in Figure 2.3. Zhang et al. (2017) 10 

reported that biofilm formation in the biochar began with the interaction between the 11 

surface of biochar and the microorganism and proceeded in a series of steps. The 12 

bacteria were initially placed onto the surface of the biochar as a carrier for biofilm 13 

formation. Under strong shear force, microbial congregated on the surface of biochar 14 

and permeated into the pores. Electrochemically active extracellular polymeric 15 

substances (EPS) were accumulated on the bacteria's surface [132–134]. As the 16 

biofilm developed further, small sludge granules with the biochar at the core were 17 

formed. Hence, biochar-based granules with a compact structure and smooth surface 18 

formed after a long cultivation time [132].  19 
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 1 

Figure 2.3 A schematic of the mechanism of biofilm formation in biochar 2 

Good biofilm growth is important, and micronutrients in the biofilm may be used to 3 

start cell metabolism during the earliest stage of bacterial growth. Due to the porous 4 

structure, biochar becomes a suitable supporting material for methanogenic growth 5 

[23,24].  Yang et al. (2020) reported that biochar from corn straw supported 6 

immobilisation of hydrogenotrophic methanogens due to the large specific surface 7 

area and more functional groups (C-O, –CH3 or –CH2 and C = C or C = O bonds) 8 

[135]. As a result, the addition of biochar addition increased CH4 production by 70% 9 

[135]. Cai et al. (2016) investigated the effect of biochar from fruit-woods with the 10 

pyrolysis temperature of 800-900 °C in the AD of food waste. In the study, 11 

immobilisation of microorganisms by biochar promoted biofilm formation, 12 

shortened the lag phase and increased CH4 yields [100]. A short lag phase shows an 13 

immediate adaptation for microorganisms in a new environment. Indren et al. (2020) 14 

reported that biofilm formation in biochar contains rod-shaped and cocci observed in 15 

the SEM image [127]. This study shows that biochar improves microbial biofilm 16 

formation since the porous structure enhances microbial growth and metabolism. 17 
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Fagbohungbe et al. (2016) reported that methanogenic microorganisms had 1 

successfully attached to both rice husk biochar and wood biochar inside a bioreactor 2 

[20]. The highest population and diversity of microbial were studied in the wood 3 

biochar due to an abundance of macropores on its surface. Also, biochar leads to a 4 

shorter lag phase which is beneficial to promote a rapid microbial growth rate [44].  5 

2.4.2 Buffering the pH during CH4 production 6 

The second TPAD digester usually uses effluent from the first phase as feedstock as 7 

it contains the VFAs necessary to support methanogenesis. The optimal pH for CH4 8 

production is between 6.7 and 7.4, but VFAs accumulation during the hydrolysis 9 

process can increase the pH and inhibits syntrophic acetogens and methanogens from 10 

converting VFAs to CH4 and CO2. A high concentration of acids may also permeate 11 

through cell membranes and damage macromolecules [136].  Therefore, it is crucial 12 

to control pH during CH4 production.  13 

The addition of biochar into the CH4 production system has been shown to buffer the 14 

pH of methanogens. Meng et al. (2020) reported that biochar's buffering capacity 15 

increases methanogenic activity under high acetic acid concentrations [118]. Wang 16 

et al. (2020) indicated that biochar addition in a system acidified by VFA 17 

accumulation could return to stable operation with rapid methanogenic recovery 18 

[128]. Moreover, biochar addition during CH4 production promoted acetogenic 19 

decomposition of propionic acid into acetic acid and the subsequent acetoclastic 20 

methanogen conversion of acetic acid to CH4 [137].  21 

Kaur et al. (2020) reported the effect of different biochar from forestry and 22 

agricultural residue to mitigate VFAs accumulations during CH4 production from 23 

food waste[119]. The results suggested that the biochar addition was alleviating the 24 
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adverse effect of VFAs accumulations by increasing the buffering capacity to acetic, 1 

butyric, propionic, valeric, caproic and isovaleric acids.  It is also reported that alkali 2 

elements such as K, Ca, N,  Mg, and P are proposed to be responsible to enhances 3 

the buffering capacity of VFAs [119,137,138]. 4 

In contrast, Luo et al. (2015) concluded that the role of buffering capacity of biochar 5 

is insignificant in a CH4 production system[113]. Instead, the porosity of biochar 6 

plays a key role as a microbial carrier in CH4 production. Therefore, it is believed 7 

that biochar increases CH4 yield through a different mechanism. Thus, additional 8 

experiments using a different feedstock of biochar are required to investigate the 9 

possible mechanism of the biochar effect in CH4 production. 10 

2.4.3 Promoting adsorption of inhibitors 11 

Biochar is already well established as an adsorbent for contaminants and toxic 12 

compounds due to its high surface area and surface functional groups. The 13 

adsorption capacity of biochar for specific chemical compounds is controlled by the 14 

type of surface functional groups [139]. Surface groups on biochar are primarily 15 

comprised of O-containing groups (e.g. carboxyl -(C=O)OH; hydroxyl –OH; ketone 16 

–OR; aldehyde -(C=O)H; ester -(C=O)OR; phenolic and lactonic), N-containing 17 

groups (e.g. amino-NH2, nitro -NO2, pyrrolic-N and graphitic-N) and S-containing 18 

groups (e.g. sulfonic). The relative abundance of functional groups is controlled by 19 

the source of the biomass feedstock and pyrolysis temperature[140,141]. The 20 

influence of pyrolysis temperature on the functional group of biochar was 21 

investigated by Qin et al. [142]. When pyrolysis temperature of biochar increased, 22 

the dehydration and elimination of C = O and C-H during the formation of aromatic 23 

compounds reduced C-O functional groups in the biochar. In contrast, increasing 24 
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pyrolysis temperatures lead to a decrease in C-H functional groups, indicating the 1 

formation of benzene rings [142]. Moreover, increasing pyrolysis temperature has 2 

been reported to decrease O-H, C-H, C=C and C=O groups in biochar[143]. 3 

The porous surface of biochar is suggested to adsorb such as ammonia [144–146]. At 4 

a low concentration, ammonia is required by microbes for microbial growth but the 5 

high concentration of ammonia (1500-10000 mg.L-1) inhibited the inhibition of 6 

specific enzyme reactions in methanogens which will result in low CH4 yield 7 

[147,148]. Wang et al. (2021) studied the effect of biochar addition during CH4 8 

production from municipal wastewater under different ammonium concentrations 9 

[148]. The author demonstrated that the addition of biochar by 2% (w/v; 1 g per 50 10 

mL) mitigated ammonia inhibition by increasing pH in the culture, which allowed 11 

the culture to produce a higher amount of CH4 than control. It is also reported that 12 

pH 7 gave the highest ammonia removal during CH4 production. However, the 13 

adsorption efficiency decreased with the increase in pH. Similarly, Ding et al. (2021) 14 

reported that in high pH, ammonium was shifted to free ammonia molecules. Free 15 

ammonia is more toxic for methanogens because it causes a proton imbalance and 16 

potassium deficiency in the microbial cell [9]. Therefore, the addition of biochar in 17 

the second phase of TPAD may offer the benefit of removing toxic inhibitors of CH4 18 

production.   19 

2.4.4 Promoting direct interspecies electron transfer (DIET)  20 

Biochar is one of the conductive materials which promotes DIET between syntrophic 21 

bacteria and methanogen archaea [149,150]. Jiang et al. (2020) investigated the 22 

effect of citrus peel biochar on the DIET pathway of methanogens during the AD of 23 

food waste[137]. The authors concluded that biochar increased the proportion of 24 
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bacteria (Geobacter) and methanogens (Methanosaeta and Methanosarcina) that 1 

participating in the DIET process. It is also reported that the addition of citrus peel 2 

biochar not only increased DIET but also the efficiency of acetic and propionic acid 3 

utilisation by methanogens which contributed to increasing CH4 yield. In addition to 4 

this, several studies also reported that the effect of biochar addition not only 5 

increasing acetic acid production but also but butyric acid production leading to high 6 

CH4 yield [122,151,152].  7 

On the other hand, Wang et al. (2017) reported that biochar derived from 8 

vermicompost had an insignificant effect on promoting DIET [105]. Instead, the acid 9 

buffering capacity of biochar to acetic, butyric, propionic and valeric acid was 10 

suggested to be the dominant role of biochar during CH4 production. Therefore, 11 

further experiments are required to study the possible mechanism of the biochar 12 

effect on CH4 production.   13 

The high surface area and porous structure of biochar influence direct interspecies 14 

electron transfer (DIET) among functional microorganisms, promoting microbial 15 

attachment and growth. Wang et al. (2019) studied the two biochars for microbial 16 

attachment with the different surface areas from sawdust-derived biochar (surface 17 

area 248.6 m2.g-1) and sewage sludge-derived biochar (surface area 2.6 m2.g-1) [153]. 18 

It showed that sawdust-derived biochar had high proportions of VFA oxidizing 19 

bacteria and hydrogenotrophic methanogens that promote DIET. He et al. (2020) 20 

reported that the high surface area of pine biochar (72.1-150.5 m2.g-1) provides more 21 

space for microbial growth than the low surface area (1.3 m2.g-1)[51]. This was 22 

supported by another study that showed low surface area did not support the 23 
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attachment of methanogens, further reducing the promoting effects of biochar on 1 

DIET during CH4 production[154].  2 

To sum up, it is well known that biochar provides benefits for H2 and CH4 3 

production, such as facilitates biofilm formation and microbial growth on the 4 

surface, stabilises the pH, enhances volatile fatty acids (VFAs) production and 5 

alleviates NH3 inhibition. Minerals in biochar may also play a crucial role in 6 

increasing biogas yields by providing essential nutrients for microbial growth. 7 

However, the role of minerals in biochar for enhancing H2 and CH4 production is not 8 

clear. Therefore, it is suggested to investigate the working mechanisms of biochar, 9 

particularly the impact of minerals, for enhanced H2 and CH4 production on TPAD 10 

operation.  11 

2.5 H2S removal using biochar 12 

The primary components of biogas are CH4 50-75% (v/v) and 25-50% (v/v) CO2 13 

[155]. H2-enriched biogas is similar but contains up to 10-25% (v/v) H2 60 – 65 vol. 14 

% CH4 and 15 – 30 vol. % CO2[156]. Along with their major components, biogas 15 

and H2-enriched biogas also include trace impurity gases, including H2S, NH3, and 16 

N2 [157,158]. Impurity gases pose significant obstacles during biogas utilisation and 17 

their removal is imperative because they can lower calorific values, deactivate 18 

catalysts and cause damage to the engine and fuel cells. The average concentration of 19 

these gas impurities and their effect on biogas utilisation is summarised in Table 2.6.  20 

 21 

 22 

 23 
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Table 2.6 Gas impurities in biogas [26] 1 

Component Content Effect 

CO2 25-50% by volume Lowers the caloric value 

  Causes corrosion if the gas is wet 

H2S 0-0.5% by volume Corrosive effect in equipment 

  Spoils catalysts 

NH3 0-0.05% by volume NOx emission afterburners damage fuel 

cells.  

N2 0-5% by volume Lowers the calorific value  

 2 

The impurity gas most detrimental to biogas utilisation, and the topic of most biogas 3 

cleaning studies, is H2S. In a gas engine, H2S corrodes and damages the engine 4 

during operation [1]. While low H2S concentrations (<200 ppm) are commonly 5 

accepted for biogas engines, the high H2S concentration in most biogas (500-3000 6 

ppm) necessitates extensive gas cleaning. H2S removal occurs by passing the raw 7 

biogas through filter media such as dried manure, activated carbon and red 8 

mud[158]. The H2S is an acidic gas; therefore, it is easier for H2S to be adsorbed 9 

when it is in contact with an alkaline surface [159].  10 

Numerous studies reported several merits of biochar and carbon-based material to 11 

remove gas impurities. Shang et al. (2012) examined five different camphor-derived 12 

biochars from different pyrolysis temperatures of 100, 200, 300, 400 and 500 oC to 13 

remove 50 ppm of H2S. The study showed that biochar 400 oC had the highest 14 

adsorption capacity (121.4 mg/g) due to the alkaline pH (9.75) and the presence of 15 

carboxylic and hydroxide radical groups [159]. Kanjanarong et al. (2016) 16 

investigated the biochar made of the mixture of 80% of woodchip (spruce, pine ad 17 
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fir) and AD residue mixture-based (20%) with pyrolysis temperature of 600 oC in 1 

removing low strengths of H2S (105, 510 and 1020 ppm) from biogas. The study 2 

reports the high efficiency of H2S removal (up to 98% removal) caused by the high 3 

alkalinity pH (7.98) and moisture content during operation (80-85%) and also the 4 

presence of carboxylic and hydroxide radical groups [157].  Han et al. (2020) used 5 

microalgae biochar prepared at three different temperatures (400, 600 and 800) to 6 

remove 200 ppm of H2S[160]. The results suggest that the biochar prepared at 800 7 

oC achieved the highest H2S adsorption owing to the abundant functional groups and 8 

larger specific surface area compared to other adsorbents.  9 

Xu et al. (2014) [161] investigated a mechanism for H2S removal by biochars 10 

derived from pyrolysis of swine manure and sewage sludge-based. This study 11 

proposes a mechanism of H2S removal by biochar as follows (R2.12 – R15): 12 

      (R2.12) 13 

      (R2.13) 14 

        (R2.14) 15 

       (R2.15) 16 

Xu et al. (2014) investigated swine manure and sewage sludge-based biochar 17 

utilisation to remove H2S. This study suggested that the acidic presence in the gas 18 

cleaning system catalyses the oxidation of H2S to the elemental sulphur until the 19 

base is exhausted. The results indicated that there was only a small decrease in pH in 20 

the treatment with biochar because of its essential characteristics with higher 21 

quantities of oxygen-containing functional groups. The FTIR analysis confirmed the 22 

presence of some surface structures such as OH, COO, and C=O [161]. On the other 23 
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hand, in H2S removal using activated carbon having acidic pH, the base was 1 

exhausted because of the formation of sulfuric acid [162]. 2 

There has been limited investigation on the application of biochar in biogas cleaning, 3 

so more studies are required. In particular, biochar application to H2S cleaning in H2-4 

enriched biogas has not been explored to date. 5 

 6 

2.6 Summary of literature review and specific research objectives 7 

The use of TPAD is an alternative and promising method that greatly improves the 8 

overall performance of AD to treat wastewater by separating the two phases.  The 9 

first phase of TPAD is optimised for H2 production and the second phase of TPAD is 10 

optimised for CH4 production. The separation of the digestion into two phases 11 

provides the flexibility of exploiting the optimal operating conditions for the growth 12 

of specific microbial populations that increase the yield of either H2 or CH4. 13 

However, optimisation in terms of improving H2 or CH4 yield is required. 14 

Biochar is a carbonaceous residue derived from the thermal conversion of biomass 15 

that has beneficial characteristics for a wide range of applications. The addition of 16 

biochar has been shown to increase H2 and CH4 production successfully. The 17 

increase in gas production by biochar addition may be a result of several 18 

mechanisms, including the improved buffering capacity for the AD system, acting as 19 

support media for microbial immobilisation, promotion of syntrophic metabolism 20 

and promoting interspecies electron transfer.  The role of minerals in biochar for 21 

enhancing H2 and CH4 production is not clear. Therefore, this thesis investigated the 22 
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working mechanisms of biochar, particularly the impact of minerals, for enhanced 1 

H2 and CH4 production.  2 

Many of the studies that investigated the benefits of biochar have only been 3 

examined at the bench scale, and of these only a few addressed the semi-continuous 4 

operation of H2 and CH4 production. Therefore, further study investigated the effect 5 

of biochar during semi-continuous production of H2 and CH4 as well as microbial 6 

distribution in a five-litre of semi-continuous stirred reactor tank in the laboratory. 7 

This thesis has also aimed at the behaviour of biochar as a buffering agent in H2 and 8 

CH4 production and support the practical application on a larger scale for TPAD 9 

plants.   10 

The overall aim of this project is to investigate the mechanism of biochar in 11 

enhancing H2 and CH4 production on a bench scale and a five-litre of semi-12 

continuous stirred reactor tank in the laboratory. To achieve these overall aims, the 13 

following specific objectives have been identified for this thesis work: 14 

• To investigate the effect of biochar in enhancing H2 production in the first 15 

phase of the bench-scale TPAD: role of minerals; 16 

• To investigate the effect of biochars in enhancing CH4 production in the 17 

second phase of the bench-scale TPAD: role of minerals; 18 

• To study the efficacy of the beneficial effect of biochar on a  semi-continuous 19 

stirred reactor tank in the laboratory using the most effective biochar and 20 

process conditions based on the results of the bench-scale experiments; 21 

• To study the effect of biochar to remove H2S from biogas using a packed 22 

column reactor. 23 

24 
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Chapter 3. Methodology, Approach and Techniques 1 

 2 

This chapter presents the detailed research methodology and approach employed to 3 

achieve the objectives as outlined in Chapter 2, along with the descriptions and 4 

explanations of experimental techniques. This mainly includes an overview of the 5 

overall research methodology and the experimental facilities for achieving the 6 

specific objectives proposed in Chapter 2.   7 

3.1 Overall research strategies 8 

The experimental work focused on the effect of biochar addition in bench-scale 9 

reactors, both first and second phase TPAD to produce H2 and CH4, respectively. 10 

Experiments on the effect of biochar on the production of H2 and CH4 during semi-11 

continuous two-phase anaerobic digestion (TPAD) were also accommodated (Figure 12 

3.1). 13 

 14 

Figure 3.1 An overview of the research methodology 15 
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First, the feedstock and biochars were prepared and their physical and chemical 1 

properties were investigated. The biochars produced at two pyrolysis temperatures 2 

were subject to partial demineralisation by citric acid leaching. The effect of the 3 

biochar and the leached biochar (with and without the re-addition of leached 4 

elements) on H2 and CH4 yield in the TPAD process was investigated systematically. 5 

Understanding the working mechanisms of biochar, particularly the impact of 6 

minerals, for enhanced H2 and CH4 production will enable researchers and end-users 7 

alike to tailor biochar properties specifically as an additive for AD. The effect of 8 

biochar during semi-continuous production of H2 and CH4 as well as microbial 9 

distribution was also studied in a five-litre of continuous stirred reactor tank (CSTR) 10 

in the laboratory. 11 

3.2 Material Preparation 12 

Biochar and Feedstock 13 

White bread was used as a model feedstock for AD to simulate carbohydrate food 14 

wastewater. The bread was dried and ground to approximately 1 mm in size for use 15 

as the substrate in a bioreactor. A sludge collected from Woodman Point Wastewater 16 

Treatment plant, Western Australia, was used as the source of inoculum. The 17 

characteristic of feedstock and sludge are shown in Table 3.1 18 

19 
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Table 3.1 Characteristics of food waste and inoculum 1 

Parameter Food waste Inoculum 

Carbon (wt%) 

Nitrogen (wt%) 

Hydrogen (wt%) 

Sulphur (wt%) 

pH 

Total solids (%) 

Volatile solids (%) 

42.7 

2.3 

9.1 

0.3 

4.9 

61.2 

59.5 

ND 

ND 

ND 

ND 

7.3 

2.5 

1.8 

ND: not determined 2 

Pinewood was pyrolysed at 650 ºC (B650) and 900 ºC (B900) using an indirectly 3 

fired kiln reactor with a retention time of 20 min (Figure 3.2) [22]. In order to ensure 4 

the consistency of biochar during experimentation, biochar was crushed in a stainless 5 

steel ring mill to a size fraction of 3.5-25.9 µm. The biochar was dried in an oven at 6 

105 ºC for 24h before experimentation. Table 3.2 shows the properties of the biochar 7 

used in the present study.  8 

 9 

Figure 3.2 Biochar image before crushed in a stainless steel ring mill 10 
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Table 3.2 Characteristics of biochar 1 

Parameter B650 B900 

Proximate analysis (%w/w) 

Moisture 

Volatile matter  

Fixed carbon 

Ashes 

Elemental analysis (%w/w) 

C (%) 

H (%) 

N (%) 

pH 

Particle size distribution 

BET surface area (m2/g) 

Pore volume (cm3.g-1) 

 

1.65 

19.21 

72.84 

6.30 

 

84.14±0.5 

1.57±0.2 

0.58±0.2 

8.35 

 

170.89 

0.075575 

 

1.46 

14.90 

61.95 

21.69 

 

67.37±0.6 

1.05±0.1 

0.75±0.1 

8.47 

 

265.34 

0.108013 

 2 

Biochar leaching 3 

A subset of biochar samples was leached with 0.5 mol.L-1 citric acid in a glass 4 

Erlenmeyer flask at a biochar: citric acid ratio of 1:10 g.mL-1. Citric acid was 5 

selected as the leaching agent due to the high mineral removal efficiency in biochar 6 

and a lack of negative environmental impact [163]. The mixture was stirred at 200 7 

rpm for 2, 4, 8, 16, and 24 h, respectively, at a constant temperature (25 ºC). The 8 

leached biochar and leachate were separated using vacuum filtration with Whatman 9 

paper No.542. The samples were subsequently washed three times with ultra-pure 10 

water for 20 minutes until a neutral pH to ensure the complete removal of citric acid. 11 

A TPS Aqua pH meter was used to measure the pH of the liquid samples. The 12 

leached biochars were dried at 105 ºC for 24h and then characterised for the 13 

elemental composition. All leaching experiments were performed in triplicate to 14 
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ensure repeatability. The ultimate analysis was used to measure carbon (C), 1 

hydrogen (H) and nitrogen (N) content in biochar using a ThermoFisher Scientific 2 

FlashSmartTM CHNS/O elemental analyser (EA). An inductively coupled plasma 3 

optical emission spectrometry (ICP-OES) was used to determine the elements in the 4 

leachate using a Thermo Scientific iCAP 7400 Duo ICP-OES. Leachate samples 5 

were diluted 10x with 5 vol.% HNO3 in 10mL aliquots prior to analysis to ensure 6 

they matched the matrix of the standards. Run duplicates and sample replicates were 7 

conducted at the end of the analysis, demonstrating a <5% relative standard 8 

deviation for all elements, with the exception of Si. 9 

 10 

3.3 Material Characterisation 11 

Biochar was characterized for physical, chemical and morphological using proximate 12 

and ultimate analysis, Brunauer-Emmett-Teller (BET), Scanning electron 13 

microscopy (SEM), inductively coupled plasma optical emission spectrometry (ICP-14 

EOS), and Fourier transform infrared (FTIR).  15 

Proximate and Ultimate Analysis 16 

The proximate analysis for biochar 650 oC and 900 oC were determined by 17 

thermogravimetric analysis (TGA) using SDT600 TGA (TA Instrument). Typically, 18 

a thin layer of biochar of about 5 mg was placed in an alumina crucible and heated in 19 

the analyser. The experiments were conducted in N2 at a flow rate of 50 mL min-1 20 

with a temperature-programmed heating profile. During the process, the mass and 21 

temperature of the samples were continuously recorded.   22 
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The ultimate analysis was used to measure carbon (C), hydrogen (H) and nitrogen 1 

(N) contents in biochars using a ThermoFisher Scientific FlashSmartTM CHNS/O 2 

elemental analyser (EA).  3 

 4 

Surface Area, Pore Volume and Pore Size 5 

Biochars were degassed under vacuum at 200oC for 24h prior to Brunauer-Emmett-6 

Teller (BET) surface area and pore volume analysis using a Micrommetrics TriStar 7 

II 3020 analyser. The Brunauer-Emmet-Teller (BET) equation was employed to 8 

calculate the specific surface area using adsorption data in the range of 9 

 [164]. The external surface area, micropore area and micropore 10 

volume were calculated using the t-plot method in the range of . The 11 

total pore volume was determined from the amount of nitrogen adsorbed  12 

[165]. 13 

 14 

SEM Analysis 15 

Scanning electron microscopy (SEM) was used to analyse the morphology of the 16 

biochar before and after gas cleaning treatment. The samples analysed with SEM 17 

were prepared by loading a small quantity of the solid onto carbon tape. SEM images 18 

were attained using a Zeiss 1555 VP-FESEM instrument. Backscatter electron (BSE) 19 

images were used to assess basic mineralogical distribution across the samples and 20 

were obtained at 5 kV and 12.5 mm working distance. Additionally, energy 21 
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dispersive X-ray spectroscopy (EDS) coupled with SEM instrument was used to 1 

obtain elemental maps of the samples at 5 kV and 12.5 mm working distance.  2 

 3 

Figure 3.3 SEM pictures of biochar before anaerobic digestion process 4 

 5 

ICP-OES Analysis 6 

The elemental analysis for biochar 650 oC and 900 oC were performed using an 7 

inductively coupled plasma optical emission spectrometry (ICP-EOS) was used to 8 

determine the trace elements of the biochars using a Thermo Scientific iCAP 7400 9 

Duo ICP-EOS.   10 

 11 

Functional groups analysis 12 

Fourier transform infrared (FTIR) was used to identify structures because functional 13 

groups give rise to characteristic bands both in terms of intensity and frequency. The 14 
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FTIR spectra were obtained using Nicolet 6700 (Thermo Scientific) with the KBr 1 

pellet method. The biochar was mixed at 0.1% with KBr, and a pellet of 13 mm 2 

diameter was formed using a hydraulic press. The FTIR equipment was set in the 3 

wavenumber range between 650 and 4500 cm-1 for IR readings, with 100 scans at 4 

4cm-1 resolution.  5 

 6 

3.4 Experimental Set-up 7 

3.4.1 Hydrogen production experimentation 8 

AD tests were conducted in a 100 mL sterilised serum bottle in five different 9 

experiments. The first experiment was the control AD test, and all subsequent 10 

experiments utilise a similar procedure. The sludge was heated to 95 ºC and stirred at 11 

250 rpm for 30 minutes to eliminate methanogens. A glass bottle was used as the 12 

bioreactor containing 8 gVS.L-1 of bread, 10 mL of heated sludge, and 50 mL of 13 

distilled water to bring the working volume to 60 mL. The initial pH was adjusted to 14 

6.4 by adding hydrochloric acid (HCl) or sodium hydroxide (NaOH). The 15 

bioreactors were flushed with high purity nitrogen (>99.99%) at 10 L.min-1 for 30 16 

seconds to create an anaerobic environment. Bioreactors were then sealed with 17 

rubber plugs and covered with an aluminium cap. The bioreactors were placed inside 18 

a temperature-controlled incubator at 32ºC until gas production stopped, typically 19 

within six days. The second experiment had the addition of 0.9 g of either biochar 20 

B650 or B900 to the sludge prior to AD, based on an optimal loading of 15 g.L-1 21 

[22]. The third experiment was the same but used 0.9 g of biochar B650 or B900 that 22 

had been leached for 2h, 8h and 24h, respectively, in order to examine the effect of 23 

minerals in biochar. The fourth experiment examined which leached elements 24 
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affected H2 production. The primary elements leached from the biochar (mainly Fe, 1 

Ca, and K) were tested as additives in AD for H2 production by using 50 mL of 2 

either ferrous sulphate (FeSO4), calcium sulphate (CaSO4), or potassium sulphate 3 

(K2SO4) solutions in place of distilled water. The Fe, Ca and K concentrations were 4 

54 mg L-1, 36 mg L-1 and 36 mg L-1, respectively, and approximated to mimic the 5 

concentration of the elements available from 0.9 g of biochar at 60 mL final volume. 6 

The final experiment used the addition of both biochars leached for 24h and the Fe2+ 7 

solution (B650-CA24-Fe and B900-CA24-Fe). Each experiment was performed in 8 

triplicate under identical conditions.  9 

Accumulated production and composition of H2 from each bioreactor were measured 10 

daily. The gas production was checked using the water displacement method 11 

[22,166]. The gas composition was analysed using a gas chromatograph (GC; 12 

Agilent 7980) equipped with a thermal conductivity detector (TCD) and a flame 13 

ionisation detector (FID). The gas volume and composition were measured daily and 14 

used to determine the cumulative H2 yield (YH) and maximum H2 production rate 15 

(RH).  A 1 mL liquid sample was taken on days 1, 2, and 6, respectively, for VFA 16 

analysis. The VFA composition was analysed by GC (Agilent 7980) using a DB-17 

WAX column with a flame ionisation detector (FID) [15]. 18 
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 1 

Figure 3.4 Schematic of bench scale experiment in the incubator 2 

3.4.2 Methane production experimentation 3 

The feedstock used in the experiment is the food waste effluent derived from the first 4 

phase of TPAD [22]. 50 mL of the feedstock and 10 mL of the seed sludge were 5 

mixed in a 100 mL serum bottle. The initial pH was adjusted to 7.8 by adding 6 

hydrochloric acid (HCl) or sodium hydroxide (NaOH).  The bioreactors were flushed 7 

with high purity nitrogen (>99.99%) at 20 L.min-1 for 30 seconds to create an 8 

anaerobic environment. Bioreactors were then sealed with rubber plugs and covered 9 

with aluminium caps before they were incubated at 37°C for 40 days. 10 

CH4 production experiments were conducted in two separate sets (Table 3.3). The 11 

first set of experiments aimed to determine the overall performance of biochar and 12 

the role their minerals may play in CH4 production. A control culture was compared 13 
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to cultures loaded with either B650 or B900 (both unleached or leached for 2h, 8h 1 

and 24h). The cumulative CH4 yield (YM) and CH4 daily production rate (RM) were 2 

analysed. The primary elements leached from the biochar (mainly Fe, Ca, and K) 3 

were tested as additives in AD for CH4 production by using 50 mL of either ferrous 4 

sulphate (FeSO4), calcium sulphate (CaSO4), or potassium sulphate (K2SO4) 5 

solutions in place of distilled water. The Fe, Ca and K concentrations were estimated 6 

by dividing the total amount of each element leached from biochar after 24h by the 7 

total working volume of the reactor. The Fe, Ca and K concentrations were 54 mg L-8 

1, 36 mg L-1 and 36 mg L-1, respectively, and approximated to mimic the 9 

concentration of the elements available from 0.9 g of biochar at 60 mL final volume. 10 

The second set of experiments examined the role of Fe-containing minerals in 11 

biochar on CH4 production. As above, the control was compared to cultures 12 

containing biochar, biochar leached for 24h, 24h-leached biochar with Fe2+ 13 

supplementation, and Fe2+ solution. The Fe2+ was derived from a ferrous sulphate 14 

(FeSO4·7H2O) solution and had the same concentration as the B650 and B900 15 

leachate. Each set of experiments were repeated in triplicate under identical 16 

conditions. Gas sampling was conducted daily to calculate the cumulative CH4 yield 17 

(YM) and maximum CH4 production rate (RM). Liquid samples were taken 18 

periodically for volatile fatty acids (VFAs) and microbial community analysis. For 19 

convenience, all biochar samples used in the following discussion follow the 20 

following naming system: Bx-CAy-z, where x is the temperature of pyrolysis for 21 

each biochar sample, y is leaching time in hours and z is element supplementation. 22 

For example, unleached biochar produced at 650ºC is referred to as B650, while the 23 

same biochar leached for 24h is B650-CA24 and biochar produced at 650ºC, leached 24 
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for 24h and with Fe supplementation is B650-CA24-Fe. Where just Fe 1 

supplementation is added to the culture, the sample is designated as C-Fe. 2 

Table 3.3 Experimental plan of methane production 3 

Experiment Name of 

Sample 

Biochar 

(°C) 

Biochar 

amount 

(gL-1) 

Leached 

(h) 

Fe 

concentration 

(mgL-1) 

I Control B650  0 0 0 

 B650 15 0 0 

 B650-CA2 15 2 0 

 B650-CA8 15 8 0 

 B650-CA24 15 24 0 

 Control B900 0 0 0 

 B900 15 0 0 

 B900-CA2 15 2 0 

 B900-CA8 15 8 0 

 B900-CA24 15 24 0 

II Control B650 0 0 0 

 B650 15 0 0 

 B650-CA24 15 24 0 

 B650-CA24-Fe 15 24 54 

 Fe 15 24 54 

 Control B900  0 0 0 

 B900 15 0 0 

 B900-CA24 15 2 0 

 B900-CA24-Fe 15 8 54 

 Fe 15 24 54 

 4 
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3.5 Semi-continues hydrogen and methane production 1 

In this experimental study, two 5L continuous stirred tank reactors (CSTR) were 2 

used as part of the TPAD process, where hydrogen was produced in the first reactor 3 

(R1) and methane in the second (R2). The experiments were divided into two sets: 4 

the first set aimed to produce hydrogen and methane without biochar, and the second 5 

aimed to produce hydrogen and methane with biochar. The schematic of the CSTR 6 

setup is shown in Figure 3.5. CSTR is controlled by a siemens programmable 7 

control, with a sensor that measures temperature, pH, dissolved oxygen (DO) and 8 

agitation speed. Mechanical antifoaming is equipped to prevent foam generation in 9 

the reactor.  10 

 11 

Figure 3.5 Schematic diagram of TPAD digester A: R1 with/without biochar 12 

addition, B: R2 with/without biochar addition 13 



61 
 

The experimental conditions are shown in Table 3.4. Effective sterilisation and 1 

sludge heating were required prior to start-up to ensure the elimination of any 2 

methanogens in R1. To accomplish this, the sludge was heated at 95°C for 30 3 

minutes. 400 mL of the heated sludge was added at the beginning of the operation in 4 

the reactor. For the first phase reactor with and without biochar, a mixture of sludge, 5 

bread, and water was fed to the reactor until it reached a 2L working volume (40% of 6 

total volume), which allowed for sufficient headspace for gas production (60% 7 

headspace). In the second set of experiments, biochar was added at a ratio of 15 g.L-1 8 

of the reactor's working volume, as suggested by the results of a previous bench-9 

scale study [167,168]. During stages I to V in all experiments, 100mL of effluent 10 

from R1 was withdrawn and recirculated with food waste until constant H2 11 

production was reached. In the semi-continuous operation (stage VI and VII), 12 

300mL of the effluent of R1 was withdrawn and fed at the same time to R2 with 300 13 

mL. The initial pH was set at 6.4. A 1% (v/v) of 1M NaOH was added into the 14 

reactor with every feed, to avoid the pH drop. The pH during the anaerobic digestion 15 

process was recorded at intervals to examine how biochar addition affected the pH. 16 

The first phase was operated at 37°C and the temperature fluctuation was recorded 17 

during the process. The agitation was kept constant at 20 rpm to ensure sufficient 18 

mixing. The sampling port in both reactors was tightly sealed and flushed with N2 to 19 

check for gas leaks and ensure the anaerobic condition of the tanks. During batch 20 

operation of the first phase, reactors were operated with increasing OLR stepwise 21 

0.5, 1.0, 1.5, 2.0, and 3.0 gVS.L-1.d-1 (stage I to V). The continuous operation was 22 

used during stage VI with OLR 4.0 gVS.L-1.d-1for 20d and OLR 6.0 gVS.L-1.d-1 for 23 

10d.  The maximum OLR of 3.0 and 6.0 gVS.L-1.d-1 were selected for H2 and CH4, 24 
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respectively, based on the results of previous research [169]. 300mL of effluent from 1 

the first phase was transferred as feedstock for the second phase in R2.  2 

Table 3.4 Experimental condition of semi-continues operation of hydrogen and 3 

methane production 4 

Reactor Phase OLR  

(gVS.L-1.d-1) 

HRT (d) Operation 

time (d) 

Biochar addition 

(g·L-1) 

R1  

without 

biochar 

  

  

  

  

I  0.5 3 30 d 0 

II 1 3 10 d 0 

III 2 3 10 d 0 

IV 3 3 10 d 0 

V 4 3 10 d 0 

VI 

VII 

4 

6 

3 

3 

20 d 

10 d 

0 

0 

R2 

without 

biochar 

  

  

  

I 0.5 10 30 d 0 

II 1 10 10 d 0 

III 2 10 10 d 0 

IV 3 10 10 d 0 

V 4 10 10 d 0 

VI 

VII 

4 

6 

10 

10 

20 d 

10 d 

0 

0 

R1 

with  

biochar 

  

  

  

  

I 0.5 3 30 d 15 

II 1 3 10 d 15 

III 2 3 10 d 15 

IV 3 3 10 d 15 

V 4 3 10 d 15 

VI 

VII 

4 

6 

3 

3 

20 d 

10 d 

15 

15 

R2 

with 

biochar 

  

  

  

   

I 0.5 10 30 d 15 

II 1 10 10 d 15 

III 2 10 10 d 15 

IV 3 10 10 d 15 

V 4 10 10 d 15 

VI 

VII 

4 

6 

10 

10 

20 d 

10 d 

0 

0 

 5 
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The working volume of the second phase reactor was 3L, again containing sludge, 1 

bread and water. The second reactor was operated at a constant temperature of 32 °C 2 

and agitation of 20 rpm. The reactor was loaded with 600 mL of the sludge. In the 3 

second set of experiments, biochar was again loaded with 15 g.L-1 was added to the 4 

reactor with biochar. The initial pH was set at 7.8. As with the first phase, the pH 5 

was buffered by the addition of 1% (v/v) 1M NaOH into the reactor after every feed. 6 

During batch operation of the second phase, the reactors were operated with 7 

increasing OLR from 0.25, 0.5, 1.0, 1.5 and 2.0 gVS.L-1.d-1 (stage I to V). OLR of 8 

the second phase was lower than the first phase due to the slow growth of 9 

methanogenic archaea. During the start-up in stage I, hydraulic retention time (HRT) 10 

for hydrogen and methane production were set up initially at 3 days and 10 days, 11 

respectively. After 30 days of a start-up operation, the HRT was shorted to 2 days 12 

and 5 days start from stage II to stage V. The HRT’s of hydrogen and methane 13 

production were selected and determined through previous experiments. After the 14 

batch operation, the CSTR reactors were operated in the semi-continuous mode for 15 

20 days at OLR 2.0 gVS.L-1.d-1 using effluent from the first phase as the feedstock 16 

(stage VI) and OLR 3.0 gVS.L-1.d-1 for 10 days (stage VII). Over the days of 17 

experimentation, 15mL of the sample was collected daily to evaluate VFA and 18 

microbial analysis. 19 
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 1 

Figure 3.6 Schematic of the experimental set-up of continuous stirred tank 2 

reactor 3 

3.6 The removal of H2S from biogas 4 

H2S removal experiment 5 

The gas cleaning unit was commissioned for the biogas cleaning project, as shown in 6 

Figure 3.8. The adsorption tests were run using this unit, which consisted of a gas 7 

cylinder for feeding the gas flow at the upper part of the reactor. A rotameter was 8 

attached at the feeding line between the cylinder and column. A valve was used to 9 

measure and control the flow entering the column. The reactor column was packed 10 

with biochar to be used as an adsorbent of H2S. Afterwards, the gas analyser was 11 

attached to the bottom part of the packed column to obtain the measurements of the 12 

H2S levels continuously. After the composition of the gas was measured, the inflow 13 

was directed towards the exhaust hood.   14 
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 1 

Figure 3. 7 Schematic set up of cleaning unit for H2S removal 2 

The experimentation of gas cleaning used a packed column for removing H2S. The 3 

column dimensions were diameter 25 mm and height 38 cm. The total effective 4 

volume of the column was 122.21 mL, and 60 mL was used as the working volume 5 

to add the biochar during the experimentation.  6 

The H2S cleaning process was done using two types of pine wood biochar. The 7 

experiment was run using the flow rate of 1000 and 2000 mL.min-1. A 5g of biochar 8 

was placed in a packed column with the horizontal surface of biochars. The H2S 9 

adsorption experiment was stopped when the H2S concentration in the outlet reach 10 

the breakthrough condition. Each experiment was replicated three times to ensure 11 

that results were replicable.  12 
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The H2S composition was measured using a certified gas analyser (Geotech 1 

GA5000). The analyser recorded H2S concentration up to 10,000 ppm every minute. 2 

The internal electrochemical sensor had an accuracy of ±5%.  3 

Kinetic modelling 4 

Pseudo-first-order represents a reversible interaction between adsorbent and 5 

adsorbate, which is suitable for predicting the physical adsorption of H2S on 6 

biochars. The Pseudo-second-order model assumes that the interaction between 7 

adsorbent and adsorbate is caused by the strong binding of gas molecules to the 8 

surface of the adsorbent and has been found suitable for predicting H2S sorption 9 

behaviour based on chemical interactions. Mixed-order model represents any stage 10 

of the adsorption process that considering the mass transfer steps, diffusion of the 11 

adsorbate and/or the adsorbate adsorption onto the active sites dominates the 12 

adsorption process [170] 13 

Kinetic studies were carried out to predict the rate-limiting step of H2S sorption on 14 

biochar 650 oC and 900 oC.  The kinetic data were analysed by pseudo-first-order 15 

and pseudo-second-order and mixed-order models.  The determination of the valid 16 

model can be evaluated from a high correlation coefficient value which closes or 17 

equal to 1. The mathematical model of pseudo-first-order (Equation 1), pseudo-18 

second-order (Equation 2) and mixed-order (Equation 3) model was given as follows 19 

of this equation. 20 

 (1) 21 

 (2) 22 

 (3) 23 
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where qe and qt (mg.g-1) are adsorption capacity at equilibrium and at the time (min), 1 

respectively. k1 (min-1) and k2 (g.mg-1.min-1) are the rate constant of the pseudo-first-2 

order adsorption and pseudo-second-order adsorption. (min-1) and (g.mg-1.min-3 

1) are the pseudo-first and pseudo-second-order rate constant. 4 

Adsorption modelling 5 

An adsorption study was carried to understand the mechanism of H2S sorption on 6 

biochar 650 oC and 900 oC. The intra-particle diffusion model was also calculated to 7 

determine the transfer mechanism of H2S into the biochar pore in the form of 8 

Equation 4: 9 

 (4) 10 

Where qt (mg.g-1) is adsorption capacity at time t (min), kd (mg. g-1. min1/2) is the 11 

intra-particle diffusion rate constant, and C (mg/g) is adsorption constant.   12 

 13 

3.7 Analysis 14 

Biogas Volume 15 

The volumetric biogas production from the first and second phases of TPAD was 16 

monitored using the water displacement method.  The production is indicated by the 17 

presence of gas bubbles and the displacement of water in the glass cylinder. The 18 

volume of water displaced is equivalent to the biogas produced. The total volume of 19 

H2 and CH4 was measured every day by the water displacement method and then 20 

converted to volumetric H2 and CH4 production under STP condition (273K and 1 21 

atm pressure) according to the ideal gas law [22]. 22 
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Biogas Composition 1 

The gas samples of each reactor were taken once daily using a 10 mL glass syringe. 2 

The composition of the gas samples was analysed using an Agilent 7980 gas 3 

chromatograph (GC) (Shanghai, China) (GC; Agilent 7980). GC was separating the 4 

sample into individual gas and identifying the gas compositions of a biogas mixture. 5 

It is consisted with a front (heater 200 ºC, reference flow: 7 mL.min-1, make up 6 

flow: 3 mL.min-1) and back (heater 250 ºC, reference flow: 10 mL.min-1, make up 7 

flow: 5 mL.min-1) thermal conductivity detector (TCD), and a flame ionisation 8 

detector (FID) (heater 200 ºC, hydrogen flow: 30 mL.min-1, airflow: 350 mL.min-1, 9 

make up flow: 35.5 mL.min-1). The daily H2 and CH4 production were calculated by 10 

multiplying the daily biogas production and H2 and CH4 composition, respectively. 11 

Volatile fatty acids 12 

Aliquots of 1 mL liquid sample were taken for VFA analysis. For the sample 13 

preparation, 100 µL of the liquid sample was diluted with 300 µL ultrapure water in 14 

the microcentrifuge tube. As much as 100 µL of 2-ethylbutyric acid (10 mmol L-1) as 15 

internal standard (IS) was also added [22]. The pH of the sample was reduced by 16 

adding 50µL of 6N HCl. 500µL of diethyl ether was added to extract the volatile 17 

acid. The tubes were then centrifuged using an Eppendorf microcentrifuge 5415D at 18 

3000 rpm for 10 minutes. After centrifugation, the upper layer containing acid 19 

extract in the ether was transferred into GC vials for VFAs analysis. VFAs were 20 

determined from the liquid samples using a GC (Agilent 7980) equipped with a DG-21 

WAX column (30 m x 250 mm x 0.25 mm), and a flame ionisation detector (FID) 22 

(heater 250 ºC, H2 flow: 35 mL min-1, air flow: 350mL min-1, make up flow 4 mL 23 

min-1, total run time 13 minutes) [15]. In this study, the VFA composition includes 24 
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nine organic acids: acetic, butyric, propionic, valeric, isobutyric, isovaleric, 1 

isocaporic, hexanoic, and heptanoic acids. 2 

pH 3 

A TPS Aqua pH meter (Rowe Scientific) was used to measure the pH of the liquid 4 

samples. The pH meter was calibrated to give accurate pH readings with standard 5 

buffer solution (Rowe Scientific) in pH 4.0 and 7.0. The pH electrode was rinsed 6 

with deionised water before and after the reading. 7 

Microbial community analysis 8 

To gain a better understanding of how the microorganism community change during 9 

semi-continuous TPAD, especially as it concerns the use of the biochar, the genera 10 

and relative abundance of microorganisms from each reactor were analysed. Liquid 11 

samples (1mL) were taken for microbial community analysis on the first and last 12 

days of each experiment. The liquid samples were stored at -20oC prior to analysis of 13 

the microbial community diversity. DNA extraction and diversity profiling of the 14 

samples was performed by the Australian Genome Research Facility (AGRF). The 15 

diversity profile was constructed by amplifying the V3-V4 region of the 16S 16 

ribosomal RNA gene using the polymerase chain reaction (PCR) under the 17 

conditions outlined in Table 3.4. PCR was performed in an automated thermal cycler 18 

at an initial denaturation temperature of 95 ºC for 7 min, followed by 29 cycles of 19 

denaturation at 94ºC for 45s, annealing at 50ºC for the 60s, extension at 72ºC for 20 

60s. A final elongation step was run 72ºC for 7 min.  21 

 22 

 23 
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Table 3.5 PCR amplicons conditions 1 

Target Cycle Initial Disassociate Anneal Extension Finish 

16S: V1- 

V3 

29 95 ºC for 7 

min 

94ºC for 45s 50ºC for 

60s 

72ºC for 

60s 

72ºC for 7 

min 

16S: V3 - 

V4 

29 95 ºC for 7 

min 

94ºC for 30s 50ºC for 

60s 

72ºC for 

60s 

72ºC for 7 

min 

 2 

In this analysis, the PCR was amplified using primer pairs (341F) 5’-3 

CCTAYGGGRBGCASCAG-3’ and (806R) 5’-GGACTACNNGGGTATCTAAT-4 

3’. Primers 341F (CCTAYGGGRBGCASCAG) and 806R 5 

(GGACTACNNGGGTATCTAAT) were used to target the bacteria community, and 6 

ITS1F (CTTGGTCATTTAGAGGAAGTAA) and ITS2 7 

(GCTGCGTTCTTCATCGATGC) were used to target methanogenic archaea. High-8 

throughput DNA sequencing to determine the taxonomy was performed on an 9 

Illumina MiSeq (San Diego, CA, USA). The raw sequence was clustered into the 10 

operational taxonomic unit (OTU) with a similarity threshold of 97%. Quantitative 11 

insight into microbial ecology (QIIME) was used to perform the taxonomy 12 

assignment using the Greengenes database [171].  13 

14 
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Chapter 4. Effect of biochar in enhancing hydrogen production 1 

 2 

4.1 Introduction 3 

As discussed in Chapter 2, the three main mechanisms of biochar in enhancing H2 4 

are bacterial immobilisation, pH buffering and providing temporary nutrients. 5 

Minerals in biochar may also play a crucial role in increasing biogas yields by 6 

providing essential nutrients for microbial growth. There have been no studies in the 7 

open literature about the role of minerals in biochar in H2 production. Chapter 4 8 

presents the results of bench-scale experiments on H2 production in the first phase of 9 

TPAD. In the present work, pine sawdust biochars produced at two pyrolysis 10 

temperatures were subject to partial demineralisation by citric acid leaching. The 11 

effect of the biochar and the leached biochar on H2 yield were evaluated. The VFA 12 

concentration differences between the cultures with the addition of biochar, and 13 

leached biochars were discussed and compared with the control.  The microbial 14 

distribution during H2 production over time was investigated systematically. The 15 

outcomes of this chapter are expected to improve the understanding of the working 16 

mechanisms of biochar, particularly the impact of minerals, for enhanced H2 17 

production. 18 

 19 

4.2 Minerals in Biochar 20 

Figure 4.1 shows the concentration of elements in the leachate of biochars. Fe, K and 21 

Ca are the primary elements present in the leachate. The concentration of Fe, K and 22 

Ca in the leachate, respectively, were 279 ± 11 mg.kg-1, 137 ± 07 mg kg-1, and 88 ± 23 

05 mg kg-1 for biochar B650 and 287 ± 01 mg kg-1, 114 ± 28 mg kg-1, and 117 ± 03 24 

mg kg-1 for biochar B900. Other elements including aluminium (Al), zinc (Zn), 25 
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sodium (Na), magnesium (Mg), manganese (Mn) and nickel (Ni) were also present 1 

in the biochar leachate, but their concentrations were less than 50 mg kg-1.  2 
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Figure 4. 1 The concentrations of elements in the leachate of the biochar samples 4 

Element concentrations were marginally higher in the leachate from biochar B900 5 

than biochar B650, likely due to higher concentrations of ash (23.69 wt.% and 6.3 6 

wt.%, respectively) which shows in Table 4.1.  The elemental concentrations in the 7 

leachate initially increased as leaching time increased but levelled off at leaching 8 

times greater than 4h. Therefore, leaching for 24h was considered sufficient to 9 

remove the bulk of soluble minerals. 10 

 11 

 12 

 13 

 14 
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Table 4.1 Proximate analysis of biochars  1 

 Proximate analysis B650 B900 

Unleached B650-CA24 Unleached B900-CA24 

Moisture (wt.%) 1.65 2.06 1.46 2.33 

Volatile Matter 

(wt.%) 

19.21 19.15 14.89 14.67 

Ash (wt.%) 6.30 4.07 23.69 21.43 

Fixed Carbon 

(wt.%)* 

72.84 74.72 59.96 61.57 

*Calculated by the difference 2 

The leaching treatment did not affect the concentration of carbon (C), hydrogen, (H), 3 

and nitrogen (N) in biochars (Figure 4.2) on a dry ash-free basis. Unleached biochar 4 

B650 had a C content of 89.89 ± 0.5%, H content of 1.68 ± 0.2% and N content of 5 

0.62 ± 0.2%, while leached biochar B650-CA24 had a C content of 88.52 ± 0.4 %, H 6 

content of 1.90 ± 0.1 % and N content of 0.88 ± 0.2 %. Similarly, for biochar B900, 7 

there was no significant difference in C, H and N content between the original 8 

biochar and leached biochar. C, H and N content of unleached biochar B900 was 9 

86.43 ± 0.6%, 1.34 ± 0.6%, and 0.96 ± 0.1%, respectively, while C, H and N content 10 

of B900-CA24 was 84.39 ± 0.7%, 2.19 ± 0.1%, and 0.89 ± 0.1%, respectively. This 11 

is consistent with the previous finding that biochar had high stability and resistance 12 

to biological degradation [102].  13 

 14 
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Figure 4.2 Carbon(C), hydrogen (H), and nitrogen (N) concentrations of biochar 3 

B650 (a) and B900 (b) as a dried ash-free basis during leaching 4 

experiment 5 

 6 
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4.3 H2 production 1 

The RH and YH of the cultures with the addition of biochar, leached biochars and 2 

control are presented in Figure 4.3. The culture began H2 production after 12h of AD 3 

and produced the highest RH at 24h. After 24h, gas production began to drop and had 4 

stopped by day 3. RH and YH were higher with the addition of biochar and leached 5 

biochar to the culture than the control. The culture with the addition of biochar 6 

produced the highest rate of H2 (biochar B650:625 ± 18 mLH2 L
-1 d-1 and biochar 7 

B900: 688 ± 25 mL L-1 d-1) and highest YH (biochar B650:957 ± 14 mL L-1 and 8 

biochar B900: 1154 ± 48 mL L-1). Biochar B650 and B showed a similar result but 9 

biochar B900 exhibited a greater beneficial effect in enhancing H2 production than 10 

biochar B650. Addition of biochar B650 increased the YH by 88.91% (from 506.6 to 11 

957.0 mL L-1) while adding biochar B900 increased the YH by 127.81% (from 506.6 12 

to 1154.1 mL L-1) compared to the control. However, the beneficial effect in 13 

promoting H2 production was suppressed in cultures that included leached biochars 14 

with much reduced of ash elements. This suppressing effect on H2 production 15 

increased with increasing leaching time. However, it is worth mentioning that 16 

cultures with the addition of the leached biochar samples still showed greater RH 17 

than the control (leached biochar: 443 ± 2.7 mL L-1 d-1 and control: 286 ± 8.4 mL L-1 18 

d-1). Nevertheless, it seems evident that minerals had play a role in the promotion of 19 

H2 production, which explains why H2 production was increased more with the 20 

addition of biochar B900 (which had higher concentrations of minerals) than biochar 21 

B650.  22 

23 
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Figure 4.3 Hydrogen production rate and yield with the addition of different 3 

biochar samples: (a) RH of biochar B650, (b) RH of biochar B900 (c) 4 

YH of biochar B650 and (d) YH of biochar B900 5 
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The RH and YH of the cultures with the addition of Fe, Ca and K, individually, are 1 

shown in Figure 4.4. The cultures with the addition of either Fe, Ca or K produced 2 

the highest rate of H2 on the first day at 312.1 ± 11 mL L-1d-1, 246.5 ± 10 mL L-1 d-1, 3 

and 247.6 ± 20 mL L-1 d-1, respectively. The addition of Fe increased the YH 4 

significantly by 63.27 % (384.5 ± 08 to 626.8 ± 35 mL L-1) compared to the control. 5 

The strong promotion effect of Fe on H2 production was related to the requirement of 6 

Fe by the H2-producing bacteria for hydrogenase protein redox, which benefited 7 

microbial growth and the release of H2 [87,172]. The Ca and K addition only slightly 8 

increased the YH by 9.18 % (384.5 ± 08 to 419.0 ± 10 mL L-1) and 6.34 % (384.5 ± 9 

08 to 409.1 ± 19 mL L-1), respectively. The appropriate amount of Ca and K in AD 10 

may also increase H2 production by buffering the pH and supplying additional 11 

nutrients for microbial growth, but which appear to be much less effective than Fe 12 

addition [2,98,173,174]. Since the Fe-containing minerals were dominant in the 13 

biochar samples and clearly demonstrated a significant effect in promoting H2 14 

production. This study mainly focused on the understanding of the role of Fe-15 

containing minerals in biochar. In addition, there were small amounts of Ca and K in 16 

the biochars used here, with minor influences on H2 production. 17 

 18 
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Figure 4.4 Hydrogen production rate (a) and yield (b) with additions of K, Ca, 3 

and Fe 4 
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To further understand the role of Fe-containing minerals in biochar during H2 1 

production in particular, RH and YH of culture with B900-CA24-Fe addition were 2 

measured and the results are shown in Figure 4.5. The culture with B900-CA24-Fe 3 

addition had a higher H2 production rate (523±13 mL L-1 d-1) at 24h of H2 production 4 

than the culture with the addition of just biochar B900 (453±9 mL L-1 d-1). However, 5 

at 36h, the culture containing biochar B900 had a higher H2 production rate than the 6 

culture with B900-CA24-Fe. This is consistent with literature data, demonstrating 7 

that Fe stimulates H2 evolution through the action of hydrogenase and nicotinamide 8 

adenine dinucleotide (NADH)-ferrodoxin reductase [175].  The observed higher H2 9 

production rates in cultures containing B900-CA24-Fe than cultures containing 10 

biochar B900, despite similar total Fe concentrations, may be an artefact. This is 11 

because the Fe is more readily available in the solution for the bacteria to access. 12 

Nevertheless, the culture containing B900-CA24-Fe yielded similar YH to that of the 13 

culture with biochar B900 after 6 days of AD. In both cases, YH was higher than for 14 

the culture with B900-CA24 addition only, confirming that Fe-containing minerals 15 

in biochar must play a significant role in promoting H2 production.  16 
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Figure 4.5 Effect of Fe2+, biochar B900, B900-CA24, and B900-CA24-Fe on 3 

hydrogen rate (a) and hydrogen yield (b) 4 
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4.4 VFAs 1 

The VFAs concentrations of all experiments during H2 production on day 1, 2 and 6 2 

are shown in Figure 4.6. On day 1, all experiments generated low amounts of butyric 3 

and acetic acids. On day 2, the concentration of butyric and acetic acid increased, 4 

and propionic acid production became evident. By day 6, the VFAs accumulated 5 

during H2 production was dominantly butyric and acetic acids, with lower 6 

concentrations of propionic acid. For every experiment, the ratio of butyric acid to 7 

acetic acid was more than 1.0, suggesting that the butyrate pathway for H2 8 

production is the predominant fermentative pathway. Propionic acid, which can act 9 

as an H2 production inhibitor, was produced but concentrations were low enough, 10 

and the production of acetic and butyric acids high enough, that the effect was 11 

negligible [176]. 12 
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Figure 4. 6 VFA profile of cultures with the addition of biochar samples (A: 14 

control, B: Fe, C: biochar B900, D: B900-CA24, E: B900-CA24-Fe) 15 
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VFAs significantly accumulated in control at the end of the process with acetic, 1 

butyric and propionic acids concentrations of 22.5, 22.7 and 4.9 mmol L-1, 2 

respectively (Figure 4.6). Acetic acid and butyric acid increased by almost two folds 3 

compared to the control with the addition of biochar B900. At the same time, the 4 

ratio of butyric acid to acetic acid also increased from 0.8 to 1.2. Higher 5 

concentrations of butyric acid concentration relative to acetic acid suggest that 6 

biochar addition shifted the AD pathway from acetic acid to butyric acid, as the 7 

butyric acid pathway was more thermodynamically preferable [172]. However, the 8 

addition of B900-CA24 had lower acetic acid production (27.6±3 mmol L-1) than 9 

B900 (39.3±2 mmol L-1), suggesting that the minerals in the biochar contributed to 10 

an increase in the VFAs concentration. It was also observed that acetic and butyric 11 

acid production was considerably higher in the culture with the addition of Fe than 12 

the control, which suggested that Fe also stimulated microbial metabolism to 13 

enhance food waste conversion and the formation of VFA [177]. This is consistent 14 

with the literature reports that Fe plays a crucial role in enhancing VFAs production, 15 

particularly acetic and butyric acid [88,177,178], from food wastes during H2 16 

production. With the addition of B900-CA24-Fe, the acetic acid production was 17 

higher than the but which was 14.6% lower than that of B900. Nevertheless, the 18 

results have confirmed that minerals in biochar, especially Fe-containing minerals, 19 

promote the production of acetic and butyric acid and enhanced H2 production. 20 

 21 

4.5 Microbial profile 22 

The microbial diversity of different experiments on day 6 of AD are shown in Figure 23 

4.7. Speciation demonstrates that H2-producing bacteria, particularly the Clostridium 24 

bacterial group, dominate the microbial community on day 6 in all experiments. The 25 
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bacterial community of the control consists of four species of Clostridium: 1 

Clostridium butyricum, Clostridium acetobutylicum, Clostridium ijungdahlii and 2 

Clostridium (other). Generally, Clostridium butyricum was the dominant H2-3 

producing bacterial species in all experiments. Fe addition to the culture increased 4 

Clostridium butyricum by 7.6% compared to control, but also essentially removed 5 

other species of Clostridium. The addition of biochar B650 or biochar B900 6 

increased the Clostridium butyricum proportion by 14.4% and 16%, respectively. 7 

B650-CA24 and B900-CA24 only increased the relative abundance of Clostridium 8 

butyricum by 5.9 % and 1.1% but had a much lower relative abundance of 9 

Clostridium butyricum compared to B900. This implied that the presence of minerals 10 

promoted the growth of H2-producing bacteria. Similarly, higher concentrations of 11 

Clostridium butyricum in biochar B900 over biochar B650 may be a result of higher 12 

concentrations of minerals in biochar B900. The addition of leached B650-CA24 and 13 

B900-CA24, both supplemented with Fe, had a similar relative abundance of 14 

Clostridium butyricum to their respective B900 but 10.2 and 24.1% higher 15 

abundance than the control, respectively.  16 
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 1 

Figure 4. 7 Microbial distribution of cultures with additions of different biochar 2 

samples on the day 6 of AD (A: control, B: Fe, C: B650, D: B650-3 

CA24, E: B650-CA24-Fe, F:  B900, G: B900-CA24, H: B900-CA24-4 

Fe) 5 

The microbial distribution during H2 production over time was investigated in 6 

biochar B900 on day 0, day 2 and day 6 (Figure 4.8). On day 0, the general microbial 7 

diversity was the same in all experiments, dominated by Rummeliibacillus sp (74% 8 

relative abundance) and Clostridium butyricum (5.9% relative abundance). On day 2, 9 

Clostridium butyricum was the dominant microbe in all experiments during H2 10 

production. In control, the relative abundance of Clostridium butyricum increased by 11 

59.8% from day 0 to day 2. In experiments with additional biochar, the relative 12 

abundance of Clostridium butyricum was 8 % higher than the control. The addition 13 

of B900-CA24 also increased the relative abundance of Clostridium butyricum over 14 

the control but was 7.3% lower than the B900. With the addition of B900-CA24-Fe, 15 

the proportion of Clostridium butyricum increased by 6.7% compared to B900-CA24 16 
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but which was still lower than the B900. Fe addition to the culture also increased 1 

Clostridium butyricum by 14.6% compared to the control. One interesting finding 2 

was that the addition of Fe to B900-CA24 increased Clostridium butyricum by 3 

23.1%. The increase in Clostridium butyricum in both the Fe-addition culture and the 4 

leached biochar supplemented with Fe relative to the leached char strongly confirms 5 

the promoting effect of Fe on microbial growth at day 2.  By day 6, however, the 6 

relative abundance of Clostridium butyricum had declined from its peak at day 2 in 7 

all experiments. This is because the substrate (food waste) had already been almost 8 

entirely degraded to acetic and butyric acid by the bacteria.  9 

 10 

Figure 4.8 Microbial distribution of cultures on day 0, day 2 and day 6 (A: 11 

control, B: Fe, C: biochar B900, D: B900-CA24, E: B900-CA24-Fe) 12 

Overall, the results of the microbial study are in agreement with observations made 13 

in the VFAs and H2 production studies, demonstrating that Fe-containing minerals in 14 

biochar seemed to have supported microbial growth. The elements that are released 15 

from the minerals to the culture during AD stimulated the expression of essential 16 
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genes by encoded hydrogenases, such as hydA gene from Clostridium butyricum, 1 

producing acetic acid and butyric acid and increasing H2 production [179,180]. The 2 

results clearly demonstrated that minerals in biochar, those containingparticularly 3 

Fe-containing minerals, promoted the growth of Clostridium butyricum which in turn 4 

accelerated H2 production. 5 

 6 

4.6 Summary  7 

The mechanisms of biochar, particularly the impact of minerals, enhancing H2 8 

production were investigated using a bench-scale experiment. The addition of 9 

biochar (15 g L-1) to the sludge from the wastewater treatment plant increased 10 

cumulative H2 yield and maximum H2 production rate by 107% and 54%, 11 

respectively. Cultures with biochar that had the highest concentration of minerals 12 

showed the highest YH, RH, growth of Clostridium butyricum, and production of 13 

acetic and butyric acid. While leached biochar added into the culture also increased 14 

YH and RH, the values were still significantly lower than that of the culture with the 15 

addition of biochars without leaching to remove the mineral elements (e.g., Ca, K, 16 

and Fe). Therefore, minerals in biochar must have promoted the production of VFAs 17 

by Clostridium butyricum, which in turn accelerated hydrogen production. While 18 

supplementation of Ca and K to cultures did increase YH and RH, Fe supplementation 19 

demonstrated the greatest effect on YH and RH. Only the addition of leached biochar 20 

supplemented with Fe obtained similar YH and RH to unleached biochar. As such, 21 

Fe-containing minerals seem to play the greatest role in the acceleration of 22 

hydrogen-producing bacteria and is a key for promoting H2 production.  23 

24 
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 1 

Chapter 5. Effect of biochar in enhancing methane production 2 

 3 

5.1 Introduction 4 

As discussed in Chapter 2, some literature has shown that the addition of biochar 5 

during methanogenic digestion enhances the CH4 production rate, increases 6 

cumulative CH4 yields, allows faster VFA degradation and shortens the lag phase. 7 

The mechanisms of biochar have been studied increasing CH4 by stimulating 8 

methanogenic immobilisation, buffering the pH, promoting adsorption of inhibitors 9 

and direct interspecies electron transfer (DIET). One of the most interesting and 10 

potentially important properties of biochar is the mineral components. Biochar 11 

typically contains iron (Fe), calcium (Ca), potassium (K), aluminium (Al) and 12 

magnesium (Mg) in the form of minerals, metalloids and organometallic complexes. 13 

These minerals have been shown to act as micronutrients and promote the growth of 14 

methanogens and hydrogen-producing microbes during AD. However, limited 15 

studies have focused on the correlation between the minerals in biochar and their 16 

effect on methanogenic digestion. Therefore, the objective of this research was to 17 

determine which minerals in pine sawdust biochar contributed the most to CH4 18 

production. Samples of biochar were subject to a leaching treatment to provide a 19 

base comparison between the effect of the minerals and the effect of the biochar 20 

itself on CH4 production. In this chapter, the effects of biochar and leached biochar 21 

(with and without the addition of minerals) addition on CH4 were characterised. The 22 

VFA concentration differences between the raw biochar and leached biochar 23 

addition were compared with detailed information about the distribution of bacteria 24 

and archaea. 25 
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5.2 Minerals in biochar 1 

Table 5.1 shows the concentrations of elements in the leachate of the biochars. The 2 

conventrations of Fe, K and Ca were the highest in the leachates of both biochar 3 

samples. The concentration of Fe, K and Ca were 279 ± 11 mg.kg-1, 137 ± 07 mg.kg-4 

1, and 88 ± 05 mg.kg-1 in biochar B650 and 287 ± 01 mg.kg-1, 114 ± 28 mg.kg-1, and 5 

117 ± 03 mg.kg-1 in biochar B900, respectively. Elements including aluminium (Al), 6 

zinc (Zn), sodium (Na), magnesium (Mg), manganese (Mn) and nickel (Ni) were 7 

also present in the leachate, but their concentrations were less than 50 mg.kg-1. 8 

Element concentrations were generally higher in the leachates from biochar B900 9 

than biochar B650. This is not unexpected, as increasing pyrolysis temperatures 10 

increases the volatilisation of organic molecules and the accumulation of ash in the 11 

char fraction [117]. Element concentrations in the leachate increased with increasing 12 

leaching time, although leachate concentrations for most elements stabilised by 24h. 13 

Given that, 1) Fe is a nutrient well known to enhance microbial metabolism and 2) 14 

Fe has the highest concentration of all element nutrients removed by leaching, Fe 15 

was re-added in selected experiments to determine its effects on CH4 production. To 16 

investigate the effect of elements addition on CH4 production, effects of Fe, K and 17 

Ca were evaluated in bench-scale studies. 18 



90 
 

Table 5.1 Element concentrations from leachates of biochar B650 and B900  

Biochar 

Leaching 

Time (h) Fe  (mg.kg-1) Ca (mg.kg-1) K (mg.kg-1) Al (mg.kg-1) Mg  (mg.kg-1) Na  (mg.kg-1) Mn  (mg.kg-1) Ni  (mg.kg-1) Zn (mg.kg-1) 

B650 

2 256.0±13.38 82.8±0.60 61.7±0.55 8.2±0.09 5.8±0.03 2.5±0.03 1.9±0.04 0.2±0.02 6.6±0.20 

4 272.1±9.56 88.3±2.64 82.3±2.06 10.9±2.06 6.2±0.18 5.0±0.08 2.1±0.04 0.2±0.01 7.5±0.38 

8 272.9±7.58 82.4±0.63 96.5±0.24 11.3±0.07 6.3±0.01 5.3±0.02 2.1±0.05 0.2±0.01 7.6±0.46 

16 276.4±10.54 87.2±1.13 120.1±1.41 13.1±0.07 6.6±0.01 6.6±0.49 2.1±0.01 0.2±0.01 7.5±0.01 

24 278.0±10.13 92.0±1.14 143.0±1.22 14.1±0.01 6.8±0.01 7.0±0.31 2.2±0.01 0.2±0.01 7.1±0.01 

B900 

2 230.5±18.54 108.6±0.05 70.6±0.41 36.0±1.10 25.0±0.01 17.5±0.76 5.1±0.38 3.0±0.31 7.5±0.64 

4 282.5±0.57 113.4±2.34 83.6±2.27 39.8±0.69 25.8±0.15 21.4±0.31 6.0±0.31 3.7±0.16 9.5±1.31 

8 290.0±1.74 112.0±0.89 95.1±0.24 42.9±0.47 26.4±0.01 23.2±0.25 6.3±0.05 3.9±0.14 10.1±0.15 

16 283.9±6.37 116.2±2.91 109.0±2.22 46.4±0.95 27.1±0.34 25.4±0.91 6.1±0.02 4.1±0.18 10.0±0.21 

24 290.7±6.14 120.0±2.14 116.0±0.24 48.0±1.11 28.0±0.12 27.0±0.71 5.8±0.03 4.2±0.03 7.6±0.21 
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5.3 CH4 production 1 

The RM and YM of cultures with and without the addition of biochar or leached 2 

biochar are presented in Figure 5.1. The control culture began to produce CH4 after 3 

day 6 of the experiment and reached peak production rates (RM) on day 10 (272 ± 8 4 

mLCH4. L
-1. d-1). However, the rate of production rapidly declined after day 10 and 5 

had essentially ceased by day 36. The total yield during this period accumulated to 6 

was 1487.9 mL.L-1 in the control. The cultures containing either B650 or B900 had 7 

the highest rates and cumulative yields of CH4 production. Cultures with B900 had 8 

the highest maximum RM at 389 ± 4 mLCH4. L-1. d-1, while biochar B650 had a 9 

slightly lower maximum RM of 362 ± 3 mLCH4. L
-1. d-1. Cumulative yields were also 10 

higher in the B900 cultures than B650 cultures, where YM increased by 46.9 % (from 11 

1487.9 to 2186.7 mL.L-1) and 40.6% (from 1487.9 to 2092.1 mL.L-1) over the 12 

control, respectively. Cultures that included leached biochar showed that YM and RM 13 

decreased with increasing leaching time, although they were still higher than the 14 

control even after 24h of leaching. B900-CA24 still demonstrated higher RM (321 ± 15 

9 mLCH4. L-1. d-1) than B650-CA24 (287.9 ± 8 mLCH4. L-1. d-1). YM was also 16 

distinctly lower in B650-CA24 and B900-CA24 cultures than the unleached 17 

biochars, where YM was 1922.1 and 1982.7 mL.L-1, respectively. The very 18 

noticeable decrease in both YM and RM with increasing leach time suggests that the 19 

removal of elements suppressed the beneficial promoting effect of biochar during 20 

CH4 production. This also explains why production was higher in B900 than B650, 21 

as the mineral content were higher in B900.  22 
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Figure 5.1 CH4 production rates (RM) of CH4 in cultures with addition of (a) 3 

biochar B650 and (b) biochar B900 and cumulative of CH4 yields 4 

(YM) of cultures with addition of (c) biochar B650 and (d) biochar 5 

B900  6 
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 1 

To further understand the role of minerals in biochar on the CH4 production process, 2 

experiments were run using leached samples re-loaded with Fe, K or Ca. However, 3 

in the discussion below only the effect of Fe in biochar has been discussed, as the 4 

cultures with Ca and K addition only increased YM by 1.54% (from 1487.9 to 1511 5 

mL.L-1) and 0.82% (from 1487.9 to 1500.46 mL.L-1), respectively, over the control. 6 

Samples from C-Fe, B650-CA24-Fe and B900-CA24-Fe were measured and 7 

compared for RM and YM (Figure 5.2). Cultures with Fe addition increased CH4 8 

production rate and CH4 yield by 4.0% and 14.8% above the control. It is also shown 9 

that the culture containing biochar supplemented with Fe (B650-CA24-Fe and B900-10 

CA24-Fe) had similar RM and YM to the unleached biochar after 40 days of CH4 11 

production. This suggests that minerals in biochar, especially Fe, stimulated 12 

methanogens and may serve directly as an electron donor for CO2 reduction to CH4 13 

[181].  14 
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Figure 5. 2 CH4 production rate (RM) of (a) biochar B650 and (b) biochar B900 3 

and cumulative CH4 yield (YM) of (c) biochar B650 and (d) biochar 4 

B900 with additions of Fe 5 

 6 
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Figure 5. 3 (a) CH4 production rate (RM) and (b) cumulative CH4 yield (YM) of 3 

Ca, K, and Fe addition  4 
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5.4 Volatile Fatty Acids  1 

Figure 5.3 shows the concentrations and compositions of VFAs during AD in 2 

cultures containing biochar B650, B900, and biochar leached for 2h, 8h, and 24h. On 3 

day 0, VFAs concentrations were high in all experiments, mainly consisting of acetic 4 

acid, butyric acid, and propionic acid. High initial VFA contents can be explained by 5 

accumulation in the first phase of TPAD during H2 production. On day 7, the total 6 

VFA concentrations decreased slightly due to the lag phase of methane production. 7 

In this phase, both the acetic acid and butyric acid concentrations decreased, while 8 

the propionic acid increased. By day 20, acetic and butyric acid had been almost 9 

completely consumed, and propionic acid remained. Propionic acid was the only 10 

remaining VFA from day 30 onward due to the complex degradation and slow 11 

syntrophic oxidation, which becomes the limiting step for CH4 production [119,137]. 12 

The addition of both B650 and B900 to cultures, respectively, accelerated VFA 13 

degradation. The addition of biochar B650 and B900 led to a significant increase of 14 

acetic acid and butyric acid almost two-fold compared to the control. VFA 15 

degradation was also faster in cultures with unleached biochar than leached biochar. 16 

Notably, VFA degradation was progressively slower from day 20 onwards for 17 

biochars that had longer leaching times. Given this, it seems likely that elements 18 

removed from the biochar by leaching play an effective role in VFA degradation.  19 
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Figure 5.4 VFAs profile of (a) biochar B650 and (b) biochar B900 on day 0, 7, 3 

20, 30 and 40 during CH4 production. (A: Control, B: Unleached, C: 4 

2h-leached, D: 8h-leached, E: 24h-leached) 5 
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To further understand the role of Fe during CH4 production, VFA production was 1 

examined in a culture with the addition of Fe, with and without leached biochar, on 2 

days 0, 7, 10, 20, 30 and 40 (Figure 5.4). It is important to note that, as this study 3 

relies on the effluent produced during the first phase of TPAD, the initial 4 

concentrations of VFA were different from the control. By the end of the first phase 5 

of TPAD, unleached biochar elevated VFA concentrations, particularly acetic and 6 

butyric acid. Acetic and butyric acid production was considerably high in the culture 7 

with the addition of Fe than the control, which suggested that Fe addition enhanced 8 

food waste conversion by stimulating the microbial metabolism. Acetic and butyric 9 

acids were significantly degraded by day 10 and propionic acid accumulated in all 10 

cultures. A previous study has showed that a faster degradation of acetic acid 11 

indicates a faster CH4 production [137]. On day 30, VFAs completely degraded in 12 

cultures with B650, B900, B650-CA24-Fe and B900-CA24-Fe, respectively. The 13 

VFA degraded completely after 40 days of AD in all experiments except for the 14 

control, B650-CA24 and B900-CA24, respectively. At the end of the experiment, 15 

cultures with biochar had lower propionic acid accumulation, which corresponded to 16 

higher CH4 production. Faster degradation in the B650-CA24-Fe and B900-CA24-17 

Fe cultures than the B650 and B900 cultures may have resulted from Fe availability, 18 

as the Fe is not bound to any mineral or organic complex in the Fe-loaded leached 19 

biochar cultures. Importantly, Fe also demonstrated higher VFA degradation than the 20 

control. This demonstrates that the Fe in biochar that stimulated the degradation of 21 

acetic acid, butyric acid and propionic acid. Cheng et al. (2020) found that Fe can act 22 

as a reducing agent that promotes the conversion of propionic acid to acetic acid 23 

[182]. In particular, enhanced VFA degradation in cultures with unleached and Fe-24 

loaded biochar may occur because Fe-bearing minerals enhance the syntrophic 25 
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metabolism process and provide an electron donor to the autotrophic methanogenic 1 

conversion of CO2 to CH4 [12]. 2 
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Figure 5. 5 VFAs profile of (a) B650 and (b) B900 with addition of Fe during 6 

CH4 production (A: Control, B: Fe, C: Biochar, D: Leached, E: 7 

Leached +Fe) 8 
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5.5 Microbial profile 1 

Bacterial dominance in the culture can enhance or suppress the growth of 2 

methanogen communities. The distribution of bacterial sequences of samples 3 

collected on day 40 from all experiments during CH4 production at the class level 4 

(relative abundance >1%) is shown in Figure 5.5a. Clostridia (26.5%), Bacilli 5 

(12.1%) and Synergistia (10.1%) were the dominant bacterial classes in the control 6 

on day 40. In fact, 16S rRNA analysis showed that Clostridia was dominant in the 7 

bacterial community at the end of all experiments. Clostridia bacteria provided a 8 

substrate for the growth and reproduction of methanogens by hydrolysing 9 

carbohydrates and fermenting acetic acid, improving their metabolism of VFAs 10 

[183,184]. The addition of biochar B650 and biochar B900 increased the Clostridia 11 

proportion by 26.0% (from 26.5 to 52.5%) and 29.9% (from 26.5 to 56.4%), 12 

respectively, compared to the control. The addition of B650-CA24 and biochar 13 

B900-CA24 also increased the proportion of Clostridia compared to the control but 14 

only by 21% (from 26.5 to 47.5%) and 21.6% (from 26.5 to 48.1%), respectively. 15 

B650-CA24-Fe and B900-CA24-Fe increased the relative abundance of Clostridia 16 

by 24.8% (from 26.5 to 51.3%) and 29.1% (from 26.5 to 55.6%) over the control, 17 

similar to B650 and B900 addition. This is not unexpected, as a previous study found 18 

elemental zero-valent iron addition can increase the Clostridia population, and thus 19 

stimulate the hydrolysis process [185].  20 
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Figure 5. 6 Microbial distribution of (a) bacteria at the class level and (b) archaea 3 

at the genus level in all cultures on day 40 of CH4 production (A: 4 

Control, B: Fe, C: B650, D: B650-CA24, E: B650-CA24-Fe, F: B900, 5 

G: B900-CA24, H: B900-CA24-Fe) 6 
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Aside from the characterisation of bacterial communities in B650 and B900 cultures, 1 

changes in bacterial community dynamics as AD progressed were examined in B900 2 

cultures on day 0, 10 and 40 of CH4 production (Figure 5.6a). On day 0, Bacilli was 3 

the dominant bacterial species in all experiments, accounting for 89.8 % of the 4 

population, while Clostridia was only 6.2 %. On day 10, the proportion of the 5 

Clostridia in control increased from 6.2 % to 37.7 %. The addition of biochar B900 6 

significantly increased the relative abundance of Clostridia by 18.7% (from 37.7 % 7 

to 56.4 %) over the control, while B900-CA24 only increased the Clostridia by 8 

10.4% (from 37.7% to 48.1%). The addition of B900-CA24-Fe increased Clostridia 9 

from 6.2% to 55.6% on day 10, which was far above the levels in the control and 10 

similar to cultures containing unleached biochar. More interestingly, the Clostridia 11 

population in B900 and B900-CA24-Fe did not demonstrate the same dramatic 12 

decline in proportion on day 40 as in the control, B900-CA24 and C-Fe. The results 13 

suggested that Fe-containing minerals in biochar stimulated Clostridia growth, 14 

which may have worked together to bolster the bacterial community. Our results 15 

indicate that Fe-containing minerals in biochar played a crucial role in microbial 16 

population diversity during CH4 production, particularly by promoting Clostridia 17 

growth. Higher growth rates of Clostridia converted more substrate into acetic acid 18 

and butyric acid in turn, which increased CH4 yield.  19 

The relative abundance of archaea at the species level is shown in Figure 5.5b. 20 

Methanosaeta, Methanosarcina, Methanobacterium, Methanospirillum, and 21 

Methanobrevibacter were the five predominant archaea with relative abundance 22 

>1% in all samples, which was typical of AD processes [137,186]. Methanosaeta 23 

was the dominant archaea class in all experiments and accounted for approximately 24 

83.8% of archaea species in control on the final day (day 40) of the experiment. 25 



105 
 

Methanosaeta is an acetoclastic methanogen that is responsible for the conversion of 1 

acetic acid to CH4 and is expected to dominate in the second phase of TPAD (Si et 2 

al., 2016). Methanobacterium, Methanospirillum, and Methanobrevibacter, while 3 

present, had relative abundance < 3%. The low abundance of Methanobacterium, a 4 

hydrogenotrophic methanogen, may be explained by the TPAD process itself. In 5 

single-phase anaerobic digestion,  where H2 and CH4 were produced in a single 6 

vessel treating food waste, Methanobacterium makes up 17.3% of total archaea 7 

genus [187]. However, during TPAD, where H2 and CH4 production are separated, 8 

Methanobacterium populations in the CH4 digester are relatively low due to the 9 

dominance of Methanosaeta. This is likely because H2, which is required alongside 10 

CO2 for direct interspecies electron transfer (DIET) to CH4, is consumed in the first 11 

phase of anaerobic digestion and become unavailable for the Methanobacterium 12 

[188]. The acetoclastic methanogenesis is the dominant pathway for CH4 production 13 

because the feedstock used for CH4 production was the effluent from the first phase. 14 

Therefore, biochar addition promoted the degradation of VFA and led to increased 15 

CH4 production. 16 
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Figure 5. 7 Microbial distribution in B900 of (a) bacteria at the class level and (b) 2 

archaea at the genus level (A: Control, B: Fe, C: Biochar, D: Washed, 3 

E: Washed +Fe) 4 

 5 

Biochar addition had a notable impact on the archaea community diversity on day 6 

40. The addition of biochar B650 and B900 to the culture increased the 7 

Methanosaeta proportion to 91.0% and 92.1%, respectively. Increasing the 8 

Methanosaeta population has been linked to their binding onto the biochar particle 9 

due to its high porosity, which promotes biofilm growth [113]. B650-CA24 and 10 

B900-CA24 also increased the relative abundance of Methanosaeta by 3.8% (from 11 

83.8% to 87.6%) and 4.3% (from 83.8% to 88.1%). However, the increase was 12 

substantially lower in the leached biochar cases than in the unleached counterparts, 13 

suggesting that binding to the biochar is not the only mechanism at play. The 14 

addition of B650-CA24-Fe and B900-CA24-Fe prompted an increase of 15 

Methanosaeta by 8.6% (from 83.8% to 92.4%) and 8.5% (from 83.8% to 92.3%), 16 
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respectively, over the control: to the same level as the unleached biochars. Thus, it 1 

could be inferred that the Fe-bearing minerals in the char may also promote the 2 

growth of acetoclastic methanogens. For further investigation into the dynamic 3 

archaea distribution during CH4 production, archaea diversity in cultures using 4 

B900, B900-CA24 and B900-CA24-Fe were investigated on day 0, 10 and 40 5 

(Figure 5.6b). On day 0, the relative abundance of Methanosaeta was 10.4% for all 6 

experiments. By day 10, in the control, it was shown that the proportion of 7 

Methanosaeta increased significantly to 82.8%. The addition of biochar B900, B900-8 

CA24 and B900-CA24-Fe also increased Methanosaeta proportions to 92.1%, 9 

86.5% and 92.3% on day 10. Unlike the bacterial communities, there was almost no 10 

change in the proportion of the most abundant archaea, Methanosaeta, on day 40 in 11 

all experiments.  12 

Our previous works have shown that high porosity in biochar promoted biofilm 13 

development during CH4 production, which improves overall CH4 production 14 

[15,22]. However, the results of this study show that minerals in biochar, especially 15 

those containing Fe, may also play a vital role in microbial development. The 16 

previous studies reported that supplementation of Fe(III)/Fe(II) oxide (Fe3O4) into 17 

AD enriched Methanosaeta growth which in turn promoted CH4 production via 18 

direct interspecies electron transfer [150,189]. Consistently, the addition of zero-19 

valent iron (ZVI) at an appropriate dosage increased CH4 production by enhancing 20 

Methanosaeta activity to generate CH4 from acetic acid [185,190]. The higher 21 

proportions of Methanosaeta and Clostridia in cultures containing unleached or Fe 22 

supplemented leached biochar, as compared to any other experiment, demonstrated 23 

that Fe-bearing minerals in biochar promote microbial growth and, thus, CH4 24 

production.  25 
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5.6 Summary 1 

A comprehensive study of the effect of biochar addition on the microbial community 2 

and methane (CH4) production during anaerobic digestion has been carried out, 3 

focusing on the role of minerals in biochar. It was found that the addition of biochar 4 

during CH4 dedicated anaerobic digestion dramatically increases CH4 production. 5 

However, biochars leached of minerals resulted in lower CH4 yields and production 6 

rates, and slower degradation of acetic, butyric and propionic acid than unleached 7 

biochars. It was also found that the addition of Fe to the leached biochar cultures 8 

promoted the growth of Clostridia and Methanosaeta, and produced similar VFA 9 

degradation, and CH4 yields and production rates to the unleached biochar. It seems 10 

likely, therefore, that Fe-containing minerals in biochar play a crucial role in CH4 11 

production, by promoting the degradation of VFAs and the growth of Clostridia and 12 

Methanosaeta. 13 

 14 

15 
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 1 

Chapter 6. Effect of biochar addition on hydrogen and methane 2 

production during semi-continuous TPAD operation 3 

 4 

6.1 Introduction 5 

As previously discussed in Chapter 4 and 5, the production of H2 and CH4 on bench-6 

scale TPAD experiments were evaluated individually. In large-scale biogas 7 

production, the semi-continuous operation has been used to produce H2 and CH4 8 

continuously. In the semi-continuous operation, the first reactor was fed with food 9 

waste to produce H2. After the reaction, the effluent from the first phase was 10 

transferred as the feedstock to the second reactor to produce CH4. Therefore, H2 and 11 

CH4 can be produced continuously. During semi-continuous operation, feedstock 12 

was usually fed simultaneously into the bioreactor by increasing OLR with or 13 

without different hydraulic retention time (HRT).  Previous research has reported 14 

that high OLR and short HRT during semi-continuous operation leads to lower H2 15 

and CH4 production due to inhibited microorganism activity from the acid 16 

accumulation and reduced pH. To prevent the decrease in pH, buffering agents, such 17 

as NaHCO3, CaCO3, and lime mud, have been conventionally supplemented into 18 

AD. However, this method is costly and negatively impacts microbial activity. 19 

Biochar has emerged as an alternative additive to AD that shows not only the 20 

remarkable buffering ability but is also an affordable, eco-friendly carbon material. 21 

In this chapter, the effect of biochar during semi-continuous production of H2 and 22 

CH4 as well as microbial distribution were investigated in a five-litre of semi-23 

continuous stirred reactor tank in the laboratory. OLR was increased gradually in this 24 

study to investigate the effect of biochar on the buffer system under different organic 25 

loads. This study is necessary to understand the behaviour of biochar as a buffering 26 
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agent in H2 and CH4 production and support the practical application on a larger 1 

scale for TPAD plants treating food waste.   2 

6.2 The effects of biochar on the performance of the first phase  3 

The H2 production rate of cultures with and without the addition of biochar in batch 4 

followed by the semi-continuous operation are presented in Figure 6.1 CH4 was not 5 

detected during the first phase of TPAD in R1, demonstrating the effectiveness of the 6 

sludge heating and temperature control. While cultures began to produce biogas after 7 

the first day of the batch operation experiment, the H2 concentrations were 8 

negligible. H2 production began on the second day for all cultures, but the H2 9 

production rate was generally higher in the culture with the addition of biochar. 10 

During stage I, the average H2 production rate of cultures with the addition of 11 

biochar was 92.3 mL·d-1 and the H2 composition of the biogas was 30.26% (Table 12 

3). The H2 production rate with the addition of biochar was by 87.85% higher than 13 

produced in the control culture (92.3 mL·d-1) and the concentration of H2 in the 14 

biogas was higher (7.11%). During stage II, H2 production continued to increase as 15 

the OLR was increased (from 0.5 to 1 gVS·L-1·d-1) and the HRT was reduced (from 16 

3d to 2d).  During stage III–V, H2 production and concentration increased when the 17 

OLR increased to 2.0, 3.0 and 4.0 gVS·L-1·d-1. It is clearly shown that the culture 18 

with the addition of biochar had a greater H2 production rate than cultures without 19 

biochar addition. It can be seen at stage V that the addition of biochar increased the 20 

average of H2 production rate by 45.69% (from 749.58 to 1092.11 mL·d-1) over the 21 

control. During the semi-continuous operation stage (stage VI), the average H2 22 

production rate of cultures with the addition of biochar was only 45.05% higher 23 

(from 863.65 to 1252.80 mL·d-1) than the control. There was a very noticeable 24 

decrease in H2 production rate when the OLR increased from 4.0 to 6.0 gVS·L-1·d-1 25 
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(stage VII) in the culture without biochar, only reaching a maximum of 730.06 1 

mL·d-1 by day 100 of AD operation. This may be due to VFA accumulation can 2 

cause low pH that inhibits bacterial metabolism, which is discussed in detail below. 3 

However, the decrease in H2 production did not seem to occur in the culture with 4 

biochar addition in stage VII, which had a stable and semi-continuous production of 5 

H2.  6 
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Figure 6.1 Effect of biochar addition on (a) H2 production  9 

 10 

The evolution of pH during the first phase of TPAD is shown in figure 6.2. At the 11 

beginning of the experiment, the pH of all cultures was adjusted to 6.4 for the 12 

optimum growth of H2 producing bacteria. During stage I, the pH of all experiments 13 

(with and without biochar) decreased as the H2-producing bacteria degraded the food 14 

waste to produce VFAs. However, the decrease in pH of the control culture (4.9) was 15 
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more prominent than the culture with biochar addition (5.2). During the batch 1 

operation of stages II – V, the average pH of the control culture remained at ~5.0. 2 

The average pH in the culture with biochar addition, on the other hand, rebounded 3 

slightly to 5.5, implying that the addition of biochar was able to buffer the pH of the 4 

culture and keep the system closer to the optimum pH for the growth of H2-5 

producing bacteria [191]. Increasing the OLR during batch operation did not appear 6 

to influence the pH of the AD. The pH also showed no significant difference 7 

between the semi-continuous operation of stage VI and the batch operation for stages 8 

II to V for either culture. In stage VII, however, while the culture with biochar 9 

addition remained stable at pH 5.5, the average pH in the culture without biochar 10 

decreased from 5.1 to 4.5 which is far from the optimal pH for H2 producing bacteria 11 

growth (5.5-6.5). In other studies, the addition of biochar has shown a potential to 12 

buffer the pH of the culture during the first phase of TPAD [109]. The buffering 13 

capabilities of the biochar may be a function of its surface groups, such as carboxyl 14 

and hydroxyl groups, and inherent ash, which contains elements (Fe, Ca, K, Mg, Na, 15 

and Al) that contribute to the alkalinity of biochar [115,168]. 16 

 17 
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Figure 6. 2 Effect of biochar addition on pH during (a) H2 production  3 

The VFA concentrations during stage I–VII is shown in figure 6.3. At stage I, all 4 

experiments generated low amounts of acetic, butyric and propionic acid. During 5 

stage II, however, the concentration of VFAs increased as the OLR was increased 6 

(from 0.5 to 1.0 gVS·L-1·d-1) and HRT reduced (from 3 to 2d). In this stage, acetic 7 

and butyric acid were dominant, with a lower concentration of propionic acid. 8 

During stages III – V, the concentrations of acetic, butyric and propionic acid 9 

increased due to increasing OLR. During semi-continuous operation (stage VI), the 10 

ratio of acetic acid to butyric acid was greater than 1.0, suggesting that the acetate 11 

pathway for H2 production is the predominant fermentative pathway [39].  12 
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Figure 6. 3 Effect of biochar addition on VFA during (a) H2 production. A is the 2 

culture without biochar and B is the culture with biochar addition 3 

Acetic acid and butyric acid production were considerably higher in the culture with 4 

the addition of biochar, which suggested that biochar enhances feedstock 5 

degradation to VFAs. VFA production in the presence of biochar has been 6 

demonstrated by Zhang et al. (2017) and is considered to stimulate microbial 7 

metabolism by providing suitable surface area for biofilm growth and enhancing H2 8 

transfer efficiency [87]. However, despite both cultures showing increased VFA 9 

concentrations in stage VII due to the increased OLR (from 4 to 6 gVS.L-1.d-1), the 10 

control culture had the highest concentrations. The increase of acetic, butyric and 11 

propionic acid by 16%, 19%, and 98%, respectively, led to the acidification of the 12 

culture without biochar. The significance of propionic acid accumulation due to the 13 

drop of pH in the culture without biochar was an inhibitor for hydrogen-producing 14 

bacteria growth [192]. By contrast, the amount of acetic, butyric and propionic acid 15 
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in the culture with biochar only increased by 9%, 7%, and 7%, suggesting that 1 

biochar addition prevented the accumulation of acetic, butyric and propionic acid. 2 

Accumulation may be prohibited because biochar provides minerals that enhance the 3 

microbial metabolism of H2 producing bacteria and both surface area for microbial 4 

attachment and growth, and thus VFA degradation increased in stage VII [15]. 5 

Table 6.1 Performance of reactor during H2 and CH4 production 6 

Reactor Phase Gas Composition Biogas 

production 

rate (L.d-1) 

H2 yield 

(mL.gVS-1) 

CH4 yield 

(mL.gVS-1) 

pH 

H2 (%) CH4 (%) CO2 (%) 

R1  

without 

biochar 

I  30.26 0.63 69.15 302 92.74 0 4.9±0.1 

II 33.61 0.37 66.01 480 81.71 0 5.0±0.3 

III 43.76 0 56.23 682 81.40 0 5.1±0.1 

IV 47.82 0 51.96 1116 82.59 0 5.1±0.1 

V 49.38 0 50.61 1488 93.72 0 5.0±0.3 

VI 

VII 

50.44 

48.47 

0 

0 

49.55 

51.53 

1647 

1700 

107.82 

100.96 

0 

0 

5.1±0.2 

4.8±0.3 

R2 

without 

biochar 

I 14.04 37.71 48.24 147 0 99.97 6.2±0.1 

II 0 64.77 35.22 353 0 152.20 6.7±0.2 

III 0  74.14 25.86 564 0 140.96 6.8±0.3 

IV 0 73.26 26.73 1062 0 172.71 6.7±0.1 

V 0 72.62 27.38 1736 0 212.69 6.8±0.3 

VI 

VII 

0 

0 

74.41 

71.13 

25.58 

28.87 

1801 

1821 

0 

 

227.63 

199.71 

6.8±0.1 

6.2±0.4 

R1  

with 

biochar 

I 37.37 0.35 61.31 467 178.36 0 5.4±0.1 

II 45.17 0 54.82 1158 266.25 0 5.5±0.2 

III 50.71 0 49.28 1462 184.24 0 5.5±0.3 

IV 50.14 0 49.85 1890 158.24 0 5.5±0.1 

V 51.58 0 48.41 2115 136.51 0 5.6±0.1 

VI 

VII 

53.15 

52.42 

0 

0 

46.84 

47.58 

2320 

2329 

149.73 

143.59 

0 

0 

5.6±0.2 

5.4±0.3 

R2 

with 

biochar 

I 14.51 39.66 47.44 648 0 399.13 6.8±0.1 

II 0 74.04 25.96 1104 0 424.27 7.1±0.2 

III 0 76.36 23.63 1654 0 412.48 7.2±0.1 

IV 0 77.63 22.36 1867 0 315.16 7.3±0.1 

V 0 80.24 19.75 2215 0 294.54 7.3±0.2 

 VI 

VII 

0 

0 

81.21 

80.65 

17.24 

19.35 

2383 

2361 

0 

0 

307.17 

304.24 

7.4±0.2 

7.3±0.2 

 7 
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6.3 The effects of biochar on the performance of the second phase  1 

Figure 6.4 presents the CH4 production rate of cultures with and without the addition 2 

of biochar. CH4 production began earlier in the culture containing biochar (day 5) 3 

than the control culture (day 10), and the CH4 production rate was generally higher 4 

in the biochar culture at all stages of the digestion. At stage I, the average CH4 5 

production rate of the control cultures stabilised at 75.87 mL·d-1 and the average CH4 6 

concentration was 37.71% (Table 3).  7 
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Figure 6. 4 Effect of biochar addition on CH4 production 9 

 10 

The addition of biochar in stage I, on the other hand, had a CH4 production rate of 11 

307.98 mL·d-1 and a concentration of 39.66% in the biogas. The H2 was detected 12 

with a concentration of 14% in stage I as a by-product of the degradation of food 13 

waste during the hydrolysis process.  No H2 was detected following stage I in any 14 
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experiment, as the production CH4 by the methanogenic archaea was more 1 

favourable. In stage II, CH4 production increased as the OLR increased (from 0.5 to 2 

1 gVS·L-1·d-1) and HRT reduced (from 10d to 5d).  The trend of increased CH4 3 

production with increasing OLR (1.0–4.0 gVS·L-1·d-1) continued during stages III – 4 

V. In stage V, cultures with biochar had an average CH4 production rate that was 5 

43.55% higher (1837.50 mL·d-1) than the control (1280.01 mL·d-1). During the 6 

continuous operation stage (stage VI), the average CH4 production rate of cultures 7 

with the addition of biochar increased again to 1908.40 mL·d-1, which is 51.67% 8 

higher than the control culture (1365.78 mL·d-1). The supplementation of biochar in 9 

the culture also enhanced the concentration of CH4 by 7.8 (from 74.4% to 82.2%) 10 

compared to control. However, when the OLR increased from 4.0 to 6.0 gVS·L-1·d-1 11 

during stage VII, CH4 production in the culture without biochar decreased from 12 

1365.78 to 1198.25 mL·d-1 after 10 days and further decreased to 1095.9 mL·d-1 on 13 

day 100 of the second phase of TPAD operation.  The decrease in CH4 production 14 

occured, much as the decreased H2 production, as VFA accumulation begins 15 

(discussed below) and inhibit microbial activity. In comparison, the culture with 16 

biochar retained a stable average CH4 production rate of 1905.2 mL·d-1 until the end 17 

of the experiment. The results suggest that, as has been demonstrated in previous 18 

literature [167], biochar can effectively improve CH4 production by providing 19 

optimal conditions for methanogenic archaea. 20 

 21 
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Figure 6.5 Effect of biochar addition on pH during CH4 production 2 

One such condition is maintaining a favourable pH, which can be buffered by the 3 

biochar. The change of pH during the second phase of TPAD is shown in figure 6.5. 4 

For CH4 producing archaea, the optimum pH to support their growth and metabolism 5 

is 7.8, to which the pH was buffered at the beginning of the experiment. During stage 6 

I, the average pH of the control culture decreased to 6.2, while the culture with 7 

biochar addition was able to maintain a higher pH of 6.8. During batch operation of 8 

stages II – V, the average pH in the culture without biochar increased to 6.7 and 9 

stabilised. The average pH in the culture with biochar addition also increased and 10 

stabilised during these stages at 7.2. As with the first phase of TPAD, the addition of 11 

biochar was able to buffer the pH in the culture against acidification resulting in the 12 

system pH closer to optimum conditions. Increased OLR had no apparent effect on 13 

the pH during stage II to V. When the reactor was switched from batch operation 14 
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(stage I–V) to continuous operation (stage VI), there was no change in the pH in 1 

either culture.  However, in stage VII, the pH in the control culture decreased from 2 

6.8 to 5.7 when the OLR was increased, while the culture with biochar addition 3 

remained stable at pH 7.3. As with R1, the biochar demonstrated pH buffering 4 

capability during the semi-continuous operation of the second TPAD phase because 5 

of the high content of inorganic salts and metallic oxides [119,153].  6 
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Figure 6.6 Effect of biochar addition on VFA during CH4 production. A is the 8 

culture without biochar and B is the culture with biochar addition 9 

Increasing acidity during the second phase of TPAD is related to the production of 10 

VFAs. The VFA concentrations during CH4 production on stage I–VII is shown in 11 

figure 6.6. In the CH4 production phase of TPAD, VFA concentrations are always 12 

higher in the control culture than the culture with biochar, regardless of the operation 13 

mode (batch vs. semi-continuous) or the stage (I–VII). In stage I, all experiments 14 
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generated low amounts of acetic, butyric and propionic acid. At stage II, the 1 

concentration of VFAs increased with the increasing OLR (from 0.5 to 1.0 gVS·L-2 

1·d-1) and reduced HRT (from 10 to 5d), as expected. Similar to the first phase of 3 

TPAD, the acetic and butyric acids were dominant during stage II of the second 4 

TPAD phase, with a lowered concentration of propionic acid. During stages III – V, 5 

the concentrations of acetic, butyric and propionic acid increased again along with 6 

the increasing OLR. The culture with biochar showed lower VFA concentrations 7 

than the control, demonstrating that the biochar addition stimulated the fermentation 8 

and conversion of VFAs to CH4 by methanogenic archaea. During continuous 9 

operation (stage VI), cultures with biochar had lower propionic acid accumulation 10 

than the control. Biochar addition in CH4 production promoted the activity of 11 

acetogens, which decompose propionic acid into acetic acid, and acetoclastic 12 

methanogens, which convert acetic acid to CH4 [137]. During stage VII, acetic, 13 

butyric and propionic acid significantly increased by 14%, 18%, and 58%, 14 

respectively, in the control culture as the OLR increased. The culture with biochar, 15 

however, saw only a slight increase in VFA concentrations. This demonstrates that 16 

biochar stimulates the degradation of acetic, butyric and propionic acid during AD 17 

by enhancing syntrophic bacteria and methanogen archaea with accelerating 18 

interspecies electron transfer [12,149,193]. 19 

 20 

6.4 Microbial distribution 21 

The microbial distribution during the first phase of TPAD (H2 production) for the 22 

culture with and without biochar addition are shown in Figure 6.7. 23 

Carnobacteriaceae (34.4%), Enterococcaceae (21.6%), Clostridiaceae (13.7%), and 24 

Pseudomonadaceae (10%) were the dominant bacteria in all cultures at the start of 25 
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the experiment. Of these, Clostridiaceae and Enterococcaceae are the only anaerobic 1 

bacteria present that are likely to engage in the production of H2 [194,195]. 2 

Clostridiaceae, in particular, is responsible for food waste degradation to acetic and 3 

butyric acid [23,196]. At the end of Stage VI, the relative abundance of 4 

Clostridiaceae in the control culture increased to 54.2%. In cultures that contained 5 

biochar the increase in Clostridiaceae was almost twice that of the control, reaching 6 

92.6% of the total relative abundance and indicating that biochar must support the 7 

growth of Clostridiaceae bacteria. It is observed that the increased proportions of 8 

Clostridiaceae bacteria in the biochar were correlated with increased VFA 9 

degradation and H2 production. Similar results were found in bench-scale 10 

experiments, where the addition of biochar, with or without ash, to the culture 11 

demonstrated enhanced growth of Clostridiaceae bacteria and increased H2 12 

production [168]. 13 
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Figure 6.7 Microbial distribution in the first phase of TPAD with and without 16 

biochar addition during semi continuous operation  17 



122 
 

During CH4 production, both bacteria and archaea can play a role in overall 1 

production. The family level distribution of bacteria (relative abundance >1%) at the 2 

beginning and on day 90 (stage VI) of CH4 production is shown in Figure 6.8a. At 3 

the start of the second phase of TPAD, Pseudomonadaceae (19.5%), 4 

Lachnospiraceae (16.6%), Clostridiaceae (14.2%), Carnobacteriaceae (11.1%)  and  5 

Peptostreptococcaceae (10.5%) were the dominant bacterial families, common 6 

microbes in sewage sludge. Pseudomonadaceae, Lachnospiraceae and 7 

Carnobacteriaceae bacteria are responsible during hydrolysis and acidogenesis 8 

which convert food waste to acetic and butyric acids [186,197,198]. Despite not 9 

playing an active role in CH4 production, Clostridiaceae are important acetogens 10 

required to facilitate syntrophic acetate oxidation and hydrogenotrophic 11 

methanogenesis that supports the conversion of acetic acid to methane [23]. By day 12 

90 of the semi-continuous operation of R2, the relative abundance of Clostridiaceae 13 

bacteria of the control culture only increased to 18.8%, 4.6% higher than at the 14 

beginning of AD. In contrast, the addition of biochar significantly increased the 15 

relative abundance of Clostridiaceae to 58.2%. As might have been expected, 16 

biochar addition demonstrated the same promoting effect on Clostridiaceae growth 17 

during the CH4 production phase as those for the H2 production phase. It is apparent 18 

that more proportions of Clostridiaceae bacteria in the biochar led to higher VFA 19 

degradation and CH4 production. 20 
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Figure 6.8 Microbial distribution at the family level in the second phase of 3 

TPAD with and without biochar addition during semi continuous 4 

operation  5 

The relative abundance of archaea at the family level is shown in Figure 6.8 b. 6 

During two-phase anaerobic digestion, the products of acetogenesis (acetic acid, H2 7 

and CO2) were converted via two types of methanogenesis. The two types of 8 

methanogenesis pathways are acetoclastic methanogenesis where microbial utilise 9 
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acetate to CH4 (such as Methanosaetaceae and Methanosarcinaceae) and 1 

hydrogenotrophic methanogenesis where H2 and CO2 convert to CH4 (such as 2 

Methanosarcinaceae and Methanobacteriaceae). In all initial cultures, 3 

Methanosaetaceae (87.2%), Methanobacteriaceae (10.7%), Methanosarcinaceae 4 

(1.5%), and Methanospirillaceae (0.3%) were the two dominant archaea in the 5 

reactor. During the semi-continuous operation of the CH4 reactor, the relative 6 

abundance of Methanosarcinaceae and Methanobacteriaceae in the control culture 7 

increased by 39.4% (from 1.5% to 40.9%) and 15.1% (from 10.7% to 25.8%), 8 

respectively. The addition of biochar increased the relative abundance of 9 

Methanosarcinaceae and Methanobacteriaceae to be higher than the control (50.8% 10 

and 26.5%, respectively), demonstrating its promoting effect on their growth [23]. 11 

The addition of biochar may have contributed to the increased growth of 12 

Methanosarcinaceae because it can increase the conversion of H2 and CO2 to 13 

methane via hydrogenotrophic methanogenesis and work together with the 14 

syntrophic acetate oxidation (Clostridiaceae) to produce CH4 [199]. Biochar may 15 

also stimulate Methanobacteriaceae which convert H2 to CH4 via the 16 

hydrogenotrophic pathway [23]. This study showed that during semi-continuous 17 

operation, biochar is an appropriate carrier material for methanogens, particularly 18 

Methanosarcinaceae and Methanobacteriaceae. However, the dominant 19 

methanogens during semi-continuous CH4 production, with or without biochar, differ 20 

significantly from our previous bench-scale study using the same inoculum, where 21 

Methanosaetaceae were dominant during CH4 production [167]. The difference may 22 

be due to the prominence of the methanogenesis pathway for CH4 production during 23 

the bench-scale study, where acetic acid was dominant and hydrogenotrophic 24 

methanogenesis was limited by the removal of H2 prior to CH4 production.  25 
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6.5 Summary 1 

The performance of a laboratory-scale mesophilic semi-continuous two-phase 2 

anaerobic digestion (TPAD) of food wastes was investigated with a focus on the 3 

effect of biochar addition on daily H2 and CH4 production. This study demonstrated 4 

the benefit of biochar in enhancing H2 and CH4 production during the mesophilic 5 

semi-continuous operation of laboratory-scale TPAD. Biochar can promote both H2 6 

and CH4 production regardless of the OLRs from 0.5 to 6.0 gVS.L-1.d-1. During the 7 

very high OLR operation (6.0 gVS.L-1.d-1), the culture with the addition of biochar 8 

showed a stable production of H2 and CH4 compared to the cultures without biochar. 9 

Biochar addition buffered against the pH shock during high OLR. Microbial 10 

community analysis revealed that the biochar increased the abundance of H2-11 

producing Clostridiaceae in the first phase and CH4-producing Methanosarcinaceae 12 

and Methanobacteriaceae in the second phase of TPAD.  13 

14 
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 1 

Chapter 7. Adsorption of hydrogen sulphide using pinewood-2 

derived biochar 3 

 4 

7.1 Introduction 5 

The removal of H2S from biogas must be undertaken to meet the H2S standard limit 6 

for safe fuel application concerns and to reduce environmental compliance. Biogas-7 

fuelled engines have can tolerate 200 ppm of H2S, while the H2S concentration limit 8 

for the biogas-fired boiler is ~1000 ppm [158]. Therefore, the great variation in 9 

biogas H2S concentration makes it vital that gas impurities are removed before 10 

utilisation. Adsorption, wet scrubbing, and absorption with liquids, membrane 11 

separation, selective catalytic oxidation and biological filtration have been  12 

commonly used to remove gas impurities. Each method has its own set of merits and 13 

limitations, and no single method that meets all industrial or environmental criteria. 14 

Chemical treatment processes are generate hazardous compounds that are difficult to 15 

be disposed of. In contrast, biological processes generate less hazardous wastes but 16 

they may be slow and more sensitive to operating conditions. Physical treatments, 17 

such as adsorption, are other viable alternative methods. A common method for H2S 18 

removal is the utilisation of a gas adsorption unit filled with carbon-based materials 19 

[200]. One promising material that can be used in biogas impurities removal is 20 

biochar [161]. Biochar has demonstrated excellent adsorbance ability in the removal 21 

of organic contaminants from soil and may be a potential gas adsorbent, such as H2S, 22 

CO2, CH4, and NH3 [159,162,201–203]. To the best of my knowledge, the effect of 23 

pinewood biochar obtained at high temperatures to remove high H2S concentration 24 

has not been reported in the literature. This chapter focuses on the characterisation of 25 
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biochar properties relevant to H2S removal, as well as the mechanism of H2S 1 

removal and adsorption kinetics.  2 

 3 

7.2 Biochar characterisation 4 

Table 3.2 presents the results of the proximate analysis, elemental analysis, pH and 5 

surface characteristics of B650 and B900. B650 and B900 were studied for 6 

proximate analysis using the thermogravimetric method. B650 and B900 were both 7 

low moisture (1.65 and 1.46 %) and high fixed carbon (72.84 and 61.95 %). 8 

However, B650 had higher volatile matter (19.21 wt%) than B900 (14.90 %), but 9 

lower ash (6.30 vs. 21.69 %), as higher pyrolysis temperature increased the 10 

volatilisation of organic molecules and, as a consequence, the relative abundance of 11 

the non-volatile ash. Elemental analysis was similar to the proximate analysis, 12 

showing C contents of 84.14% for B650 and 67.37 % for B900 (Table 7.1). B650 13 

and B900 have low H (1.57 and 1.05 %) and N (0.58 and 0.75 %) concentrations.  14 

 15 

B650 and B900 are both alkalines with pH values of 8.35 and 8.47. Biochar ash 16 

typically contains abundant alkaline cations, such as Ca, K, Na, and Mg, which 17 

lower the surface pH and may provide good conditions for the adsorption of acidic 18 

gases [160,204]. The rise of pH from B650 to B900 may be a consequence of 19 

increased ash content due to the separation of alkali salts from pine sawdust when 20 

pyrolysis temperature increases [205]. Other elements that are common in biochars, 21 

such as Fe, have also been shown to improve H2S removal. In fact, B900 had three 22 

times more Fe than B650 (5595 and 16171 mg.kg-1; Table 7.1), which may afford 23 

better adsorption capacity. 24 
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Table 7.1 Elements content of biochars 1 

Concentration of elements (mg.kg-1) B650 B900 

Fe 

Ca 

K 

Si* 

Na 

Al 

Mg 

Mn 

Ni 

S 

Zn 

P 

5595 

5185 

4149 

5271 

5166 

1658 

1600 

152 

35 

413 

562 

290 

16171 

6719 

2813 

6899 

4198 

8479 

1945 

353 

106 

359 

481 

301 

* Could not be quantified by the method of digestion 2 

Surface area and porosity are also critical in determining H2S adsorption, where 3 

higher surface area and more abundant micropores tend to improve H2S removal. As 4 

may be expected, increased pyrolysis temperatures in B900 produced higher BET 5 

surface area (265.34 m2.g-1) than B650 (170.89 m2.g-1), in part due to increased 6 

microporosity. This result is consistent with the other studies that the high BET 7 

surface area increased H2S uptake[204].  8 

 9 

7.2 H2S removal by biochar 10 

The breakthrough curves for H2S removal was obtained at room temperature for 11 

B650 and B900. A high concentration of H2S (3000 ppm) was fed into the packed 12 

column with a flow rate of either 1000 or 2000 mL.min-1. Generally, there was a 13 
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sharp decrease in H2S removal between 0 and 20 minutes and then a much slower 1 

decrease from 20 minutes to 60 minutes with either biochar. After 60 minutes, H2S 2 

removal remained constant and low as the surface of the biochar became saturated 3 

with H2S. The maximum H2S removal of B650 and B900 was 86% and 95%, 4 

respectively, but the saturation time of B650 and B900 was 60 min and 50 min at a 5 

flow rate of 1000 mL.min-1. Nonetheless, the adsorption capacity of B650 and B900 6 

at equilibrium was very similar (73.54 mg.g-1 vs. 73.86 mg.g-1) at a flow rate of 1000 7 

mL.min-1 (Table 7.3). When the gas flow rate increased from 1000 mL.min-1 to 2000 8 

mL mL.min-1, saturation time decreased by ~10 % for both biochars. As a result, the 9 

adsorption capacity at equilibrium time of B650 and B900 also slightly decreased to 10 

73.31 mg.g-1 and 73.66 mg.g-1. This is consistent with the literature report that is 11 

increasing gas flow rate will make a shortened contact time and reduced the number 12 

ratio adsorption sites to H2S molecules [160,206]. Han et al. (2020) observed that 13 

increase of gas flow rate from 200 mL.min-1 to 1200 mL.min-1 reduces the 14 

breakthrough time from 10 min to 0.1 min and reduces H2S adsorption capacity from 15 

5.80 mg.g-1 to 0.86 mg.g-1 using biochar from sargassum granules produced at 16 

800°C. The marginally, but consistently, higher removal capacity of B900 against 17 

B650 may be due to higher surface area and microporosity. However, given the 18 

small difference in capacity (~0.3 mg.g-1) despite BET surface area and micropore 19 

volumes that are almost 1.5 times higher in B900, the surface structure seems to play 20 

an insignificant role. 21 
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 1 

 2 

Figure 7.1 Breakthrough curve of H2S adsorption by (a) B650 and   3 

 (b) B900 4 

 5 

Table 7.3 shows the pH of B650 and B900 during the H2S removal experiments. 6 

H2S, which is an acidic gas absorbed quickly due to the alkaline pH of B650 and 7 

B900. The pH of both biochars decreased as a result of H2S adsorption. The pH of 8 

(a) 

(b) 
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B650 decreased from 8.35 to 7.60 and 7.41 for a flow rate of 1000 mL.min-1 and 1 

2000 mL.min-1, respectively. Similarly, in B900, the pH decreased from 8.47 to 8.03 2 

and 7.80 for flow rate 1000 mL.min-1 and 2000 mL.min-1. The alkaline pH B650 and 3 

B900 contributed to H2S removal capacity might be because higher pH alkalinity 4 

enhances the disassociation of H2S and its oxidation to sulphur. The marginally 5 

higher removal capacity of B900 seems more likely a reflection of slightly more 6 

alkaline pH. Shang et al. (2013) has shown that H2S removal is strongly influenced 7 

by pH, where the highest pH value (10.6) performed the best [162].  8 

Table 7.2 H2S breakthrough capacity and pH after H2S removal  9 

Samples Flowrate 

(mL.min-1) 

H2S 

breakthrough 

capacity 

(mg.g-1) 

pHinitial pHfinal C (%) H 

(%) 

N 

(%) 

S 

(%) 

B650 1000 73.54 8.35 7.60 83.87 1.78 0.68 1.21 

2000 73.31 8.35 7.41 84.22 1.63 0.57 1.32 

B900 1000 73.87 8.47 8.03 66.82 1.10 0.81 1.75 

2000 73.76 8.47 7.80 67.37 1.02 0.78 1.89 

 10 

 11 

 12 

Figure 7.2 shows the FTIR spectra of B650 and B900 before and after H2S removal 13 

at two different flow rates. The peaks centred around 1098 cm-1, 1384 cm-1, and 14 

1639 cm-1 represent C-O, C=O and –COO bonds, respectively. The peak around 15 
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3439 cm-1 represents the O-H stretching vibration of the hydroxyl groups, which 1 

may come from the alcohol group, phenol group, carboxyl group, organic acids, or 2 

water [157,207]. However, B900 appears to have lower OH content than B650, 3 

likely due to more dehydration of the OH group during pyrolysis [159]. The C-O and 4 

C=O functional groups play an important role during H2S removal by oxidising 5 

reactions with H2S gas [160]. Li (2019) reported that in the oxidation process of H2S 6 

on carbon, C=O bonds were broken and combined with H2S to free the sulphur 7 

[208]. In addition, the loss of hydrogen ions from the carboxyl increases surface 8 

alkalinity by producing the –COO stretching vibration [159]. These alkaline or 9 

oxidizing functional groups provide important active sites for acid-alkaline 10 

adsorption and oxidative H2S sorption, shown in the following equations [160].  11 

𝐻2𝑆(𝑔𝑎𝑠 ) → 𝐻2𝑆(𝑎𝑑𝑠 ) → 𝐻2𝑆(𝑎𝑑𝑠−𝑙𝑖𝑞 )𝐻2𝑆(𝑎𝑑𝑠−𝑙𝑖𝑞 ) + 𝑂𝐻− → 𝐻𝑆(𝑎𝑑𝑠 )
− + 𝐻2𝑂𝐻𝑆(𝑎𝑑𝑠 )

− + 𝑂2 → 𝑆0 
12 

 13 
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Figure 7.2 Characteristics FTIR spectra of B650 (a) and B900 (b) samples before 2 

and after H2S removal (i) Control (ii) flow rate 1000 mL.min-1 (iii) 3 

flow rate 2000 mL.min-1 4 

Figure 7.3 shows scanning electron microscopy (SEM) images of B650 and B900  5 

before and after H2S removal. These images provide direct evidence of both biochar 6 

samples containing a heterogeneous surface, poorly porous structures, and the 7 

presence of inorganic matter attached to the surface of biochars. The EDS spectra 8 

obtained for B650 and B900 indicate the presence of Fe, Ca, K, Na, Al, and Mg, 9 

suggesting that these biochars are a mixture of C particles enriched with mineral 10 

aggregates. Moreover, the SEM-EDS analysis in selected particles of B650 and 11 

B900 identified O, which fully confirmed the presence of some oxides on the surface 12 

of biochars. Compared to the control, the content of S of B650 and B900 increased 13 

after H2S adsorption. The concentrations of S were 1.84±0.07 % and 1.25±0.03 % 14 

by weight for B650 and B900, respectively. It is indicated that H2S has been captured 15 

in the pores of biochar. Previous work has identified that the micropore of organic 16 

(i) 
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(iii) 

(b) 
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material is completely filled with sulphur after H2S removal, then sulphur is 1 

chemisorbed on the surface in the form of elemental S0 [209]. Xu et al. (2014) 2 

studied that elemental S0 formed would be oxidized to SO4
2- when exposed to O2 3 

[161].  4 

 5 

 6 

 7 

 8 

 9 
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 1 

Figure 7.3 Characteristic of spot analysis by SEM and EDS in B650 before H2S 2 

removal (a), B650 after H2S removal (b), B900 before H2S removal 3 

(c), B900 after H2S removal (d)  4 

The adsorption mechanism and rate-controlling step of H2S adsorption onto biochar 5 

were studied using an intraparticle diffusion model. The mechanism of H2S 6 

adsorption onto biochar consists of three steps; (i) diffusion of H2S molecule from 7 

the bulk solution to the external surface of biochar (film diffusion), (ii) diffusion of 8 

H2S molecules from the external surface into the interior pore of biochar 9 

(intraparticle diffusion), and (iii) adsorption of H2S molecules onto the active sites of 10 

biochar pore. According to previous studies, the adsorption process on the adsorbent 11 

is controlled by intraparticle diffusion when the relationship between qt and t1/2
 is 12 

linear and passes through the origin [163].  13 

(d

) 
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Figure 7.4 Intraparticle diffusion model a) B650 with flowrate 1000 mL.min-1, b) 1 

B650 with flowrate 2000 mL.min-1, c) B900 with flowrate 1000 2 

mL.min-1, d) B900  with flowrate 2000 mL.min-1 3 

Figure 7.4 shows two linear diffusion stages: film diffusion and intraparticle 4 

diffusion. The correlation coefficient of determination value (R2) of the first 5 

diffusion stage in the range of 0.9160 – 0.9579 and the second diffusion stage in the 6 

range of 0.9699 – 0.9845. The first diffusion rate constants (kd1) were 84 – 87 % 7 

higher than the second diffusion stage (kd2) due to the boundary layer diffusion effect 8 

as the H2S gas was adsorbed onto the pores of biochar (Table 7.4). Once the external 9 

surface area of biochar was saturated, the pores allowed the intraparticle space as a 10 
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transport pathway adsorbed the remaining H2S gas in the internal sites of biochar 1 

[210]. B900 had a higher rate constant than B650 in the linear region with a flow rate 2 

of 1000 mL.min-1 due to the higher pores. Previous studies have demonstrated that 3 

micropores play a crucial role in H2S adsorption, as the sulphur is chemisorbed onto 4 

the surface of the pores as elemental S0 [209] [211].  5 

Table 7.3 Adsorption mechanism parameters for B650 and B900  6 

Adsorbent 

Flow rate 

(mL.min-1) 

First diffusion stage Second diffusion stage 

kd1 R2 C1 kd2 R2 C2 

Biochar 

650oC 

1000 15.95 0.92 4.60 2.35 0.98 54.60 

2000 19.60 0.91 8.60 2.38 0.98 55.19 

Biochar 

900oC 

1000 16.50 0.95 2.21 2.52 0.96 54.82 

2000 20.93 0.91 6.01 2.99 0.97 55.60 

 7 

7.4 Adsorption kinetics 8 

Figure 7.5 shows the adsorption kinetics of H2S onto biochars at an initial 9 

concentration of 3000 ppm.  By plotting adsorption capacity against time t, the 10 

pseudo-first-order adsorption rate constant k1 and qe could be determined from the 11 

slope and intercept. The values of k1, qe and R2 calculated from the plots from B650 12 

and B900 are presented in Table 7.5.  13 
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Figure 7. 5 Kinetic study of Pseudo-first order (PFO) Pseudo-second order (PSO) 3 

and Mixed order (MO) for biochar (a) B650, flowrate 1000mL.min-1  4 

(b) B650, flowrate 2000mL.min-1  (c) B900, flowrate 1000mL.min-1  5 

(d) B900, flowrate 2000mL.min-1   6 

 7 
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The rate constant of the pseudo-first-order adsorption k1 of B650 and B900 with flow 1 

rate 1000 mL.min-1 were 0.17 and 1.63 min-1, respectively. When the flow rate was 2 

increased to 2000 mL.min-1, the rate constant increased by 104% for B650 and 89% 3 

for B900. As shown in Table 7.5, the correlation coefficients (R2) were found in the 4 

range of 0.9705 – 0.9805. Nonetheless, as the qe values calculated from the plots are 5 

lower than the experimental data, H2S sorption onto biochars cannot be explained by 6 

pseudo-first-order modelling.  The kinetic data are well expressed by the pseudo-7 

second-order model (Figure 7.5). Table 7.5 shows that the rate constant of the 8 

pseudo-second-order adsorption k1 of B650 and B900 with a flow rate of 1000 9 

mL.min-1 were 0.32 and 0.29 g.mg-1min-1, respectively. Again, when the flow rate 10 

increased to 2000 mL.min-1, the rate constant increased by 152% and 90% for B650 11 

and B900, respectively. R2 of pseudo-second-order were slightly higher than pseudo-12 

first-order at 0.98 – 0.99. However, the qe values calculated from the plots of 13 

pseudo-second-order were higher than the experimental qe value, showing the 14 

pseudo-second-order modelling was also not a good fit for the data. The mixed order 15 

was evaluated to describe the condition at any stage of the adsorption process [212].  16 

Table 7.5 Kinetic model parameters for B650 and B900 17 

Adsorbent 

Flow rate 

(mL.min-1) 

Pseudo-first order Pseudo-second order Mixed-order 

k1 R2 qe k2 R2 qe k1
’ k2

’ R2 

B650 

1000 0.17 0.97 69.86 0.32 0.98 77.23 0.03 0.30 0.98 

2000 0.35 0.92 69.00 0.82 0.99 73.52 0.01 0.71 0.98 

B900 

1000 0.16 0.98 70.96 0.29 0.99 79.10 0.04 0.25 0.99 

2000 0.30 0.97 69.77 0.56 0.99 77.46 0.05 0.51 0.97 

 18 
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It can be seen from Figure 7.5 that the mixed order models provide the best fit to the 1 

kinetic data from H2S adsorption using biochars. In all cases, the value of k2
’ was 2 

similar to the value of k2. The correlation coefficient of determination value (R2) of 3 

mixed order was in the range of 0.97-0.99, demonstrating its close fit to the data. The 4 

calculated adsorption capacity in the equilibrium had the closest agreement with the 5 

experimental data. Therefore, it seems likely that H2S sorption onto biochar is the 6 

combination of pseudo-first and pseudo-second-order kinetic processes.  7 

 8 

7.5 Summary  9 

The effect of biochar on H2S adsorption at ambient temperature was studied using a 10 

packed column reactor. It was revealed that pinewood biochar was effective to 11 

remove a high concentration of H2S from biogas.  The maximum H2S removal of 12 

B650 and B900 was 86% and 95%, respectively. The adsorption capacity at 13 

equilibrium time of B650 and B900 was 73.54 mg.g-1 and 73.86 mg.g-1. The 14 

adsorption of H2S into biochar consists of film diffusion, intraparticle diffusion and 15 

adsorption. The kinetic studies showed that the pseudo-second-order perform the 16 

best for describing H2S sorption on biochar. This experiment will have beneficial in 17 

designing pine sawdust biochar as an adsorbent for H2S removal in biogas.  18 

 19 

20 
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Chapter 8. Evaluation and Practical Implications 1 

 2 

8.1 Introduction 3 

This chapter evaluates and integrates the findings described in Chapters 4, 5, 6 and 7. 4 

In evaluating the present work, the results from the present study are compared with 5 

the literature data, allowing new and significant findings to be confirmed. The 6 

evaluation also identifies and highlight new knowledge gaps for future research.   7 

 8 

8.2 Effect of Minerals in Biochar on Hydrogen Production and Microbial 9 

Community 10 

The role of minerals in biochar in promoting H2 production has not been studied in 11 

the open literature. This study is the first attempt that investigates the working 12 

mechanism of minerals in biochar on H2 production. However, the effect of 13 

elements, particularly Fe, on H2 production and microbial has been studied in the 14 

literature. Table 8.1 shows the comparison of the result between the effect of Fe in 15 

biochar and Fe in the literature on H2 production. Most studies used a single element 16 

source of Fe, such as zero-valent iron (Fo), FeSO4 and FeCl2.  Some studies have 17 

been reported that the appropriate concentration of Fe increase could enhance H2 18 

production, but the optimal Fe for each H2 process was different. Zhang et al. (2017) 19 

investigated the effect of different Fe2+ concentrations ranged from 0 to 300 mg.L-1 20 

on H2 production from glucose[87]. The result showed that the optimal H2 yield was 21 

achieved with the addition of Fe2+ by 200 mg.L-1
 and the addition of Fe2+ with more 22 

concentration reduced the H2 yield. Yang and Wang (2019) examined the impact of 23 
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Fe0 addition on H2  production from AD of grass biomass and found that H2  1 

production with Fe addition was 53.8% higher than the control group [54]. Data in 2 

the table has confirmed that the addition of various Fe types (Fe0, FeSO4, and FeCl2) 3 

are capable of increasing H2 production by the range of 7.1% -53.3%. In this study, 4 

the minerals in biochar, particularly Fe-containing minerals, increased H2 production 5 

by 39.13%.  6 

This study has indeed revealed one of the possible working mechanisms of the 7 

biochar addition in promoting H2 production during the anaerobic digestion process. 8 

The literature data, including our previous studies, showed that biochar addition 9 

could buffer pH and promoted biofilm formation during H2 production. However, 10 

the role of minerals in the biochar was not clear. In this study, the biochar addition 11 

and the role of the minerals in the biochar in enhancing H2 production were more 12 

specifically examined in a systematic way, revealing the underlying mechanisms. 13 

The possible mechanism of the biochar effects in H2 production has been proposed 14 

as schematically shown in Figure 8.1. The minerals in biochar, particularly Fe-15 

containing minerals, plays a key role in enhancing Clostridium butyricum population 16 

and stimulating the production of acetic acid and butyric acid. As a result, the 17 

increased production of acetic and butyric acid leads to enhanced H2 production. 18 

 19 

 20 

Figure 8.1 A schematic representation of the mechanisms of the biochar effect in 21 

promoting H2 production 22 
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Table 8.1 A comparison of the current experimental results with the literature 1 

data on the impact of Fe addition on H2 production  2 

Additive Studied 

range 

(mg/l) 

Optimal 

range 

(mg/l) 

Substrate Reactor 

working  

volume (ml) 

Inoculum Fermentation 

conditions 

Result (at 

optimal 

dosage) 

Reference 

Feo  600 600 Grass 

biomass 

100 sewage 

treatment 

plant  

Temp:37   

pH: 7 ±1  

HY 

increased 

31.5 to 

48.3mL  

(+ 53.3%) 

[108] 

Feo 0-500 400 glucose 250 municipal 

wastewate

r plant 

Temp:35   

pH: 7 ±0.1  

HY 

increased 

277 to 378 

mL (+ 

36.5%) 

[178] 

Feo 200 200 soluble 

carbohydr

ate 

500 municipal 

wastewate

r sludge  

Temp:35   

pH: 7.48 

±0.02 

HY 

increased 

16%, 

shorter lag 

time 36% 

[213] 

FeSO4 0-500 50 glucose  anaerobic 

sludge 

Temp:37 

 pH: 6.8 

HY 

increased 

175 to 216 

mL 

(+23.4%) 

[214] 

FeSO4 0-300 200 glucose 250 sewage 

sludge 

Temp:37   

pH: 7.1 ± 0.1 

HY 

increased 

790 to 

1085 

(+32.59%) 

[87] 

FeCl2 50-250 125 Food 

waste 

120 Compost  Temp:37   

pH: 7 

HY 

increased 

from 57.6 

to 61.7 

L/g.VS 

(+7.1%) 

[215] 

Biochar 

contains 

Fe 

279.72±

11 

279.72±

11 

Food 

waste 

60 Wastewat

er 

treatment 

plant 

Temp: 32  

pH: 6.4 

HY 

increased 

773±5 to 

953±13  

(+39.13%) 

Current 

study 

 3 

Additionally, it has been found that biochar contains primary elements such as Fe, K 4 

and Ca and small concentration elements such as aluminium (Al), zinc (Zn), sodium 5 

(Na), magnesium (Mg), manganese (Mn) and nickel (Ni). Some literature reported 6 

that elements such as Na and K could also have beneficial on H2 production. 7 

However, this study focuses only on the role of Fe in biochar on H2 production. It is 8 

possible that the other elements in biochar have another mechanism during H2 9 
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production. Therefore, a systematic study on the effect of other elements in biochar 1 

on H2 production should be further investigated.  2 

 3 

8.3 Effect of Mineral in Biochar on Methane Production and Microbial 4 

Community 5 

There has been no study on the working mechanism of minerals in biochar in 6 

promoting CH4 production in the literature. The present result is a new study on the 7 

effect of minerals in biochar on CH4 production. However, most literature studies 8 

only reported the effect of Fe in enhancing CH4. Table 8.2 shows the comparison of 9 

the result between the effect of Fe in biochar and Fe in the literature on CH4 10 

production. The literature data proved that the supplementation of Fe in various 11 

types such as Fe0, Fe3O4, and FeCl2 into AD promoted CH4 production. Feng et al. 12 

(2014) reported the effect of different Feo concentrations from 0 to 20 g.L-1  on CH4 13 

production from active waste sludge [88]. The authors concluded that the highest 14 

CH4 production was achieved with the addition of Feo by 10 g.L-1 and the successive 15 

addition in Fe level to 20 g.L-1 gave a slight increase in the CH4 production. 16 

Consistently, the present study showed that the addition of Fe in biochar also 17 

increase CH4 production by 46.9%. The present research results, in combination with 18 

the literature data, have clearly demonstrated that Fe-bearing minerals in biochar 19 

promote CH4 production. 20 

These findings are important milestones to the understanding of working 21 

mechanisms of the biochar addition in promoting CH4 production during the 22 

anaerobic digestion process. In the open literature, the possible mechanisms of 23 

biochar to enhance CH4 production could be ascribed to (i) stimulating 24 
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methanogenic immobilisation, (ii) buffering the pH, (iii) promoting adsorption of 1 

inhibitors and (iv) stimulating direct interspecies electron transfer (DIET). The 2 

present study enhances the knowledge of how the mineral in biochar affecting the 3 

methanogenic archaea and CH4 production. The possible mechanism of biochar 4 

effects in CH4 production has also been proposed as schematically shown in Figure 5 

8.2. The mineral in biochar promotes the growth of Clostridia and Methanosaeta and 6 

enhancing VFA degradation. Meng et al. (2013) indicated that Fe supplementation 7 

promotes the growth of propionate utilising and homoacetogenic bacteria, which 8 

improve the propionate conversion rate and contribute to CH4 generation [89]. As 9 

previously stated, the addition of Fe was crucial for microbial growth in AD, as it 10 

stimulates the formation of cytochromes and ferredoxin (Fd), which is important for 11 

cell energy metabolism [90]. Therefore, the degradation of acetic, butyric and 12 

propionic acids lead to increased CH4 production. 13 

 14 

Figure 8.2 A schematic representation of the mechanisms of the biochar effect in 15 

promoting CH4 production 16 

17 
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Table 8.2 A comparison of the current experimental results with the literature data 1 

on the impact of Fe addition on CH4 production  2 

Additive Studied 

range 

(mg/l) 

Optimal 

range 

(mg/l) 

Substrate Reactor 

working  

volume (ml) 

Inoculum Fermentation 

conditions 

Result (at 

optimal 

dosage) 

Reference 

Feo  400 400 organic 

fraction of 

municipal 

solid 

waste 

500 Digestate 

from a full 

scale food 

waste AD 

treatment 

plant  

Temp:35   
 

YM 

increased 

420 to 

595mL  

(+ 41.7%) 

[216]  

Feo 0, 100, 

250, 

500, 

1500, 

3000 

1500 Municipal 

sludge 

mixture 

500 Activated 

sludge  

Temp:37   
 

YM 

increased 

three times 

to control 

[217] 

Feo 0, 500, 

1000, 

1500, 

2000 

1000 Raw 

sludge 

500 Municipal 

sewage 

plant 

Temp:35 

  

YM 

increased 

18.11% 

[218] 

Fe3O4 0, 5. 10, 

20 

20 Raw 

Manure 

2000 Raw 

Manure 

Temp:37   
 

YM 

increased 

500 to 

1112.5 mL 

(+ 122%) 

[181] 

FeCl2 0, 0.5, 

1.0, 5.0, 

10.0, 

80.0 

10 Phragmite

s straw 

150 Cow dunk  Temp:35  

pH: 7 

YM 

increased 

from 27.5 

to 32.5 

mL/g.TS 

(+18.2%) 

[219] 

Biochar 

contains 

Fe 

290.7 290.7 Food 

waste 

60 Wastewat

er 

treatment 

plant 

Temp: 37  

pH: 7.8 

YM 

increased 

1487.9 to 

2186.7  

(+46.9%) 

Current 

study 

This study has been found that biochar contains primary elements such as Fe, K and 3 

Ca. It is reported in a previous study that the addition of elements such as Na and K 4 

can also increase CH4 production. However, this study focuses only on the role of Fe 5 

in biochar on CH4 production. Therefore, the mechanism of other elements in 6 

biochar on CH4 production needs to be investigated in future research. This may 7 

provide a systematic understanding of the effect of other elements in biochar on CH4 8 

production in an anaerobic digestion system.  9 



148 
 

8.4 Effect of Biochar Addition on Hydrogen and Methane Production during 1 

Semi-continuous Operation 2 

The result of the bench-scale TPAD study is compared with the literature data of the 3 

scale-up of the reactor in the laboratory. Table 8.3 shows the comparison of the 4 

results from the present studies and literature data. All studies presented in Table 8.3 5 

were conducted without biochar addition, except for the current study using two-6 

phase anaerobic digestion. Some literature report both H2 and CH4 yield during two-7 

phase anaerobic digestion operation, while others considered only the CH4 yield. The 8 

results of the current study were comparable to the result from other studies where 9 

the H2 yield range at 6.46 to 260 mL.gVS-1 and the range of CH4 yield are at 94 to 10 

500 mL.gVS-1. The results from this current study suggest strong evidence that the 11 

addition of biochar during semi-continuous operation increased the daily H2 and CH4 12 

yield by 227.63 and 407.17 mL.gVS-1, respectively, compared to experiments without 13 

biochar addition.  14 

In addition, it also found that in the first phase of TPAD using semi-continuous 15 

operation, biochar addition enhanced VFA production, increased pH, and increased 16 

Clostridiaceae proportions resulting in higher hydrogen production. As discussed in 17 

Chapter 2, VFA production in the presence of biochar is believed to stimulate H2-18 

producing-bacteria metabolism by providing suitable surface area for biofilm growth 19 

and enhancing H2 transfer efficiency [93,98]. During the second phase of TPAD, 20 

biochar addition instead promoted VFA degradation while also increasing pH and 21 

Methanosarcinaceae and Methanobacteriaceae proportion, which in turn accelerated 22 

CH4 production. This study proves that biochar is an effective additive for enhanced 23 

H2 and CH4 production during the semi-continuous operation of TPAD.  24 
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Table 8.3 A comparison of the current experimental results with the literature 1 

data on the impact of biochar addition on H2 and CH4 production 2 

during semi-continuous operation  3 

Type 

of 

reactor 

Volume H2 

reactor 

(mL) 

Volume of 

CH4 

reactor Feedstock 

H2 yield 

(mL.gVS-

1) 

CH4 yield 

(mL.gVS-1) 

Referenc

e 

TPAD 200 300 Glucose 260 297 [11] 

TPAD 1500 1500 Sunflower 

stalks 

ND 150 [220] 

TPAD 500 500 Pome 

hydrogenic 

effluent 

ND 475 [221] 

TPAD 150 150 Vinasse 14.8 274 [222] 

TPAD 400 3000 Household 

solid waste 

43 500 [223] 

TPAD 650 750 Grass 

sillage 

6.46 473 [34] 

TPAD 500 500 Food waste 55 94 [49] 

TPAD 300 300 Algae 44.8 282 [10] 

TPAD 2000 3000 Foodwaste 227.63 407.17 Current 

study 

*NA = not available 4 

The present study has improved the current knowledge of the application of biochar 5 

on H2 and CH4 production by two-phase anaerobic digestion (TPAD) during semi-6 

continued operation. This study will be very useful in the future development of a 7 
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large scale TPAD process and practical application of biochar in TPAD treating food 1 

waste. A longer and continuous study is expected to study the effect of biochar 2 

addition in the semi-continuous operation with a high organic loading rate.  3 

8.5 Adsorption of Hydrogen Sulphide from Biogas Using Biochar 4 

The preliminary study on H2S removal using biochar has been conducted using high 5 

H2S concentrations at ambient temperature. The result of the adsorption capacity at 6 

the equilibrium time of biochar in this study is compared with the literature data. 7 

Table 8.4 shows the present experimental data and the existing literature data of 8 

adsorption capacity using different adsorbents, H2S concentrations, H2S 9 

breakthrough time and saturation time. The studies presented in Table 8.4 were 10 

conducted from open literature using biochar and activated carbon as adsorbents. 11 

The biochar and activated carbon in most studies were produced at 100-550ºC, while 12 

in this study used biochar was produced at high pyrolysis temperatures (650 and 13 

900ºC).  As discussed in Chapter 2, biochar prepared at high temperature achieved 14 

the highest H2S adsorption owing to the abundant functional groups and larger 15 

specific surface area compared to other adsorbents produced at low temperature [28].  16 

Table 8.4 shows the comparison of the adsorption capacity of the current study and 17 

open literature. The study found that adsorption capacity was 73.86 mg.g-1, which is 18 

in the range of other studies at 6.88-121.4 mg.g-1. The adsorption capacity in this 19 

study has lower than the study from Shang et al., Menezes et al. and Wang et al. 20 

because the present study used a higher concentration of H2S than the literature. This 21 

study used the high concentration of H2S because the concentration of H2S in the 22 

biogas is generally in the range of 50-10,000 ppm [29,30].  The existing literature 23 

data of H2S removal using biochar and activated carbon are limited to a low 24 
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concentration of H2S with a range of 50-800 ppm. The study, for the first time, 1 

presents the data of H2S removal at a higher H2S concentration (3000 ppm). It is 2 

likely that the biochar properties have contributed to H2S removal. Biochar contains 3 

high pH alkalinity, which enhances the disassociation of H2S and its oxidation to 4 

sulphur. Moreover, biochar also contains some alkaline groups that may act as a 5 

neutraliser for acid gas, thus support to the removal of H2S from biogas [19], [20]. 6 

Table 8.4. A comparison of the current experimental results with the literature data 7 

on the adsorption capacity  8 

Additive 

H2S 

concentrati

on (ppm) 

H2S 

breakthrou

gh time 

(min) 

Saturati

on time 

(min) 

Adsorptio

n 

capacity 

(mg/g) 

Referenc

e 

Camphor tree 

biochar 50 400 640 121.4 [159] 

Activated carbon 400 10 30 97.63 [224] 

Activated carbon 100 280 NA 105.1 [225] 

Wood chips char 1000 13 30 6.88 [226] 

Black Liquor lignin 

char 200-1000 35 43 60 [227] 

Potato peel waste 

char 200-800 400 650 53 [228] 

Pine sawdust 

biochar 10,000 20 60 73.86 

Current 

study 

*NA = not available 9 
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The results from this current study and literature suggest strong evidence that the 1 

biochar is potential material to remove H2S. Studies of minerals in biochar are 2 

required for understanding the mechanism of minerals in biochar for accelerating 3 

H2S removal from biogas to achieve the H2S standard limit for safety and fuel 4 

application concerns. 5 

 6 

8.6 Overall Evaluations and Implications 7 

The overall aim is to systematically study and investigate the mechanism of biochar 8 

in enhancing H2 and CH4 production. The findings from the current research are 9 

highlighting how the presence of minerals in biochar enhances the H2 and CH4 10 

production in the first and second phases of the TPAD process. In the first phase, the 11 

minerals in biochar show a significant role in promoting H2 production. This study 12 

shows the benefits of Fe-containing minerals in biochar for accelerating hydrogen-13 

producing bacteria and promoting H2 production. In the second phase, Fe-containing 14 

minerals in biochar play a crucial role in CH4 production by promoting the 15 

degradation of VFAs and the growth of Clostridia and Methanosaeta.  16 

The experimental results from two sequentially connected 5L continuous stirred tank 17 

reactors provide valuable data and reference for the operation of TPAD on a 18 

commercial scale with the use of biochar. This study shows that biochar addition 19 

allowed H2 and CH4 reactors to operate at a high organic loading rate. In 20 

combination with the literature data, the findings in the current research provide 21 

confidence to industries to use biochar for enhancing H2 and CH4 production during 22 

the two-phase anaerobic digestion process. 23 
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The findings suggest a very promising solution for biogas impurities removal, which 1 

can sometimes be challenging. A systematic investigation into the effect of biochar 2 

on H2S adsorption has shown that biochar has an excellent adsorbing ability to 3 

remove H2S due to the greater amounts of trace elements. Furthermore, biochars also 4 

contain some alkaline groups that may act as a neutraliser for acid gas, thus support 5 

to the removal of H2S from biogas. As a result, biochar can be used as an adsorbent 6 

for H2S removal in the biogas industry and commercial applications. 7 

8 
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 1 

CHAPTER 9. Conclusion and recommendations 2 

9.1 Conclusions 3 

9.1.1 Effect of Biochar Addition on the Bench Scale Hydrogen Production 4 

• The role of minerals in biochar for enhancing H2 production and microbial 5 

community in laboratory-scale TPAD of simulated carbohydrate food wastewater 6 

was investigated. The cultures with the addition of biochar increased cumulative 7 

H2 yield and H2 production rate by 107% and 54% compared to the control, 8 

respectively.  9 

• Fe-containing minerals were dominant in the biochar samples and clearly 10 

demonstrated a significant effect in promoting H2 production. The investigation 11 

of Fe in biochar content increased the cumulative H2 and production rate by 24% 12 

and 63.27 %. 13 

• The minerals in the biochar contributed to an increase in the VFAs concentration. 14 

It is observed that the cultures with the addition of biochar, containing Fe, had 15 

higher acetic and butyric acid than the control.  16 

• It is also found that minerals in biochar, particularly Fe-containing minerals, 17 

promoted the growth of Clostridium butyricum. It is assumed that the presence of 18 

minerals in biochar stimulates the expression of essential genes and increasing 19 

H2 production 20 

 21 
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9.1.2 Effect of Biochar Addition on the Bench Scale Methane Production 1 

• The effect of biochar addition on CH4 production and microbial community in 2 

the second phase of TPAD has been studied. Biochar supplementation was 3 

shown to increase the increased cumulative CH4 yield and production rate by 4 

46.9% and RM by 43.0%, respectively.  5 

• It is found that Fe-containing minerals in biochar promote the degradation of 6 

acetic acid, butyric acid and propionic acid. Consequently, the faster degradation 7 

of acetic acid indicates a faster CH4 production by methanogenic microorganisms 8 

in the reactor.  9 

• It is also observed that Fe-containing minerals in biochar play a crucial role in 10 

CH4 production by promoting the degradation of VFAs and the growth of 11 

Clostridia and Methanosaeta. 12 

 13 

9.1.3 Effect of Biochar Addition the Hydrogen and Methane Production during 14 

Semi-Continuous Operations 15 

• A comprehensive study of the effect of biochar on the production of H2 and CH4 16 

as well as microbial profile in laboratory continuous stirred tank reactors 17 

operating at different OLR has been carried out. It was found that during high 18 

OLR operation, the culture with the addition of biochar showed a stable 19 

production of H2 and CH4 than the cultures without biochar.  20 

• Microbial community analysis revealed that the biochar increased the proportion 21 

of H2-producing Clostridiaceae in the H2 reactor and CH4-producing 22 

Methanosarcinaceae and Methanobacteriaceae in the CH4 reactor, which 23 

promotes H2 and CH4 production. 24 
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 1 

9.1.4 Adsorption of hydrogen sulphide from biogas using biochar 2 

• Biochar from pine sawdust was examined as an adsorbent for H2S removal. The 3 

result suggested that biochar has been found to be effective to remove a high 4 

concentration of H2S from biogas.  The maximum H2S removal of biochar 650 5 

oC and 900 oC was 86% and 95%, respectively.  6 

• It was found that the adsorption capacity at equilibrium time of biochar 650 oC 7 

and 900oC was 73.54 mg.g-1 and 73.86 mg.g-1. The adsorption of H2S into 8 

biochar consist of film diffusion, intraparticle diffusion and adsorption.  9 

• The kinetic studies showed that the pseudo-second-order performs the best model 10 

for H2S sorption on biochar. The correlation coefficient of determination value 11 

(R2) of pseudo-second-order in the range of 0.9834 – 0.9974, which was higher 12 

than pseudo-first-order. 13 

 14 

9.2 Recommendations 15 

The overall objectives of the present study have been achieved. However, various 16 

new gaps have also been identified following the evaluation of the findings from the 17 

present research. The new gaps of knowledge are suggested in this recommendation 18 

section for future research as follows: 19 

• In the present research study, the feedstock was only limited to pine sawdust 20 

biochar. In order to increase the performance of AD, the study of different types 21 

of biochar that containing different elements is interesting for future studies. It is 22 

also important to study the role and mechanisms of biochemical reactions in 23 

biogas production. 24 
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• The result of the current study showed the strong promotion effect of Fe in 1 

biochar on H2 and CH4 production. However, it was limited to the discussion on 2 

the effect of the other minerals in the biochar due to less concentration. Further 3 

studies on the mechanisms of other minerals contained in biochar are suggested.  4 

• The effect of biochar addition on H2 and CH4 production during semi-continuous 5 

operation has been studied. The current study focused only on a specific 6 

concentration of biochar on H2 and CH4 production. Therefore, it is 7 

recommended to study the effect of various biochar addition using in a laboratory 8 

semi-continuous stirred tank reactors with a long duration of continuous 9 

operation.  10 

• The study of the effect of biochar on H2S removal has been carried out to 11 

investigate the effect of biochar on H2S adsorption at ambient temperature. A 12 

further study on the biochar for H2S removal in different temperatures and 13 

various H2S concentrations with the controlled operating condition is suggested 14 

to study the adsorption isotherms and the mechanism of H2S adsorption using 15 

biochar. 16 

17 



158 
 

References 1 

 2 

[1] Zhang D, Zhu M, Zhou W, Yani S, Zhang Z, Wu J. A Two-Phase Anaerobic 3 

Digestion Process for Biogas Production for Combined Heat and Power 4 

Generation for Remote Communities. Handb. Clean Energy Syst., John Wiley 5 

& Sons, Ltd.; 2015, p. 213–29. 6 

[2] Fagbohungbe MO, Herbert BMJ, Hurst L, Ibeto CN, Li H, Usmani SQ, et al. 7 

The challenges of anaerobic digestion and the role of biochar in optimizing 8 

anaerobic digestion. Waste Manag 2017;61:236–49. 9 

https://doi.org/10.1016/j.wasman.2016.11.028. 10 

[3] Wei ZL, Leung CW, Cheung CS, Huang ZH. Effects of equivalence ratio, H 2 11 

and CO 2 addition on the heat release characteristics of premixed laminar 12 

biogas-hydrogen flame. Int J Hydrogen Energy 2016;41:6567–80. 13 

https://doi.org/10.1016/j.ijhydene.2016.01.170. 14 

[4] Zhen HS, Leung CW, Cheung CS. Effects of hydrogen addition on the 15 

characteristics of a biogas diffusion flame. Int J Hydrogen Energy 16 

2013;38:6874–81. https://doi.org/10.1016/j.ijhydene.2013.02.046. 17 

[5] Cohen A, Zoetemeyer RJ, van Deursen A, van Andel JG. Anaerobic digestion 18 

of glucose with separated acid production and methane formation. Water Res 19 

1979;13:571–80. https://doi.org/10.1016/0043-1354(79)90003-4. 20 

[6] Antonopoulou G, Stamatelatou K, Venetsaneas N, Kornaros M, Lyberatos G. 21 

Biohydrogen and methane production from cheese whey in a two-stage 22 

anaerobic process. Ind Eng Chem Res 2008;47:5227–33. 23 

https://doi.org/10.1021/ie071622x. 24 

[7] Demirel B, Yenigün O. Two-phase anaerobic digestion processes: A review. J 25 



159 
 

Chem Technol Biotechnol 2002;77:743–55. https://doi.org/10.1002/jctb.630. 1 

[8] Wang Y, Wang Z, Zhang Q, Li G, Xia C. Comparison of bio-hydrogen and 2 

bio-methane production performance in continuous two-phase anaerobic 3 

fermentation system between co-digestion and digestate recirculation. 4 

Bioresour Technol 2020;318:124269. 5 

https://doi.org/10.1016/j.biortech.2020.124269. 6 

[9] Ding L, Chen Y, Xu Y, Hu B. Improving treatment capacity and process 7 

stability via a two-stage anaerobic digestion of food waste combining solid-8 

state acidogenesis and leachate methanogenesis/recirculation. J Clean Prod 9 

2021;279. https://doi.org/10.1016/j.jclepro.2020.123644. 10 

[10] Ding L, Cheng J, Lin R, Deng C, Zhou J, Murphy JD. Improving biohydrogen 11 

and biomethane co-production via two-stage dark fermentation and anaerobic 12 

digestion of the pretreated seaweed Laminaria digitata. J Clean Prod 13 

2020;251:119666. https://doi.org/10.1016/j.jclepro.2019.119666. 14 

[11] Cheng J, Li H, Ding L, Zhou J, Song W, Li YY, et al. Improving hydrogen 15 

and methane co-generation in cascading dark fermentation and anaerobic 16 

digestion: The effect of magnetite nanoparticles on microbial electron transfer 17 

and syntrophism. Chem Eng J 2020;397:125394. 18 

https://doi.org/10.1016/j.cej.2020.125394. 19 

[12] Zhang G, Shi Y, Zhao Z, Wang X, Dou M. Enhanced two-phase anaerobic 20 

digestion of waste-activated sludge by combining magnetite and zero-valent 21 

iron. Bioresour Technol 2020;306:123122. 22 

https://doi.org/10.1016/j.biortech.2020.123122. 23 

[13] Cai Y, Hu K, Zheng Z, Zhang Y, Guo S, Zhao X, et al. Effects of adding 24 

EDTA and Fe2+ on the performance of reactor and microbial community 25 



160 
 

structure in two simulated phases of anaerobic digestion. Bioresour Technol 1 

2019;275:183–91. https://doi.org/10.1016/j.biortech.2018.12.050. 2 

[14] Lu X, Wang H, Ma F, Zhao G, Wang S. Improved process performance of the 3 

acidification phase in a two-stage anaerobic digestion of complex organic 4 

waste: Effects of an iron oxide-zeolite additive. Bioresour Technol 5 

2018;262:169–76. https://doi.org/10.1016/j.biortech.2018.04.052. 6 

[15] Sunyoto NMS, Sugiarto Y, Zhu M, Zhang D. Transient performance during 7 

start-up of a two-phase anaerobic digestion process demonstration unit 8 

treating carbohydrate-rich waste with biochar addition. Int J Hydrogen Energy 9 

2019;44:14341–50. https://doi.org/10.1016/j.ijhydene.2019.04.037. 10 

[16] Romero-Güiza MS, Vila J, Mata-Alvarez J, Chimenos JM, Astals S. The role 11 

of additives on anaerobic digestion: A review. Renew Sustain Energy Rev 12 

2016;58:1486–99. https://doi.org/10.1016/j.rser.2015.12.094. 13 

[17] Zhang J, Liu J, Liu R. Effects of pyrolysis temperature and heating time on 14 

biochar obtained from the pyrolysis of straw and lignosulfonate. Bioresour 15 

Technol 2015;176:288–91. https://doi.org/10.1016/j.biortech.2014.11.011. 16 

[18] Khanmohammadi Z, Afyuni M, Mosaddeghi MR. Effect of pyrolysis 17 

temperature on chemical and physical properties of sewage sludge biochar. 18 

Waste Manag Res 2015;33:275–83. 19 

https://doi.org/10.1177/0734242X14565210. 20 

[19] Zhang Z, Yani S, Zhu M, Li J, Zhang D. Effect of Temperature and Heating 21 

Rate in Pyrolysis on the Yield , Structure and Oxidation Reactivity of Pine 22 

Sawdust Biochar. Chemeca2013 2013:863–9. 23 

[20] Fagbohungbe MO, Herbert BMJ, Hurst L, Li H, Usmani SQ, Semple KT. 24 

Impact of biochar on the anaerobic digestion of citrus peel waste. Bioresour 25 



161 
 

Technol 2016;216. https://doi.org/10.1016/j.biortech.2016.04.106. 1 

[21] Linville JL, Shen Y, Ignacio-de Leon PA, Schoene RP, Urgun-Demirtas M. 2 

In-situ biogas upgrading during anaerobic digestion of food waste amended 3 

with walnut shell biochar at bench scale. Waste Manag Res 2017;35:669–79. 4 

https://doi.org/10.1177/0734242X17704716. 5 

[22] Sunyoto NMS, Zhu M, Zhang Z, Zhang D. Effect of biochar addition on 6 

hydrogen and methane production in two-phase anaerobic digestion of 7 

aqueous carbohydrates food waste. Bioresour Technol 2016. 8 

https://doi.org/10.1016/j.biortech.2016.07.089. 9 

[23] Shen Y, Forrester S, Koval J, Urgun-Demirtas M. Yearlong semi-continuous 10 

operation of thermophilic two-stage anaerobic digesters amended with biochar 11 

for enhanced biomethane production. J Clean Prod 2018;167:863–74. 12 

https://doi.org/10.1016/j.jclepro.2017.05.135. 13 

[24] De Vrieze J, Devooght A, Walraedt D, Boon N. Enrichment of 14 

Methanosaetaceae on carbon felt and biochar during anaerobic digestion of a 15 

potassium-rich molasses stream. Appl Microbiol Biotechnol 2016;100:5177–16 

87. https://doi.org/10.1007/s00253-016-7503-y. 17 

[25] Jamali NS, Jahim JM, Isahak WNRW, Abdul PM. Particle size variations of 18 

activated carbon on biofilm formation in thermophilic biohydrogen 19 

production from palm oil mill effluent. Energy Convers Manag 20 

2017;141:354–66. https://doi.org/10.1016/j.enconman.2016.09.067. 21 

[26] Deublein D, Steinhauser A. Biogas from Waste and Renewable Resources: 22 

An Introduction. Weinheim: John Wiley & Sons, Incorporated; 2010. 23 

[27] Rajendran K, Mahapatra D, Venkatraman AV, Muthuswamy S, Pugazhendhi 24 

A. Advancing anaerobic digestion through two-stage processes: Current 25 



162 
 

developments and future trends. Renew Sustain Energy Rev 1 

2020;123:109746. https://doi.org/10.1016/j.rser.2020.109746. 2 

[28] Gerardi MH. The microbiology of anaerobic digesters. Hoboken, N.J: Wiley; 3 

2003. 4 

[29] Kumar A, Samadder SR. Performance evaluation of anaerobic digestion 5 

technology for energy recovery from organic fraction of municipal solid 6 

waste: A review. Energy 2020;197:117253. 7 

https://doi.org/10.1016/j.energy.2020.117253. 8 

[30] Gunes B, Stokes J, Davis P, Connolly C, Lawler J. Pre-treatments to enhance 9 

biogas yield and quality from anaerobic digestion of whiskey distillery and 10 

brewery wastes: A review. Renew Sustain Energy Rev 2019;113:109281. 11 

https://doi.org/10.1016/j.rser.2019.109281. 12 

[31] Krishna D, Kalamdhad AS. Pre-treatment and anaerobic digestion of food 13 

waste for high rate methane production - A review. J Environ Chem Eng 14 

2014;2:1821–30. https://doi.org/10.1016/j.jece.2014.07.024. 15 

[32] Westerholm M, Castillo MDP, Chan Andersson A, Jahre Nilsen P, Schnürer 16 

A. Effects of thermal hydrolytic pre-treatment on biogas process efficiency 17 

and microbial community structure in industrial- and laboratory-scale 18 

digesters. Waste Manag 2019;95:150–60. 19 

https://doi.org/10.1016/j.wasman.2019.06.004. 20 

[33] Rubežius M, Bleizgys R, Venslauskas K, Navickas K. Influence of biological 21 

pretreatment of poultry manure on biochemical methane potential and 22 

ammonia emission. Biomass and Bioenergy 2020;142. 23 

https://doi.org/10.1016/j.biombioe.2020.105815. 24 

[34] Pakarinen OM, Tähti HP, Rintala JA. One-stage H2 and CH4 and two-stage 25 



163 
 

H2 + CH4 production from grass silage and from solid and liquid fractions of 1 

NaOH pre-treated grass silage. Biomass and Bioenergy 2009;33:1419–27. 2 

https://doi.org/10.1016/j.biombioe.2009.06.006. 3 

[35] Cheng J, Yue L, Ding L, Li YY, Ye Q, Zhou J, et al. Improving fermentative 4 

hydrogen and methane production from an algal bloom through 5 

hydrothermal/steam acid pretreatment. Int J Hydrogen Energy 2019;44:5812–6 

20. https://doi.org/10.1016/j.ijhydene.2019.01.046. 7 

[36] Srisowmeya G, Chakravarthy M, Nandhini Devi G. Critical considerations in 8 

two-stage anaerobic digestion of food waste – A review. Renew Sustain 9 

Energy Rev 2020;119:109587. https://doi.org/10.1016/j.rser.2019.109587. 10 

[37] Bergman EN. Energy contributions of volatile fatty acids from the 11 

gastrointestinal tract in various species. Physiol Rev 1990;70:567–90. 12 

https://doi.org/10.1152/physrev.1990.70.2.567. 13 

[38] Eryildiz B, Lukitawesa, Taherzadeh MJ. Effect of pH, substrate loading, 14 

oxygen, and methanogens inhibitors on volatile fatty acid (VFA) production 15 

from citrus waste by anaerobic digestion. Bioresour Technol 16 

2020;302:122800. https://doi.org/10.1016/j.biortech.2020.122800. 17 

[39] Lu Y, Zhang Q, Wang X, Zhou X, Zhu J. Effect of pH on volatile fatty acid 18 

production from anaerobic digestion of potato peel waste. Bioresour Technol 19 

2020;316:3–10. https://doi.org/10.1016/j.biortech.2020.123851. 20 

[40] Khan MA, Ngo HH, Guo WS, Liu Y, Nghiem LD, Hai FI, et al. Optimization 21 

of process parameters for production of volatile fatty acid, biohydrogen and 22 

methane from anaerobic digestion. Bioresour Technol 2016;219:738–48. 23 

https://doi.org/10.1016/j.biortech.2016.08.073. 24 

[41] Schink B. Energetics of syntrophic cooperation in methanogenic degradation. 25 



164 
 

Microbiol Mol Biol Rev 1997;61:262–80. https://doi.org/1092-1 

2172/97/$04.0010. 2 

[42] Treichel H, Fongaro G. Improving Biogas Production : Technological 3 

Challenges, Alternative Sources, Future Developments. Cham, 4 

SWITZERLAND: Springer International Publishing AG; 2019. 5 

[43] Wood G. Synthesis of acetate from 1969. 6 

[44] Fagbohungbe MO, Herbert BMJ, Hurst L, Ibeto CN, Li H, Usmani SQ, et al. 7 

The challenges of anaerobic digestion and the role of biochar in optimizing 8 

anaerobic digestion. Waste Manag 2017;61:236–49. 9 

https://doi.org/10.1016/j.wasman.2016.11.028. 10 

[45] Speece RE. FEATURES ES & T Anaerobic biotechnology for industrial 11 

wastewater treatment a description of several installations 1983. 12 

[46] Pohland FG, Ghosh S. Developments in Anaerobic Stabilization of Organic 13 

Wastes - The Two-Phase Concept. Environ Lett 1971;1:255–66. 14 

https://doi.org/10.1080/00139307109434990. 15 

[47] Orozco AM, Nizami AS, Murphy JD, Groom E. Optimizing the thermophilic 16 

hydrolysis of grass silage in a two-phase anaerobic digestion system. 17 

Bioresour Technol 2013;143:117–25. 18 

https://doi.org/10.1016/j.biortech.2013.05.118. 19 

[48] Zhang Y, Zhu M, Zhang Z, Chan YL, Zhang D. Combustion and emission 20 

characteristics of simulated biogas from Two-Phase Anaerobic Digestion (T-21 

PAD) in a spark ignition engine. Appl Therm Eng 2018;129:927–33. 22 

https://doi.org/10.1016/j.applthermaleng.2017.10.045. 23 

[49] Nathao C, Sirisukpoka U, Pisutpaisal N. Production of hydrogen and methane 24 

by one and two stage fermentation of food waste. Int J Hydrogen Energy 25 



165 
 

2013;38:15764–9. https://doi.org/10.1016/j.ijhydene.2013.05.047. 1 

[50] Micolucci F, Gottardo M, Pavan P, Cavinato C, Bolzonella D. Pilot scale 2 

comparison of single and double-stage thermophilic anaerobic digestion of 3 

food waste. J Clean Prod 2018;171:1376–85. 4 

https://doi.org/10.1016/j.jclepro.2017.10.080. 5 

[51] He P, Zhang H, Duan H, Shao L, Lü F. Continuity of biochar-associated 6 

biofilm in anaerobic digestion. Chem Eng J 2020;390:124605. 7 

https://doi.org/10.1016/j.cej.2020.124605. 8 

[52] Feng K, Wang Q, Li H, Zhang Y, Deng Z, Liu J, et al. Effect of fermentation 9 

type regulation using alkaline addition on two-phase anaerobic digestion of 10 

food waste at different organic load rates. Renew Energy 2020;154:385–93. 11 

https://doi.org/10.1016/j.renene.2020.03.051. 12 

[53] Hu B Bin, Li MY, Wang YT, Zhu MJ. High-yield biohydrogen production 13 

from non-detoxified sugarcane bagasse: Fermentation strategy and 14 

mechanism. Chem Eng J 2018;335:979–87. 15 

https://doi.org/10.1016/j.cej.2017.10.157. 16 

[54] Yang G, Wang J. Synergistic enhancement of biohydrogen production from 17 

grass fermentation using biochar combined with zero-valent iron 18 

nanoparticles. Fuel 2019;251:420–7. 19 

https://doi.org/10.1016/j.fuel.2019.04.059. 20 

[55] Walter A, Probst M, Franke-Whittle IH, Ebner C, Podmirseg SM, Etemadi-21 

Shalamzari M, et al. Microbiota in anaerobic digestion of sewage sludge with 22 

and without co-substrates. Water Environ J 2019;33:214–22. 23 

https://doi.org/10.1111/wej.12392. 24 

[56] Durán-Padilla VR, Davila-Vazquez G, Chávez-Vela NA, Tinoco-Valencia JR, 25 



166 
 

Jáuregui-Rincón J. Iron effect on the fermentative metabolism of Clostridium 1 

acetobutylicum ATCC 824 using cheese whey as substrate. Biofuel Res J 2 

2015;4:129–33. https://doi.org/10.18331/brj2015.1.4.5. 3 

[57] Krishnan S, Singh L, Sakinah M, Thakur S, Nasrul M, Otieno A, et al. An 4 

investigation of two-stage thermophilic and mesophilic fermentation process 5 

for the production of hydrogen and methane from palm oil mill effluent. 6 

Environ Prog Sustain Energy 2017;36:895–902. 7 

https://doi.org/10.1002/ep.12537. 8 

[58] Krishnan S, Singh L, Sakinah M, Thakur S, Wahid ZA, Sohaili J. Effect of 9 

organic loading rate on hydrogen (H2) and methane (CH4) production in two-10 

stage fermentation under thermophilic conditions using palm oil mill effluent 11 

(POME). Energy Sustain Dev 2016;34:130–8. 12 

https://doi.org/10.1016/j.esd.2016.07.002. 13 

[59] Shahbaz M, Ammar M, Zou D, Korai RM, Li XJ. An Insight into the 14 

Anaerobic Co-digestion of Municipal Solid Waste and Food Waste: Influence 15 

of Co-substrate Mixture Ratio and Substrate to Inoculum Ratio on Biogas 16 

Production. Appl Biochem Biotechnol 2019;187:1356–70. 17 

https://doi.org/10.1007/s12010-018-2891-3. 18 

[60] Zou H, Chen Y, Shi J, Zhao T, Yu Q, Yu S, et al. Mesophilic anaerobic co-19 

digestion of residual sludge with different lignocellulosic wastes in the batch 20 

digester. Bioresour Technol 2018;268:371–81. 21 

https://doi.org/10.1016/j.biortech.2018.07.129. 22 

[61] Wang W, Xie L, Chen J, Luo G, Zhou Q. Biohydrogen and methane 23 

production by co-digestion of cassava stillage and excess sludge under 24 

thermophilic condition. Bioresour Technol 2011;102:3833–9. 25 



167 
 

https://doi.org/10.1016/j.biortech.2010.12.012. 1 

[62] Fagbohungbe MO, Komolafe AO, Okere U V. Renewable hydrogen anaerobic 2 

fermentation technology: Problems and potentials. Renew Sustain Energy Rev 3 

2019;114:109340. https://doi.org/10.1016/j.rser.2019.109340. 4 

[63] Lutpi NA, Jahim JM, Mumtaz T, Abdul PM, Mohd Nor MT. Physicochemical 5 

characteristics of attached biofilm on granular activated carbon for 6 

thermophilic biohydrogen production. RSC Adv 2015;5:19382–92. 7 

https://doi.org/10.1039/c4ra12730g. 8 

[64] Rasapoor M, Young B, Brar R, Sarmah A, Zhuang WQ, Baroutian S. 9 

Recognizing the challenges of anaerobic digestion: Critical steps toward 10 

improving biogas generation. Fuel 2020;261:116497. 11 

https://doi.org/10.1016/j.fuel.2019.116497. 12 

[65] Cheng Q, Call DF. Hardwiring microbes: Via direct interspecies electron 13 

transfer: Mechanisms and applications. Environ Sci Process Impacts 14 

2016;18:968–80. https://doi.org/10.1039/c6em00219f. 15 

[66] Wu Y, Wang S, Liang D, Li N. Bioresource Technology Conductive materials 16 

in anaerobic digestion : From mechanism to application 2020;298. 17 

https://doi.org/10.1016/j.biortech.2019.122403. 18 

[67] Wang G, Li Y, Sheng L, Xing Y, Liu G, Yao G, et al. A review on facilitating 19 

bio-wastes degradation and energy recovery efficiencies in anaerobic 20 

digestion systems with biochar amendment. Bioresour Technol 2020. 21 

https://doi.org/10.1016/j.biortech.2020.123777. 22 

[68] Hagos K, Zong J, Li D, Liu C, Lu X. Anaerobic co-digestion process for 23 

biogas production: Progress, challenges and perspectives. Renew Sustain 24 

Energy Rev 2017;76:1485–96. https://doi.org/10.1016/j.rser.2016.11.184. 25 



168 
 

[69] Maspolim Y, Zhou Y, Guo C, Xiao K, Ng WJ. Comparison of single-stage 1 

and two-phase anaerobic sludge digestion systems - Performance and 2 

microbial community dynamics. Chemosphere 2015;140:54–62. 3 

https://doi.org/10.1016/j.chemosphere.2014.07.028. 4 

[70] Ghosh S, Buoy K, Dressel L, Miller T, Wilcox G, Loos D. Pilot- and full-5 

scale two-phase anaerobic digestion of municipal sludge. Water Environ Res 6 

1995;67:206–14. https://doi.org/10.2175/106143095x131367. 7 

[71] Savvas S, Donnelly J, Patterson T, Chong ZS, Esteves SR. Biological 8 

methanation of CO2 in a novel biofilm plug-flow reactor: A high rate and low 9 

parasitic energy process. Appl Energy 2017;202:238–47. 10 

https://doi.org/10.1016/j.apenergy.2017.05.134. 11 

[72] Burkhardt M, Koschack T, Busch G. Biocatalytic methanation of hydrogen 12 

and carbon dioxide in an anaerobic three-phase system. Bioresour Technol 13 

2015;178:330–3. https://doi.org/10.1016/j.biortech.2014.08.023. 14 

[73] Yang YQ, Shen DS, Li N, Xu D, Long YY, Lu XY. Co-digestion of kitchen 15 

waste and fruit-vegetable waste by two-phase anaerobic digestion. Environ 16 

Sci Pollut Res 2013;20:2162–71. https://doi.org/10.1007/s11356-012-1414-y. 17 

[74] Zhang TC, Noike T. Comparison of one-phase and two-phase anaerobic 18 

digestion processes in characteristics of substrate degradation and bacterial 19 

population levels. Water Sci Technol 1991;23:1157–66. 20 

[75] O-Thong S, Suksong W, Promnuan K, Thipmunee M, Mamimin C, Prasertsan 21 

P. Two-stage thermophilic fermentation and mesophilic methanogenic process 22 

for biohythane production from palm oil mill effluent with methanogenic 23 

effluent recirculation for pH control. Int J Hydrogen Energy 2016;41:21702–24 

12. https://doi.org/10.1016/j.ijhydene.2016.07.095. 25 



169 
 

[76] Montiel-Corona V, Palomo-Briones R, Razo-Flores E. Continuous 1 

thermophilic hydrogen production from an enzymatic hydrolysate of agave 2 

bagasse: Inoculum origin, homoacetogenesis and microbial community 3 

analysis. Bioresour Technol 2020;306:123087. 4 

https://doi.org/10.1016/j.biortech.2020.123087. 5 

[77] Jung JH, Sim YB, Baik JH, Park JH, Kim SH. High-rate mesophilic hydrogen 6 

production from food waste using hybrid immobilized microbiome. Bioresour 7 

Technol 2021;320:124279. https://doi.org/10.1016/j.biortech.2020.124279. 8 

[78] Cao L, Keener H, Huang Z, Liu Y, Ruan R, Xu F. Effects of temperature and 9 

inoculation ratio on methane production and nutrient solubility of swine 10 

manure anaerobic digestion. Bioresour Technol 2020;299:122552. 11 

https://doi.org/10.1016/j.biortech.2019.122552. 12 

[79] Aslanzadeh S, Rajendran K, Taherzadeh MJ. A comparative study between 13 

single- and two-stage anaerobic digestion processes: Effects of organic 14 

loading rate and hydraulic retention time. Int Biodeterior Biodegrad 15 

2014;95:181–8. https://doi.org/10.1016/j.ibiod.2014.06.008. 16 

[80] Romero Aguilar MA, Fdez-Güelfo LA, álvarez-Gallego CJ, Romero García 17 

LI. Effect of HRT on hydrogen production and organic matter solubilization 18 

in acidogenic anaerobic digestion of OFMSW. Chem Eng J 2013;219:443–9. 19 

https://doi.org/10.1016/j.cej.2012.12.090. 20 

[81] Zhao SX, Ta N, Wang XD. Effect of temperature on the structural and 21 

physicochemical properties of biochar with apple tree branches as feedstock 22 

material. Energies 2017;10. https://doi.org/10.3390/en10091293. 23 

[82] Kim M, Gomec CY, Ahn Y, Speece RE. Hydrolysis and acidogenesis of 24 

particulate organic material in mesophilic and thermophilic anaerobic 25 



170 
 

digestion. Environ Technol (United Kingdom) 2003;24:1183–90. 1 

https://doi.org/10.1080/09593330309385659. 2 

[83] Ezebuiro NC, Körner I. Characterisation of anaerobic digestion substrates 3 

regarding trace elements and determination of the influence of trace elements 4 

on the hydrolysis and acidification phases during the methanisation of a maize 5 

silage-based feedstock. J Environ Chem Eng 2017;5:341–51. 6 

https://doi.org/10.1016/j.jece.2016.11.032. 7 

[84] Plugge CM, Jiang B, De Bok FAM, Tsai C, Stams AJM. Effect of tungsten 8 

and molybdenum on growth of a syntrophic coculture of Syntrophobacter 9 

fumaroxidans and Methanospirillum hungatei. Arch Microbiol 2009;191:55–10 

61. https://doi.org/10.1007/s00203-008-0428-9. 11 

[85] Worm P, Fermoso FG, Lens PNL, Plugge CM. Decreased activity of a 12 

propionate degrading community in a UASB reactor fed with synthetic 13 

medium without molybdenum, tungsten and selenium. Enzyme Microb 14 

Technol 2009;45:139–45. https://doi.org/10.1016/j.enzmictec.2009.02.001. 15 

[86] Molaey R, Bayrakdar A, Sürmeli RÖ, Çalli B. Influence of trace element 16 

supplementation on anaerobic digestion of chicken manure: Linking process 17 

stability to methanogenic population dynamics. J Clean Prod 2018;181:794–18 

800. https://doi.org/10.1016/j.jclepro.2018.01.264. 19 

[87] Zhang J, Fan C, Zang L. Improvement of hydrogen production from glucose 20 

by ferrous iron and biochar. Bioresour Technol 2017;245:98–105. 21 

https://doi.org/10.1016/j.biortech.2017.08.198. 22 

[88] Feng Y, Zhang Y, Quan X, Chen S. Enhanced anaerobic digestion of waste 23 

activated sludge digestion by the addition of zero valent iron. Water Res 24 

2014;52:242–50. https://doi.org/10.1016/j.watres.2013.10.072. 25 



171 
 

[89] Meng X, Zhang Y, Li Q, Quan X. Adding Fe0 powder to enhance the 1 

anaerobic conversion of propionate to acetate. Biochem Eng J 2013;73:80–5. 2 

https://doi.org/10.1016/j.bej.2013.02.004. 3 

[90] Choong YY, Norli I, Abdullah AZ, Yhaya MF. Impacts of trace element 4 

supplementation on the performance of anaerobic digestion process: A critical 5 

review. Bioresour Technol 2016;209:369–79. 6 

https://doi.org/10.1016/j.biortech.2016.03.028. 7 

[91] Patel SKS, Gupta RK, Das D, Lee JK, Kalia VC. Continuous biohydrogen 8 

production from poplar biomass hydrolysate by a defined bacterial mixture 9 

immobilized on lignocellulosic materials under non-sterile conditions. J Clean 10 

Prod 2020;287:125037. https://doi.org/10.1016/j.jclepro.2020.125037. 11 

[92] Prakash J, Sharma R, Patel SKS, Kim IW, Kalia VC. Bio-hydrogen 12 

production by co-digestion of domestic wastewater and biodiesel industry 13 

effluent. PLoS One 2018;13:1–11. 14 

https://doi.org/10.1371/journal.pone.0199059. 15 

[93] Li W, He L, Cheng C, Cao G, Ren N. Effects of biochar on ethanol-type and 16 

butyrate-type fermentative hydrogen productions. Bioresour Technol 17 

2020;306:123088. https://doi.org/10.1016/j.biortech.2020.123088. 18 

[94] Jin J, Li Y, Zhang J, Wu S, Cao Y, Liang P, et al. Influence of pyrolysis 19 

temperature on properties and environmental safety of heavy metals in 20 

biochars derived from municipal sewage sludge. J Hazard Mater 21 

2016;320:417–26. https://doi.org/10.1016/j.jhazmat.2016.08.050. 22 

[95] Kyriakou M, Chatziiona VK, Costa CN, Kallis M, Koutsokeras L, 23 

Constantinides G, et al. Biowaste-based biochar: A new strategy for 24 

fermentative bioethanol overproduction via whole-cell immobilization. Appl 25 



172 
 

Energy 2019;242:480–91. https://doi.org/10.1016/j.apenergy.2019.03.024. 1 

[96] Zhao L, Chen C, Ren HY, Wu JT, Meng J, Nan J, et al. Feasibility of 2 

enhancing hydrogen production from cornstalk hydrolysate anaerobic 3 

fermentation by RCPH-biochar. Bioresour Technol 2020;297:122505. 4 

https://doi.org/10.1016/j.biortech.2019.122505. 5 

[97] Masebinu SO, Akinlabi ET, Muzenda E, Aboyade AO. A review of biochar 6 

properties and their roles in mitigating challenges with anaerobic digestion. 7 

Renew Sustain Energy Rev 2019;103:291–307. 8 

https://doi.org/10.1016/j.rser.2018.12.048. 9 

[98] Zhao L, Zhang J, Zhao W, Zang L. Improved Fermentative Hydrogen 10 

Production with the Addition of Calcium-Lignosulfonate-Derived Biochar. 11 

Energy & Fuels 2019;33:7406–14. 12 

https://doi.org/10.1021/acs.energyfuels.9b01380. 13 

[99] Wang P, Peng H, Adhikari S, Higgins B, Roy P, Dai W, et al. Enhancement of 14 

biogas production from wastewater sludge via anaerobic digestion assisted 15 

with biochar amendment. Bioresour Technol 2020;309:123368. 16 

https://doi.org/10.1016/j.biortech.2020.123368. 17 

[100] Cai J, He P, Wang Y, Shao L, Lü F. Effects and optimization of the use of 18 

biochar in anaerobic digestion of food wastes. Waste Manag Res 19 

2016;34:409–16. https://doi.org/10.1177/0734242X16634196. 20 

[101] Mohanty P, Nanda S, Pant KK, Naik S, Kozinski JA, Dalai AK. Evaluation of 21 

the physiochemical development of biochars obtained from pyrolysis of wheat 22 

straw, timothy grass and pinewood: Effects of heating rate. J Anal Appl 23 

Pyrolysis 2013;104:485–93. https://doi.org/10.1016/j.jaap.2013.05.022. 24 

[102] Lehmann J, Joseph S. Biochar for environmental management: Science and 25 



173 
 

technology. Taylor and Francis; 2012. 1 

https://doi.org/10.4324/9781849770552. 2 

[103] Mukherjee A, Zimmerman AR, Harris W. Surface chemistry variations among 3 

a series of laboratory-produced biochars. Geoderma 2011;163:247–55. 4 

https://doi.org/10.1016/j.geoderma.2011.04.021. 5 

[104] Rasapoor M, Young B, Asadov A, Brar R, Sarmah AK, Zhuang WQ, et al. 6 

Effects of biochar and activated carbon on biogas generation: A 7 

thermogravimetric and chemical analysis approach. Energy Convers Manag 8 

2020;203:1–10. https://doi.org/10.1016/j.enconman.2019.112221. 9 

[105] Wang D, Ai J, Shen F, Yang G, Zhang Y, Deng S, et al. Improving anaerobic 10 

digestion of easy-acidification substrates by promoting buffering capacity 11 

using biochar derived from vermicompost. Bioresour Technol 2017;227:286–12 

96. https://doi.org/10.1016/j.biortech.2016.12.060. 13 

[106] Wang G, Li Q, Dzakpasu M, Gao X, Yuwen C, Wang XC. Impacts of 14 

different biochar types on hydrogen production promotion during fermentative 15 

co-digestion of food wastes and dewatered sewage sludge. Waste Manag 16 

2018;80:73–80. https://doi.org/10.1016/j.wasman.2018.08.042. 17 

[107] Sharma P, Melkania U. Biochar-enhanced hydrogen production from organic 18 

fraction of municipal solid waste using co-culture of Enterobacter aerogenes 19 

and E. coli. Int J Hydrogen Energy 2017;42:18865–74. 20 

https://doi.org/10.1016/j.ijhydene.2017.06.171. 21 

[108] Yang G, Wang J. Synergistic enhancement of biohydrogen production from 22 

grass fermentation using biochar combined with zero-valent iron 23 

nanoparticles. Fuel 2019;251:420–7. 24 

https://doi.org/10.1016/j.fuel.2019.04.059. 25 



174 
 

[109] Sunyoto NMS, Zhu M, Zhang Z, Zhang D. Effect of Biochar Addition and 1 

Initial pH on Hydrogen Production from the First Phase of Two-Phase 2 

Anaerobic Digestion of Carbohydrates Food Waste. Energy Procedia 3 

2017;105:379–84. https://doi.org/10.1016/j.egypro.2017.03.329. 4 

[110] Zhao L, Wang Z, Ren H-Y, Chen C, Nan J, Cao G-L, et al. Residue cornstalk 5 

derived biochar promotes direct bio-hydrogen production from anaerobic 6 

fermentation of cornstalk. Bioresour Technol 2020;320:124338. 7 

https://doi.org/10.1016/j.biortech.2020.124338. 8 

[111] Xiang W, Zhang X, Chen J, Zou W, He F, Hu X, et al. Biochar technology in 9 

wastewater treatment: A critical review. Chemosphere 2020;252:126539. 10 

https://doi.org/10.1016/j.chemosphere.2020.126539. 11 

[112] Gul S, Whalen JK, Thomas BW, Sachdeva V, Deng H. Physico-chemical 12 

properties and microbial responses in biochar-amended soils: Mechanisms 13 

and future directions. Agric Ecosyst Environ 2015;206:46–59. 14 

https://doi.org/10.1016/j.agee.2015.03.015. 15 

[113] Luo C, Lü F, Shao L, He P. Application of eco-compatible biochar in 16 

anaerobic digestion to relieve acid stress and promote the selective 17 

colonization of functional microbes. Water Res 2015;68:710–8. 18 

https://doi.org/10.1016/j.watres.2014.10.052. 19 

[114] Mumme J, Srocke F, Heeg K, Werner M. Use of biochars in anaerobic 20 

digestion. Bioresour Technol 2014;164. 21 

https://doi.org/10.1016/j.biortech.2014.05.008. 22 

[115] Chiappero M, Norouzi O, Hu M, Demichelis F, Berruti F, Di Maria F, et al. 23 

Review of biochar role as additive in anaerobic digestion processes. Renew 24 

Sustain Energy Rev 2020;131. https://doi.org/10.1016/j.rser.2020.110037. 25 



175 
 

[116] Rezaeitavabe F, Saadat S, Talebbeydokhti N, Sartaj M, Tabatabaei M. 1 

Enhancing bio-hydrogen production from food waste in single-stage hybrid 2 

dark-photo fermentation by addition of two waste materials (exhausted resin 3 

and biochar). Biomass and Bioenergy 2020;143:105846. 4 

https://doi.org/10.1016/j.biombioe.2020.105846. 5 

[117] Yuan H, Lu T, Huang H, Zhao D, Kobayashi N, Chen Y. Influence of 6 

pyrolysis temperature on physical and chemical properties of biochar made 7 

from sewage sludge. J Anal Appl Pyrolysis 2015;112:284–9. 8 

https://doi.org/10.1016/j.jaap.2015.01.010. 9 

[118] Meng L, Xie L, Suenaga T, Riya S, Terada A, Hosomi M. Eco-compatible 10 

biochar mitigates volatile fatty acids stress in high load thermophilic solid-11 

state anaerobic reactors treating agricultural waste. Bioresour Technol 12 

2020;309:123366. https://doi.org/10.1016/j.biortech.2020.123366. 13 

[119] Kaur G, Johnravindar D, Wong JWC. Enhanced volatile fatty acid 14 

degradation and methane production efficiency by biochar addition in food 15 

waste-sludge co-digestion: A step towards increased organic loading 16 

efficiency in co-digestion. Bioresour Technol 2020;308:123250. 17 

https://doi.org/10.1016/j.biortech.2020.123250. 18 

[120] Pytlak A, Kasprzycka A, Szafranek-Nakonieczna A, Grządziel J, Kubaczyński 19 

A, Proc K, et al. Biochar addition reinforces microbial interspecies 20 

cooperation in methanation of sugar beet waste (pulp). Sci Total Environ 21 

2020;730:1–8. https://doi.org/10.1016/j.scitotenv.2020.138921. 22 

[121] Rasapoor M, Young B, Asadov A, Brar R, Sarmah AK, Zhuang WQ, et al. 23 

Effects of biochar and activated carbon on biogas generation: A 24 

thermogravimetric and chemical analysis approach. Energy Convers Manag 25 



176 
 

2020;203:1–10. https://doi.org/10.1016/j.enconman.2019.112221. 1 

[122] Ma H, Hu Y, Kobayashi T, Xu KQ. The role of rice husk biochar addition in 2 

anaerobic digestion for sweet sorghum under high loading condition. 3 

Biotechnol Reports 2020;27:e00515. 4 

https://doi.org/10.1016/j.btre.2020.e00515. 5 

[123] Shen R, Jing Y, Feng J, Luo J, Yu J, Zhao L. Performance of enhanced 6 

anaerobic digestion with different pyrolysis biochars and microbial 7 

communities. Bioresour Technol 2020;296:122354. 8 

https://doi.org/10.1016/j.biortech.2019.122354. 9 

[124] Li Y, Liu M, Che X, Li C, Liang D, Zhou H, et al. Biochar stimulates growth 10 

of novel species capable of direct interspecies electron transfer in anaerobic 11 

digestion via ethanol-type fermentation. Environ Res 2020;189:109983. 12 

https://doi.org/10.1016/j.envres.2020.109983. 13 

[125] Qin Y, Yin X, Xu X, Yan X, Bi F, Wu W. Specific surface area and electron 14 

donating capacity determine biochar’s role in methane production during 15 

anaerobic digestion. Bioresour Technol 2020;303:122919. 16 

https://doi.org/10.1016/j.biortech.2020.122919. 17 

[126] Zhang L, Lim EY, Loh KC, Ok YS, Lee JTE, Shen Y, et al. Biochar enhanced 18 

thermophilic anaerobic digestion of food waste: Focusing on biochar particle 19 

size, microbial community analysis and pilot-scale application. Energy 20 

Convers Manag 2020;209:112654. 21 

https://doi.org/10.1016/j.enconman.2020.112654. 22 

[127] Indren M, Birzer CH, Kidd SP, Hall T, Medwell PR. Effects of biochar parent 23 

material and microbial pre-loading in biochar-amended high-solids anaerobic 24 

digestion. Bioresour Technol 2020;298:122457. 25 



177 
 

https://doi.org/10.1016/j.biortech.2019.122457. 1 

[128] Wang G, Li Q, Yuwen C, Gong K, Sheng L, Li Y, et al. Biochar triggers 2 

methanogenesis recovery of a severely acidified anaerobic digestion system 3 

via hydrogen-based syntrophic pathway inhibition. Int J Hydrogen Energy 4 

2020. https://doi.org/10.1016/j.ijhydene.2020.03.115. 5 

[129] Cimon C, Kadota P, Eskicioglu C. Effect of biochar and wood ash amendment 6 

on biochemical methane production of wastewater sludge from a temperature 7 

phase anaerobic digestion process. Bioresour Technol 2020;297:122440. 8 

https://doi.org/10.1016/j.biortech.2019.122440. 9 

[130] Bona D, Beggio G, Weil T, Scholz M, Bertolini S, Grandi L, et al. Effects of 10 

woody biochar on dry thermophilic anaerobic digestion of organic fraction of 11 

municipal solid waste. J Environ Manage 2020;267:110633. 12 

https://doi.org/10.1016/j.jenvman.2020.110633. 13 

[131] Yuan T, Shi X, Sun R, Ko JH, Xu Q. Simultaneous addition of biochar and 14 

zero-valent iron to improve food waste anaerobic digestion. J Clean Prod 15 

2021;278:123627. https://doi.org/10.1016/j.jclepro.2020.123627. 16 

[132] Zhang D, Li W, Hou C, Shen J, Jiang X, Sun X, et al. Aerobic granulation 17 

accelerated by biochar for the treatment of refractory wastewater. Chem Eng J 18 

2017;314:88–97. https://doi.org/10.1016/j.cej.2016.12.128. 19 

[133] Ming J, Wang Q, Yoza BA, Liang J, Guo H, Li J, et al. Bioreactor 20 

performance using biochar and its effect on aerobic granulation. Bioresour 21 

Technol 2020;300:122620. https://doi.org/10.1016/j.biortech.2019.122620. 22 

[134] Wang X, Ming J, Chen CM, Yoza BA, Li QW, Liang JH, et al. Rapid aerobic 23 

granulation using biochar for the treatment of petroleum refinery wastewater. 24 

Pet Sci 2020;17:1411–21. https://doi.org/10.1007/s12182-020-00499-x. 25 



178 
 

[135] Yang HJ, Yang ZM, Xu XH, Guo RB. Increasing the methane production rate 1 

of hydrogenotrophic methanogens using biochar as a biocarrier. Bioresour 2 

Technol 2020;302:122829. https://doi.org/10.1016/j.biortech.2020.122829. 3 

[136] Qiu L, Deng YF, Wang F, Davaritouchaee M, Yao YQ. A review on biochar-4 

mediated anaerobic digestion with enhanced methane recovery. Renew 5 

Sustain Energy Rev 2019;115:109373. 6 

https://doi.org/10.1016/j.rser.2019.109373. 7 

[137] Jiang Q, Chen Y, Yu S, Zhu R, Zhong C, Zou H, et al. Effects of citrus peel 8 

biochar on anaerobic co-digestion of food waste and sewage sludge and its 9 

direct interspecies electron transfer pathway study. Chem Eng J 2020;398. 10 

https://doi.org/10.1016/j.cej.2020.125643. 11 

[138] Zhou H, Brown RC, Wen Z. Biochar as an Additive in Anaerobic Digestion 12 

of Municipal Sludge: Biochar Properties and Their Effects on the Digestion 13 

Performance. ACS Sustain Chem Eng 2020;8:6391–401. 14 

https://doi.org/10.1021/acssuschemeng.0c00571. 15 

[139] Qambrani NA, Rahman MM, Won S, Shim S, Ra C. Biochar properties and 16 

eco-friendly applications for climate change mitigation, waste management, 17 

and wastewater treatment: A review. Renew Sustain Energy Rev 18 

2017;79:255–73. https://doi.org/10.1016/j.rser.2017.05.057. 19 

[140] Ahmad M, Lee SS, Dou X, Mohan D, Sung JK, Yang JE, et al. Effects of 20 

pyrolysis temperature on soybean stover- and peanut shell-derived biochar 21 

properties and TCE adsorption in water. Bioresour Technol 2012;118:536–44. 22 

https://doi.org/10.1016/j.biortech.2012.05.042. 23 

[141] Yargicoglu EN, Sadasivam BY, Reddy KR, Spokas K. Physical and chemical 24 

characterization of waste wood derived biochars. Waste Manag 2015;36:256–25 



179 
 

68. https://doi.org/10.1016/j.wasman.2014.10.029. 1 

[142] Qin L, Wu Y, Hou Z, Jiang E. Influence of biomass components, temperature 2 

and pressure on the pyrolysis behavior and biochar properties of pine nut 3 

shells. Bioresour Technol 2020;313:123682. 4 

https://doi.org/10.1016/j.biortech.2020.123682. 5 

[143] Zhang X, Zhang P, Yuan X, Li Y, Han L. Effect of pyrolysis temperature and 6 

correlation analysis on the yield and physicochemical properties of crop 7 

residue biochar. Bioresour Technol 2020;296:122318. 8 

https://doi.org/10.1016/j.biortech.2019.122318. 9 

[144] Qambrani NA, Rahman MM, Won S, Shim S, Ra C. Biochar properties and 10 

eco-friendly applications for climate change mitigation, waste management, 11 

and wastewater treatment: A review. Renew Sustain Energy Rev 12 

2017;79:255–73. https://doi.org/10.1016/j.rser.2017.05.057. 13 

[145] Pan J, Ma J, Zhai L, Luo T, Mei Z, Liu H. Achievements of biochar 14 

application for enhanced anaerobic digestion: A review. Bioresour Technol 15 

2019;292:122058. https://doi.org/10.1016/j.biortech.2019.122058. 16 

[146] Pan J, Ma J, Zhai L, Liu H. Enhanced methane production and syntrophic 17 

connection between microorganisms during semi-continuous anaerobic 18 

digestion of chicken manure by adding biochar. J Clean Prod 19 

2019;240:118178. https://doi.org/10.1016/j.jclepro.2019.118178. 20 

[147] Myszograj S, Stadnik A, Płuciennik-Koropczuk E. The Influence of Trace 21 

Elements on Anaerobic Digestion Process. Civ Environ Eng Reports 22 

2019;28:105–15. https://doi.org/10.2478/ceer-2018-0054. 23 

[148] Wang P, Sakhno Y, Adhikari S, Peng H, Jaisi D, Soneye T, et al. Effect of 24 

ammonia removal and biochar detoxification on anaerobic digestion of 25 



180 
 

aqueous phase from municipal sludge hydrothermal liquefaction. Bioresour 1 

Technol 2021;326:124730. https://doi.org/10.1016/j.biortech.2021.124730. 2 

[149] Qi Q, Sun C, Zhang J, He Y, Wah Tong Y. Internal enhancement mechanism 3 

of biochar with graphene structure in anaerobic digestion: The bioavailability 4 

of trace elements and potential direct interspecies electron transfer. Chem Eng 5 

J 2021;406:126833. https://doi.org/10.1016/j.cej.2020.126833. 6 

[150] Zhao Z, Li Y, Yu Q, Zhang Y. Ferroferric oxide triggered possible direct 7 

interspecies electron transfer between Syntrophomonas and Methanosaeta to 8 

enhance waste activated sludge anaerobic digestion. Bioresour Technol 9 

2018;250:79–85. https://doi.org/10.1016/j.biortech.2017.11.003. 10 

[151] Lu JH, Chen C, Huang C, Leu SY, Lee DJ. Glucose fermentation with biochar 11 

amended consortium: Sequential fermentations. Bioresour Technol 12 

2020;303:122933. https://doi.org/10.1016/j.biortech.2020.122933. 13 

[152] Ajay CM, Mohan S, Dinesha P, Rosen MA. Review of impact of nanoparticle 14 

additives on anaerobic digestion and methane generation. Fuel 15 

2020;277:118234. https://doi.org/10.1016/j.fuel.2020.118234. 16 

[153] Wang G, Li Q, Gao X, Wang XC. Sawdust-Derived Biochar Much Mitigates 17 

VFAs Accumulation and Improves Microbial Activities to Enhance Methane 18 

Production in Thermophilic Anaerobic Digestion. ACS Sustain Chem Eng 19 

2019;7:2141–50. https://doi.org/10.1021/acssuschemeng.8b04789. 20 

[154] Qin Y, Yin X, Xu X, Yan X, Bi F, Wu W. Specific surface area and electron 21 

donating capacity determine biochar’s role in methane production during 22 

anaerobic digestion. Bioresour Technol 2020;303:122919. 23 

https://doi.org/10.1016/j.biortech.2020.122919. 24 

[155] Miltner M, Makaruk A, Harasek M. Review on available biogas upgrading 25 



181 
 

technologies and innovations towards advanced solutions. J Clean Prod 1 

2017;161:1329–37. https://doi.org/10.1016/j.jclepro.2017.06.045. 2 

[156] Zhang Y, Zhu M, Zhang Z, Zhang D. Combustion and Emission 3 

Characteristics of a Spark Ignition Engine Fuelled with Biogas from Two-4 

Phase Anaerobic Digestion (T-PAD). Energy Procedia 2017;105:137–42. 5 

https://doi.org/10.1016/j.egypro.2017.03.292. 6 

[157] Kanjanarong J, Giri BS, Jaisi DP, Oliveira FR, Boonsawang P, Chaiprapat S, 7 

et al. Removal of hydrogen sulfide generated during anaerobic treatment of 8 

sulfate-laden wastewater using biochar: Evaluation of efficiency and 9 

mechanisms. Bioresour Technol 2017;234:115–21. 10 

https://doi.org/10.1016/j.biortech.2017.03.009. 11 

[158] Skerman AG, Heubeck S, Batstone DJ, Tait S. Low-cost filter media for 12 

removal of hydrogen sulphide from piggery biogas. Process Saf Environ Prot 13 

2017;105:117–26. https://doi.org/10.1016/j.psep.2016.11.001. 14 

[159] Shang G, Shen G, Wang T, Chen Q. Effectiveness and mechanisms of 15 

hydrogen sulfide adsorption by camphor-derived biochar. J Air Waste Manag 16 

Assoc 2012;62:873–9. https://doi.org/10.1080/10962247.2012.686441. 17 

[160] Han X, Chen H, Liu Y, Pan J. Study on removal of gaseous hydrogen sulfide 18 

based on macroalgae biochars. J Nat Gas Sci Eng 2020;73:103068. 19 

https://doi.org/10.1016/j.jngse.2019.103068. 20 

[161] Xu X, Cao X, Zhao L, Sun T. Comparison of sewage sludge- and pig manure-21 

derived biochars for hydrogen sulfide removal. Chemosphere 2014;111:296–22 

303. https://doi.org/10.1016/j.chemosphere.2014.04.014. 23 

[162] Shang G, Shen G, Liu L, Chen Q, Xu Z. Kinetics and mechanisms of 24 

hydrogen sulfide adsorption by biochars. Bioresour Technol 2013;133:495–9. 25 



182 
 

https://doi.org/10.1016/j.biortech.2013.01.114. 1 

[163] Liu Z, Hoekman SK, Balasubramanian R, Zhang F-S. Improvement of fuel 2 

qualities of solid fuel biochars by washing treatment 2015. 3 

https://doi.org/10.1016/j.fuproc.2015.01.025. 4 

[164] Brunauer S, Emmett PH, Teller E. Adsorption of Gases in Multimolecular 5 

Layers. J Am Chem Soc 1938;60:309–19. 6 

https://doi.org/10.1021/ja01269a023. 7 

[165] Eddaoudi M. Characterization of Porous Solids and Powders:  Surface Area, 8 

Pore Size and Density By S. Lowell (Quantachrome Instruments, Boynton 9 

Beach), J. E. Shields (C. W. Post Campus of Long Island University), M. A. 10 

Thomas, and M. Thommes (Quantachrome In-strument. J Am Chem Soc 11 

2005;127:14117–14117. https://doi.org/10.1021/ja041016i. 12 

[166] Walker M, Zhang Y, Heaven S, Banks C. Potential errors in the quantitative 13 

evaluation of biogas production in anaerobic digestion processes. Bioresour 14 

Technol 2009;100:6339–46. https://doi.org/10.1016/j.biortech.2009.07.018. 15 

[167] Sugiarto Y, Sunyoto NMS, Zhu M, Jones I, Zhang D. Effect of biochar 16 

addition on microbial community and methane production during anaerobic 17 

digestion of food wastes: The role of minerals in biochar. Bioresour Technol 18 

2021;323:124585. https://doi.org/10.1016/j.biortech.2020.124585. 19 

[168] Sugiarto Y, Sunyoto NMS, Zhu M, Jones I, Zhang D. Effect of biochar in 20 

enhancing hydrogen production by mesophilic anaerobic digestion of food 21 

wastes: The role of minerals. Int J Hydrogen Energy 2021;46:3695–703. 22 

https://doi.org/10.1016/j.ijhydene.2020.10.256. 23 

[169] Ding L, Chan Gutierrez E, Cheng J, Xia A, O’Shea R, Guneratnam AJ, et al. 24 

Assessment of continuous fermentative hydrogen and methane co-production 25 



183 
 

using macro- and micro-algae with increasing organic loading rate. Energy 1 

2018;151:760–70. https://doi.org/10.1016/j.energy.2018.03.103. 2 

[170] Guo X, Wang J. A general kinetic model for adsorption: Theoretical analysis 3 

and modeling. J Mol Liq 2019;288:111100. 4 

https://doi.org/10.1016/j.molliq.2019.111100. 5 

[171] DeSantis TZ, Hugenholtz P, Larsen N, Rojas M, Brodie EL, Keller K, et al. 6 

Greengenes, a chimera-checked 16S rRNA gene database and workbench 7 

compatible with ARB. Appl Environ Microbiol 2006;72:5069–72. 8 

https://doi.org/10.1128/AEM.03006-05. 9 

[172] Park J, Kim D, Kim H, Wells GF, Park H. Clostridium butyricum for 10 

enhanced biohydrogen production. Bioresour Technol 2019;281:318–25. 11 

https://doi.org/10.1016/j.biortech.2019.02.090. 12 

[173] Lee KS, Lo YS, Lo YC, Lin PJ, Chang JS. Operation strategies for 13 

biohydrogen production with a high-rate anaerobic granular sludge bed 14 

bioreactor. Enzyme Microb Technol 2004;35:605–12. 15 

https://doi.org/10.1016/j.enzmictec.2004.08.013. 16 

[174] Alavi-Borazjani SA, Capela I, Tarelho LAC. Dark fermentative hydrogen 17 

production from food waste: Effect of biomass ash supplementation. Int J 18 

Hydrogen Energy 2019;44:26213–25. 19 

https://doi.org/10.1016/j.ijhydene.2019.08.091. 20 

[175] Lee DY, Li YY, Oh YK, Kim MS, Noike T. Effect of iron concentration on 21 

continuous H2 production using membrane bioreactor. Int J Hydrogen Energy 22 

2009;34:1244–52. https://doi.org/10.1016/j.ijhydene.2008.11.093. 23 

[176] Wimonsong P, Nitisoravut R, Llorca J. Application of Fe – Zn – Mg – Al – O 24 

hydrotalcites supported Au as active nano-catalyst for fermentative hydrogen 25 



184 
 

production. Chem Eng J 2014;253:148–54. 1 

https://doi.org/10.1016/j.cej.2014.05.047. 2 

[177] Cao J, Zhang Q, Wu S, Luo J, Wu Y, Zhang L, et al. Enhancing the anaerobic 3 

bioconversion of complex organics in food wastes for volatile fatty acids 4 

production by zero-valent iron and persulfate stimulation. Sci Total Environ 5 

2019;669:540–6. https://doi.org/10.1016/j.scitotenv.2019.03.136. 6 

[178] Zhang L, Zhang L, Li D. Enhanced dark fermentative hydrogen production by 7 

zero-valent iron activated carbon micro-electrolysis. Int J Hydrogen Energy 8 

2015;40:12201–8. https://doi.org/10.1016/j.ijhydene.2015.07.106. 9 

[179] Zhang L, Xu D, Kong D, Ji M, Shan L, Zhao Y. Improving dark fermentative 10 

hydrogen production through zero-valent iron/copper (Fe/Cu) micro-11 

electrolysis. Biotechnol Lett 2020;42:445–51. https://doi.org/10.1007/s10529-12 

020-02793-5. 13 

[180] Wang MY, Tsai YL, Olson BH, Chang JS. Monitoring dark hydrogen 14 

fermentation performance of indigenous Clostridium butyricum by 15 

hydrogenase gene expression using RT-PCR and qPCR. Int J Hydrogen 16 

Energy 2008;33:4730–8. https://doi.org/10.1016/j.ijhydene.2008.06.048. 17 

[181] Abdelsalam E, Samer M, Attia YA, Abdel-Hadi MA, Hassan HE, Badr Y. 18 

Influence of zero valent iron nanoparticles and magnetic iron oxide 19 

nanoparticles on biogas and methane production from anaerobic digestion of 20 

manure. Energy 2017;120:842–53. 21 

https://doi.org/10.1016/j.energy.2016.11.137. 22 

[182] Cheng J, Hua J, Kang T, Meng B, Yue L, Dong H, et al. Nanoscale zero-23 

valent iron improved lactic acid degradation to produce methane through 24 

anaerobic digestion. Bioresour Technol 2020;317:124013. 25 



185 
 

https://doi.org/10.1016/j.biortech.2020.124013. 1 

[183] Jang HM, Kim JH, Ha JH, Park JM. Bacterial and methanogenic archaeal 2 

communities during the single-stage anaerobic digestion of high-strength food 3 

wastewater. Bioresour Technol 2014;165:174–82. 4 

https://doi.org/10.1016/j.biortech.2014.02.028. 5 

[184] FitzGerald JA, Wall DM, Jackson SA, Murphy JD, Dobson ADW. Trace 6 

element supplementation is associated with increases in fermenting bacteria in 7 

biogas mono-digestion of grass silage. Renew Energy 2019;138:980–6. 8 

https://doi.org/10.1016/j.renene.2019.02.051. 9 

[185] Antwi P, Li J, Boadi PO, Meng J, Shi E, Chi X, et al. Dosing effect of zero 10 

valent iron (ZVI) on biomethanation and microbial community distribution as 11 

revealed by 16S rRNA high-throughput sequencing. Int Biodeterior Biodegrad 12 

2017;123:191–9. https://doi.org/10.1016/j.ibiod.2017.06.022. 13 

[186] Jiang Y, Dennehy C, Lawlor PG, Hu Z, McCabe M, Cormican P, et al. 14 

Exploring the roles of and interactions among microbes in dry co-digestion of 15 

food waste and pig manure using high-throughput 16S rRNA gene amplicon 16 

sequencing 06 Biological Sciences 0605 Microbiology 09 Engineering 0907 17 

Environmental Engineering. Biotechnol Biofuels 2019;12:1–16. 18 

https://doi.org/10.1186/s13068-018-1344-0. 19 

[187] Cheng H, Li Y, Li L, Chen R, Li YY. Long-term operation performance and 20 

fouling behavior of a high-solid anaerobic membrane bioreactor in treating 21 

food waste. Chem Eng J 2020;394. https://doi.org/10.1016/j.cej.2020.124918. 22 

[188] Si B, Liu Z, Zhang Y, Li J, Shen R, Zhu Z, et al. Towards biohythane 23 

production from biomass: Influence of operational stage on anaerobic 24 

fermentation and microbial community. Int J Hydrogen Energy 25 



186 
 

2016;41:4429–38. https://doi.org/10.1016/j.ijhydene.2015.06.045. 1 

[189] Zhuang H, Shi J, Shan S, Ping L, Zhang C. Enhanced anaerobic treatment of 2 

azo dye wastewater via direct interspecies electron transfer with Fe3O4/sludge 3 

carbon. Int J Hydrogen Energy 2020;45:28476–87. 4 

https://doi.org/10.1016/j.ijhydene.2020.07.234. 5 

[190] Yuan T, Bian S, Ko JH, Liu J, Shi X, Xu Q. Exploring the roles of zero-valent 6 

iron in two-stage food waste anaerobic digestion. Waste Manag 2020;107:91–7 

100. https://doi.org/10.1016/j.wasman.2020.04.004. 8 

[191] Chinellato G, Cavinato C, Bolzonella D, Heaven S, Banks CJ. Biohydrogen 9 

production from food waste in batch and semi-continuous conditions: 10 

Evaluation of a two-phase approach with digestate recirculation for pH 11 

control. Int J Hydrogen Energy 2013;38:4351–60. 12 

https://doi.org/10.1016/j.ijhydene.2013.01.078. 13 

[192] Rocamora I, Wagland ST, Villa R, Simpson EW, Fernández O, Bajón-14 

Fernández Y. Dry anaerobic digestion of organic waste: A review of 15 

operational parameters and their impact on process performance. Bioresour 16 

Technol 2020;299. https://doi.org/10.1016/j.biortech.2019.122681. 17 

[193] Shen Y, Yu Y, Zhang Y, Urgun-Demirtas M, Yuan H, Zhu N, et al. Role of 18 

redox-active biochar with distinctive electrochemical properties to promote 19 

methane production in anaerobic digestion of waste activated sludge. J Clean 20 

Prod 2021;278:123212. https://doi.org/10.1016/j.jclepro.2020.123212. 21 

[194] Martinez-Burgos WJ, Sydney EB, de Paula DR, Medeiros ABP, de Carvalho 22 

JC, Soccol VT, et al. Biohydrogen production in cassava processing 23 

wastewater using microbial consortia: Process optimization and kinetic 24 

analysis of the microbial community. Bioresour Technol 2020;309:123331. 25 



187 
 

https://doi.org/10.1016/j.biortech.2020.123331. 1 

[195] Palomo-Briones R, Razo-Flores E, Bernet N, Trably E. Dark-fermentative 2 

biohydrogen pathways and microbial networks in continuous stirred tank 3 

reactors: Novel insights on their control. Appl Energy 2017;198:77–87. 4 

https://doi.org/10.1016/j.apenergy.2017.04.051. 5 

[196] Si B, Liu Z, Zhang Y, Li J, Xing XH, Li B, et al. Effect of reaction mode on 6 

biohydrogen production and its microbial diversity. Int J Hydrogen Energy 7 

2015;40:3191–200. https://doi.org/10.1016/j.ijhydene.2015.01.030. 8 

[197] Gao M, Guo B, Li L, Liu Y. Role of syntrophic acetate oxidation and 9 

hydrogenotrophic methanogenesis in co-digestion of blackwater with food 10 

waste. J Clean Prod 2021;283:125393. 11 

https://doi.org/10.1016/j.jclepro.2020.125393. 12 

[198] Rojas-Sossa JP, Murillo-Roos M, Uribe L, Uribe-Lorio L, Marsh T, Larsen N, 13 

et al. Effects of coffee processing residues on anaerobic microorganisms and 14 

corresponding digestion performance. Bioresour Technol 2017;245:714–23. 15 

https://doi.org/10.1016/j.biortech.2017.08.098. 16 

[199] Ho DP, Jensen PD, Batstone DJ. Methanosarcinaceae and acetate-oxidizing 17 

pathways dominate in high-rate thermophilic anaerobic digestion of waste-18 

activated sludge. Appl Environ Microbiol 2013;79:6491–500. 19 

https://doi.org/10.1128/AEM.01730-13. 20 

[200] Sahota S, Vijay VK, Subbarao PMV, Chandra R, Ghosh P, Shah G, et al. 21 

Characterization of leaf waste based biochar for cost effective hydrogen 22 

sulphide removal from biogas. Bioresour Technol 2018;250:635–41. 23 

https://doi.org/10.1016/j.biortech.2017.11.093. 24 

[201] Zhang H, Voroney RP, Price GW, White AJ. Sulfur-enriched biochar as a 25 



188 
 

potential soil amendment and fertiliser. Soil Res 2017;55:93–9. 1 

https://doi.org/10.1071/SR15256. 2 

[202] Sethupathi S, Zhang M, Rajapaksha AU, Lee SR, Nor NM, Mohamed AR, et 3 

al. Biochars as potential adsorbers of CH4, CO2 and H2S. Sustain 2017;9:1–4 

10. https://doi.org/10.3390/su9010121. 5 

[203] Bhandari PN, Kumar A, Huhnke RL. Simultaneous removal of toluene (model 6 

tar), NH3, and H 2S, from biomass-generated producer gas using biochar-7 

based and mixed-metal oxide catalysts. Energy and Fuels 2014;28:1918–25. 8 

https://doi.org/10.1021/ef4016872. 9 

[204] Jiang S, Nguyen TAH, Rudolph V, Yang H, Zhang D, Ok YS, et al. 10 

Characterization of hard- and softwood biochars pyrolyzed at high 11 

temperature. Environ Geochem Health 2017;39:403–15. 12 

https://doi.org/10.1007/s10653-016-9873-6. 13 

[205] Ding W, Dong X, Ime IM, Gao B, Ma LQ. Pyrolytic temperatures impact lead 14 

sorption mechanisms by bagasse biochars. Chemosphere 2014;105:68–74. 15 

https://doi.org/10.1016/j.chemosphere.2013.12.042. 16 

[206] Wang Y, Wang Z, Liu Y. Oxidation Absorption of Gaseous H2S Using 17 

Fenton-Like Advanced Oxidation Systems. Energy and Fuels 2018;32:11289–18 

95. https://doi.org/10.1021/acs.energyfuels.8b02657. 19 

[207] Santos LB, Striebeck M V., Crespi MS, Ribeiro CA, De Julio M. 20 

Characterization of biochar of pine pellet. J Therm Anal Calorim 21 

2015;122:21–32. https://doi.org/10.1007/s10973-015-4740-8. 22 

[208] Li Y, Lin Y, Xu Z, Wang B, Zhu T. Oxidation mechanisms of H2S by oxygen 23 

and oxygen-containing functional groups on activated carbon. Fuel Process 24 

Technol 2019;189:110–9. https://doi.org/10.1016/j.fuproc.2019.03.006. 25 



189 
 

[209] Bagreev A, Bashkova S, Locke DG, Bandosz TJ. Sewage sludge-derived 1 

materials as efficient adsorbents for removal of hydrogen sulfide. Environ Sci 2 

Technol 2001;35:1537–43. https://doi.org/10.1021/es001678h. 3 

[210] Nam H, Wang S, Jeong HR. TMA and H2S gas removals using metal loaded 4 

on rice husk activated carbon for indoor air purification. Fuel 2018;213:186–5 

94. https://doi.org/10.1016/j.fuel.2017.10.089. 6 

[211] Wang S, Nam H, Nam H. Utilization of cocoa activated carbon for 7 

trimethylamine and hydrogen sulfide gas removals in a confined space and its 8 

techno-economic analysis and life-cycle analysis. Environ Prog Sustain 9 

Energy 2019;38. https://doi.org/10.1002/ep.13241. 10 

[212] Wang J, Guo X. Adsorption kinetic models: Physical meanings, applications, 11 

and solving methods. J Hazard Mater 2020;390:122156. 12 

https://doi.org/10.1016/j.jhazmat.2020.122156. 13 

[213] Yu L, Jiang W, Yu Y, Sun C. Effects of dilution ratio and Fe dosing on 14 

biohydrogen production from dewatered sludge by hydrothermal pretreatment. 15 

Environ Technol (United Kingdom) 2014;35:3092–104. 16 

https://doi.org/10.1080/09593330.2014.931469. 17 

[214] Dhar BR, Elbeshbishy E, Nakhla G. Influence of iron on sulfide inhibition in 18 

dark biohydrogen fermentation. Bioresour Technol 2012;126:123–30. 19 

https://doi.org/10.1016/j.biortech.2012.09.043. 20 

[215] Lay J-J, Fan K-S, Hwang J-I, Chang J-I, Hsu P-C.  Factors Affecting 21 

Hydrogen Production from Food Wastes by Clostridium -Rich Composts . J 22 

Environ Eng 2005;131:595–602. https://doi.org/10.1061/(asce)0733-23 

9372(2005)131:4(595). 24 

[216] Kong X, Yu S, Xu S, Fang W, Liu J, Li H. Effect of Fe 0 addition on volatile 25 



190 
 

fatty acids evolution on anaerobic digestion at high organic loading rates 1 

2018. https://doi.org/10.1016/j.wasman.2017.03.019. 2 

[217] Amen TWM, Eljamal O, Khalil AME, Sugihara Y, Matsunaga N. Methane 3 

yield enhancement by the addition of new novel of iron and copper-iron 4 

bimetallic nanoparticles. Chem Eng Process - Process Intensif 2018;130:253–5 

61. https://doi.org/10.1016/j.cep.2018.06.020. 6 

[218] Jia T, Wang Z, Shan H, Liu Y, Gong L. Effect of nanoscale zero-valent iron 7 

on sludge anaerobic digestion. Resour Conserv Recycl 2017;127:190–5. 8 

https://doi.org/10.1016/j.resconrec.2017.09.007. 9 

[219] Zhang H, Tian Y, Wang L, Mi X, Chai Y. Effect of ferrous chloride on biogas 10 

production and enzymatic activities during anaerobic fermentation of cow 11 

dung and Phragmites straw. Biodegradation 2016;27:69–82. 12 

https://doi.org/10.1007/s10532-016-9756-7. 13 

[220] Monlau F, Kaparaju P, Trably E, Steyer JP, Carrere H. Alkaline pretreatment 14 

to enhance one-stage CH4and two-stage H2/CH4production from sunflower 15 

stalks: Mass, energy and economical balances. Chem Eng J 2015;260:377–85. 16 

https://doi.org/10.1016/j.cej.2014.08.108. 17 

[221] Mamimin C, Prasertsan P, Kongjan P, O-Thong S. Effects of volatile fatty 18 

acids in biohydrogen effluent on biohythane production from palm oil mill 19 

effluent under thermophilic condition. Electron J Biotechnol 2017;29:78–85. 20 

https://doi.org/10.1016/j.ejbt.2017.07.006. 21 

[222] Fu SF, Xu XH, Dai M, Yuan XZ, Guo RB. Hydrogen and methane production 22 

from vinasse using two-stage anaerobic digestion. Process Saf Environ Prot 23 

2017;107:81–6. https://doi.org/10.1016/j.psep.2017.01.024. 24 

[223] Liu D, Liu D, Zeng RJ, Angelidaki I. Hydrogen and methane production from 25 



191 
 

household solid waste in the two-stage fermentation process. Water Res 1 

2006;40:2230–6. https://doi.org/10.1016/j.watres.2006.03.029. 2 

[224] Wang S, Nam H, Nam H. Preparation of activated carbon from peanut shell 3 

with KOH activation and its application for H2S adsorption in confined space. 4 

J Environ Chem Eng 2020;8:103683. 5 

https://doi.org/10.1016/j.jece.2020.103683. 6 

[225] Menezes RLCB, Moura KO, De Lucena SMP, Azevedo DCS, Bastos-Neto M. 7 

Insights on the Mechanisms of H 2 S Retention at Low Concentration on 8 

Impregnated Carbons. Ind Eng Chem Res 2018;57:2248–57. 9 

https://doi.org/10.1021/acs.iecr.7b03402. 10 

[226] Cordioli E, Patuzzi F, Sisani E, Barelli L, Baratieri M, Arato E, et al. 11 

Experimental study on H2S adsorption on gasification char under different 12 

operative conditions. Biomass and Bioenergy 2019;126:106–16. 13 

https://doi.org/10.1016/j.biombioe.2019.05.003. 14 

[227] Yang G, Sun Y, Zhang J ping, Wen C. Fast carbonization using fluidized bed 15 

for biochar production from reed black liquor: optimization for H2S removal. 16 

Environ Technol (United Kingdom) 2016;37:2447–56. 17 

https://doi.org/10.1080/09593330.2016.1151463. 18 

[228] Sun Y, Yang G, Zhang L, Sun Z. Preparation of high performance H2S 19 

removal biochar by direct fluidized bed carbonization using potato peel waste. 20 

Process Saf Environ Prot 2017;107:281–8. 21 

https://doi.org/10.1016/j.psep.2017.02.018. 22 

 23 




