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Abstract 

Enhancement of anaerobic digestion process is an established strategy for ensuring the usability of 

diverse substrate-types, overcoming the recalcitrance of substrates to biological conversion and 

increasing biodegradability. It aids the supplementation of deficient but vital nutrients useful to 

methanogenic activities and constituting cofactors in anaerobic digestion enzymes as well as 

increasing both biogas production and biomethane content. Although these enhancements especially 

the use of iron-based additives aid substrate solubilization and improve biomethane yield, the iron 

ions react with other available ionized nutrients such as phosphate (P) to form non-degradable 

complexes and hinder recoverability of P or its release for plant usage. In response, this thesis 

investigates an integrated approach to biomethane recovery and P release using different 

enhancement options (accelerants and antagonists) as well as an assessment of the environmental 

impacts of the enhanced processes. Mixed methodological approach was employed in this study to 

select a novel substrate (okra biomass) and additive (Ppy/Fe3O4 NPs) for anaerobic digestion and 

assessment of the impacts of enhancement options on the environment. From all the enhancement 

options, most of them increased biomethane yield, but 20 mg/L of Ppy/Fe3O4 NPs gave the highest 

biomethane yield. The optimization of additives (accelerants and P antagonist) supplementation 

achieved the maximum biomethane yield of 502.743 mLCH4/gVS and P release of 168.674 mg/L at 

the optimum conditions of Ppy/Fe3O4 (20.0014 mg/L), HA (5.0018 mg/L), As (1.448 mg/L) and co-

digestion (25.0001%). In considering the energy-environmental trade-offs of the enhancement 

options, a comparative assessment of the impact categories showed that co-digestion+Ppy/Fe3O4 NPs 

and Ppy/Fe3O4 only options improved biomethane productions and recorded lower impact category 

values. 

 

Keywords: anaerobic digestion, enhancement, biomethane, biogas, iron-based, life cycle 

assessment, pretreatment, biogas, wastes, additives, optimization, antagonists, accelerants.  
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Chapter one 

Introduction 
 

This chapter is partly adapted from: Ugwu, S. N., and Enweremadu, C. C. (2020). Enhancement of biogas production 

process from biomass wastes using iron-based additives: types, impacts, and implications. Energy Sources, Part A: 

Recovery, Utilization, and Environmental Effects, 1-23.  

       

Ugwu, S. N., Biscoff, R. K. and Enweremadu, C. C. (2020). A meta-analysis of iron-based additives on enhancements of 

biogas yields during anaerobic digestion of organic wastes. Journal of Cleaner Production, 122449. 

  

1.1 Overview of global energy status  

The need to achieve 50% reduction in global emissions by 2030, carbon-neutral economies by 2050 

and restrict the rise of global mean temperature to 1.5oC more than the pre-industrial levels has 

necessitated the global efforts aimed at reducing CO2 and other emissions (BP,2019; IPPC, 2018). 

One of such efforts is succinctly captured as sustainable development goal (SDG) 7, which targets 

increasing access to reliable, affordable and sustainable energy, energy efficiency and the share of 

renewable energy in the global energy mix (UNDP 2020; UNSTAT, 2019; IPCC, 2018). Aside from 

the environmental and climate change issues associated with the use of fossil energy types, their 

imminent depletion coupled with the rising energy demand gap is a source of concern. The global 

primary energy consumption rose by 2.9 % in 2018, doubling the 10-year average value of 1.5% per 

year and expected to rise to about 18 BToE in 2040 as shown in Fig. 1.1a (BP, 2019). In contrast, the 

global proven oil reserve is estimated to sustain global demands for barely 50 more years (BP, 2019). 

The same pattern of increasing consumption and constant depletion applies to both coal and natural 

gas, which are also major conventional energy sources (BP, 2019). The increased global fossil energy 

usage caused the unprecedented rise of carbon emission to 2% in the last seven years and would be 

about 42.4 billion tons in 2035(BP, 2019) However, with the sustenance of the 17.8% renewable 

energy growth in 2018 as shown in Fig.1.1b, this continuous menace to the environment could be 

mitigated (WBA, 2019).   
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Fig. 1. 1 (a) Global Primary Energy Demand (BP, 2019), (b) Global Final Energy 

Consumption (WBA, 2019) (c) Global Composition of Municipal Waste (Adapted from UNSTAT, 

2020) 

 

On the other hand, renewable energy sources are clean and affordable with capabilities of bridging 

the global energy demand-gap and ensuring environmental sustainability. Bioenergy is a renewable 

energy type, involving the conversion of biomasses and organic fraction of wastes (Basu, 2018; 

Maletta and Díaz‐Ambrona, 2020). Most biomass emanates from varying stages of agro-industrial 

and other human activities and can be utilized in energy generation via pyrolysis, gasification, 

combustion, anaerobic digestion or fermentation into solid, gaseous or liquid biofuels (Gao et al. 

2018). Depending on their origin, these biomasses grouped into generations (first, second, third and 

fourth) as shown in Fig. 1.2 (Chauhan, 2020). According to WBA (2019) and Maletta and Díaz‐

Ambrona (2020), total biomass potential of the world is about 55.6 EJ/year, which accounts for about 

70% of the gross renewable energy usage and projected to rise to 100-300 EJ by 2050. Currently, 

energy from biomasses constitutes more than 13% of all primary energy supplied globally, 90% of 

which is used mostly for heating purposes in developing countries (WBA, 2019; Maletta and Díaz‐

A B 

C 
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Ambrona, 2020). Similarly, while the total food wastes currently stand at 3.6 million tons/day, it is 

expected that the organic fraction of the daily global waste generations will amount to 46% of the 6 

million tons/day of the total wastes in 2025 as shown in Fig. 1c (UNSTAT, 2020; Huang et al., 2020).   

 

 
Fig. 1. 2 Classification of biomasses for biogas production based on their generations.  

 

The enormous organic fraction of all the biomass generations for energy production purposes shown 

in Fig. 1.2 can be anaerobically digested for biogas production. Anaerobic digestion is an established 

biomass-to-energy and waste management technology that uses various biochemical stages 

(hydrolysis, acetogenesis, acidogenesis and methanogenesis) to achieve waste volume reduction, 

treatment and clean energy recovery (Cai et al. 2017). Biogas yield is projected to grow by 40% in 

2040 at an annual growth rate of 9.7% (IEA, 2020a). The organic (biodegradable) component for 

anaerobic digestion are composed of biopolymers (lignin, cellulose, hemicellulose, starch, lipids, 

keratin, elastin and collagen), monomers and synthesized polymers (polypropylene, polyethylene and 

polyesters) (Akunna, 2018; Cai et al. 2017). The lignocellulosic polymers (lignin 0-40%, cellulose 

15-99% and hemicellulose 0-85%) form the major organic fraction of biodegradable biomass, unlike 

monomers, which are easily broken-down in an anaerobic digestion process, the polymers have 

structures that take a long time to breakdown (Akunna, 2018; Li et al. 2018). Aside from the 

challenges associated with structural degradation of lignocellulosic biomasses, slow syntrophic 

metabolism of intermediate products, low acidification rate, difficulties in removing humic 

substances and bacterial cell disintegration also inhibits methanogenic activities during the anaerobic 

digestion processes (Liu et al., 2016; Hao et al., 2017, Bharathiraja et al., 2018, Zhang et al., 2019). 

These identified challenges with ease of substrate degradation and hampered methanogenic activities 

necessitate some forms of substrate pretreatments and enhancements during anaerobic digestion 
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(Akunna, 2018; Li et al. 2018). 

 

1.2 The need for anaerobic digestion enhancement and biogas yield   

The organic fraction of wastes, which are largely lignocellulosic, limits the viability of substrates for 

biogas production. Lignocellulosic biomasses have complex and compact structures, resulting in low 

hydrolysis rate and low substrate biodegradability (˂ 70%) (Li et al. 2018).  Previous studies showed 

that pretreatment of these lignocellulosic polymers (substrates) mechanically, thermally or 

chemically for anaerobic digestion, improves overall process performance vis-à-vis increased 

methane yield, solids and hydraulic retention-time reduction (Carlsson, 2015; Kreuger et al. 2011; 

Ward et al. 2008). Alkaline pretreatment was reported in Zhang et al. (2014a) and Ugwu and 

Enweremadu (2019) to degrade cellulose and hemicellulose as well as the three-dimensional network 

of lignin by promoting methanogenesis during acetogenesis. Li et al. (2018) and Zhang et al. (2014), 

showed that in the pretreated substrate, hemicellulose and cellulose content decreased with 

improvement in the hydrolysis and methanogenic phase, unlike the lignin content with low 

pretreatment effect, resulting in a slow and incomplete degradation process. Although alkaline and 

acid pretreatments improve the degradation of lignin-rich biomasses, extreme pH values and a large 

amount of salt formation inhibit the activities of methanogens (Zhang et al. 2014a; Abdelwahab et al. 

2020).  

 

While pretreatment aids degradation of lignocellulosic substrates, Abdelsalam et al. (2016) posited 

that utilization of additives is a less expensive and increasingly effective enhancement method for 

improving the performance of biodigesters. However, additives enhance the efficiency of the 

anaerobic digestion process, ranging from an increase in the startup speed, improved production rate, 

reduction in the hydraulic retention time (HRT) and higher methane content (Hao et al. 2017; Ward 

et al. 2008). Additives have been grouped based on their main compositions and roles such as 

increased stability of the digestion process, reduction of toxin impacts and supply of deficient 

nutrients and for performance improvement (Kim et al. 2017; Baredar et al. 2016). The addition of 

nanoparticle to anaerobic digestion caused a reduction of lag phase (Abdelsalam et al. 2016). 

Additives can be either organic or inorganic or biological or chemical and are in macro, micro or 

nanoscale (Mao et al. 2015; Romero-Guiza et al. 2016; Abdelwahab et al. 2020).   

 

Various additives essential for enhancement of anaerobic digestion process are as follows Ni, Fe, Co, 

Mo, Se, C, N, P, S, etc. (Abdelsalam et al. 2016; Mao et al. 2015). Among all the broadly utilized 
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additives, iron-based additives have merits of being viable in H2S toxicity control, nutrient 

supplementation, improvement of biomethane yield and content, enablement of substrate 

solubilization, etc. (Chen et al. 2018; Mao et al. 2015). Iron is an important element for biological 

activities of methanogens like energy acquisition and DNA multiplication, it is crucial for the survival 

of cells and serves as an electron acceptor and due to its ability to ionize to Fe2+ and Fe3+ (Chen et al. 

2018; Casals et al. 2014). It has been noted that iron-based additives reduce oxidative-reductive 

potentials (ORP), enhance the activities of hydrolysis-acidification enzymes and improve the 

anaerobic digestion conditions (Feng et al. 2014). In general, it was reported in Ugwu et al. (2020) 

that the pooled results of iron-based additives supplementation had an overall significant influence 

on the enhancement of anaerobic digestion and increase in biogas yield. 

 

Based on the above adduced positive enhancing impacts, lots of iron-based additives have been used 

in many environmental management processes, nutrient supplementation, and digestion enhancement 

in an anaerobic digestion operation either singularly or in combination with organic and inorganic 

substances as shown in Table 1.1 (Kim et al. 2017; Zhang et al. 2015). Most used iron-based additives 

for anaerobic digestion purposes were classified in this study largely into 4 groups. This classification 

is based on: their types, whether they occur naturally or synthetically manufactured, as well as their 

enhancement or inhibition capabilities.  

 

Table 1. 1 Classification of iron-additives and their influence on biogas production 
S/N Groupings  Types Source Remarks Reference 

1. Iron Scraps Waste Iron Scraps 

(Rusty and clean 

waste iron scraps) 

WISs 

By-product of iron 

industries 

Enhanced were 

reported for both types 

of WISs 

Hao et al, 2017; 

Zhang et al, 

2014b 

Zerovalent Scrap 

Iron (ZVSI)  

Waste scraps from the 

ironwork doped with 

metal  

Addition of 1 g/g VSS 

enhanced 

Biogas yield  

Yadav et al, 

2012; Zhen et al 

2015 

2. Iron Powder Fe powder Produced and 

commercially obtained 

Increased methane 

yield 

Suanon et al 

2017 

ZVI Synthesized/ 

commercial 

At the optimum range, 

ZVI recorded 

enhancement 

Kong et al, 2018 

Zhang et al, 

2013 

Hematite (Fe2O3) Red mud is a by-product 

from the alumina 

refining of bauxite ore 

Biomethane yield was 

promoted 

Ye et al, 2018 

Magnetite (Fe3O4) Commercially procured Enhanced process Zhao et al, 2018 

Iron salts e.g. FeSO4, 

FeCl3, etc. or Fe with 

other trace metals 

e.g. Co, Mo, Ni etc. 

Commercially procured 

as synthesized  

FeSO4 inhibited 

FeCl3 and FeCl2 

enhanced  

Fe + other trace 

elements enhanced 

Thiruselvi et al, 

2018 

Qin et al. 2019 

Zhang et al, 

2015 

3. Iron Nanoparticle Fe3O4-NP Synthesized from Fe 

hydrate, NH3 and KI 

At optimum dosage, the 

yield was enhanced 

Noonari et al, 

2019 
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Studies have revealed that increasing biogas recoverability with iron additives supplementation is 

effective, but wields menacing effects on the bio-solids and the environment at very high additive 

concentrations (Xie et al., 2017; Eduok et al., 2017; Dwivedi et al., 2015). Addition of excess Fe2+, 

produces reactive oxygen (by Fenton reaction), raising pH and cytotoxicity occurring and ultimately 

causing inhibition to biogas production (Ganzoury and Allam, 2015; Tang and Lo, 2013). Iron-based 

additive, when in excess forms non-biodegradable precipitates like siderite (FeCO3), pyrite (FeS2), 

vivianite (Fe3(PO4)2), etc., which threatens the ecosystem (Puyol et al. 2017; Peeters et al. 2016). 

 

1.3 Relevance of enhancement approach to increased phosphate release 

There is a need to attenuate the impacts of the nutrient-rich digestates from iron enhanced anaerobic 

digestion process on the ecosystem by preventing iron complexing with P in digestates for ease of 

recovery. Phosphorus is an important resource in life for crop production, human and animal growth, 

(Ashley, 2011). Naturally occurring phosphorus exists as phosphate rocks in few countries and is 

estimated to be used up in less than a 100-year time (Gurtekin, 2014). Consequently, the 

indispensability of P to life’s existence justifies the search for alternative P sources. Anaerobic 

digestion of biomasses facilitates the solubilization of substrates and decomposition of the protein 

content of the substrate to release P as well as other elements into the digestate (Zheng et al. 2013; 

Zhang et al. 2014b; Puyol et al. 2018). As reported in Cucina et al. (2017) and Campos (2014), the 

release of trapped P in the organic matrix and insoluble P can be increased using methanogenesis 

enhancing additives. 

   

Notwithstanding the hopes of releasing P from substrates during anaerobic digestion, it is established 

that iron additives decrease P availability in digestates (Puyol et al., 2017). This is due to 

Hematite NPs Commercially procured 

as synthesized product 

Enhancement of biogas 

was observed 

Ambuchi et al, 

2018; Wang et 

al, 2016 

Green NPs Synthesized with plant 

extracts (in place of 

reducing agents) and 

iron source 

Enhancement was 

recorded at dosage 

≤300 mg/L 

Thiruselvi et al, 

2018 

NZVI Synthesized 

Iron source and NaHB4 

Biogas yield increased 

at dosages ≤ 1000 mg/L  

Jia et al, 2017 

Fe-NP coated or 

mixed with Zeolite 

(nZVI, ICZ, IMZ, 

CU) 

Synthesized ferric salt, 

zeolite and NaHB4 

Increased biogas yields 

were recorded at 

optimum dosages ≤ 

1000mg/L 

Amen et al, 2017 

Amen et al, 2018 

4 Advanced 

Oxidation Process 

(AOP) 

Fenton process (Fe 

and H2O2) 

A mixture of Ferrous 

iron and hydrogen 

peroxide 

No consensus 

 (more studies on AOP 

enhanced digestion 

needed) 

Uman et al, 

2018; Taha et al, 

2014 
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immobilization of available inorganic phosphate (Pi) forming insoluble iron-P precipitates in the 

liquid fraction of the digestate (Puyol et al., 2017). According to Elijamal et al. (2020), Mokete et al. 

(2020), Suanon et al. (2016) the immobilization of P to form iron-P precipitation occurs more with 

limited availability of oxygen (anaerobic condition). The iron-P precipitates, which are non-

biodegradable accumulates in the digestate to constitute serious environmental concerns and 

increasing plant operational costs (Puyol et al. 2018; Puyol et al. 2017). However, the iron reduction-

induced phosphate precipitation during anaerobic digestion of waste can be mitigated with the 

addition of chelating additives or Fe-P antagonists, etc. 

  

Past studies have shown that some elements like Fe, Ca, Mg, etc. have a synergistic relationship with 

P, others such as arsenic (As) compounds with similar properties wield antagonistic influences on P 

as well as a chelating substance like humic acid (HA) which affects P availability in solution (Puyol 

et al. 2018; Liu et al. 2011). Humic acids are the most abundant substance on earth mainly from 

putrefying organic matters, they are complex biomolecules, very soluble at wide pH range and acts 

like weak polyelectrolytes (Azman et al. 2015a; Giasuddin et al. 2007). According to Liu et al. (2011) 

and Jeong (2017), HA and iron can coexist, and bind reasonable amounts of As to form Fe-bridged 

As-Fe-HA complexes and surface complexation of As on HA-Fe stabilized colloids. This interaction 

alters their ability to absorb nutrient like phosphate due to the phosphate/arsenate exchange leading 

to the availability of Fe3+ and PO4
3- in solution as well as the formation of HA-Fe and As-Fe 

precipitates (Lenoble et al. 2005). Although, it has been reported in Yap et al. (2018) and Azman et 

al. (2015b) that at high concentration of As and HA, anaerobic digestion is inhibited due to the 

decrease in the hydrolysis of cellulose, but the addition of Fe mitigated the inhibitory influences of 

HA and As. Consquently, this study, which is aimed at optimizing the HA, Fe and As dosages and 

understanding their impacts on both soluble phosphate availability and biogas yield is necessary. 

 

1.4 The need for lifecycle assessment of the integrated enhancement approach  

Although the proposed simultaneous enhancement of anaerobic digestion is expected to increase both 

biomethane yields (in quantity and quality) and phosphate release, the environmental footprints of 

the vast processes and inputs should be evaluated. Lifecycle assessment (LCA), an international 

standard ranging from ISO 14040 to ISO 14044 (ISO, 2006), is multi-criteria, multi-stage modelling 

framework aimed at evaluating the potential environmental impacts of processes like the integrated 

approach to enhanced methane and P release from agro-industrial waste (Esteves et al. 2019; 

Hiloidhari et al. 2017). Different versions of LCA software (e.g. SimaPro, OpenLCA, GaBi, 
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Umberto, etc.) have four planned iterative steps, from the definition of goal and scope, inventory 

analysis, impact assessment to impact interpretation (Duan et al. 2020; Acero et al. 2014). Energy 

and P release processes pose both direct and indirect health and environmental challenges. These 

concerns are linked to energy, chemical and other resources used, necessitating the application of 

sensitivity analysis in determining the response of the impact assessment and changes to the recovered 

products and environment (Giwa, 2017; Amini, 2014). However, LCA is essential in avoiding 

inadvertent consequences of novel technologies and environmental mitigation strategies ( Ghosh et 

al.2020; Pant et al., 2011). 

 

In previous LCA studies,  Cremiato et al. (2017); Desmidt et al. (2015) revealed that in a simultaneous 

approach to energy and P release/recovery processes via anaerobic digestion had lower environmental 

impacts, produced renewable energy and performed better than those using the pure composting or 

other waste disposal means. Giwa (2017) reported in LCA studies of biogas production using cow 

dung and algae, that eco-friendly inputs in biogas production and P recovery reduce the process 

impact on the ecosystem.  Remy and Jossa (2015) showed that biogas production and P recovery 

pathways/methods vary majorly in the quantity of P recovered, biogas produced, energy used, and 

impacts on the environment. In the LCA assessment of five different nanoparticles (Ni NPs, Co NPs, 

Fe NPs and Fe3O4 NPs). Hijazi et al. (2020a) noted that the nano-additives, when compared with the 

control (without additives), were most effective in greenhouse gas emission mitigation, lower ozone 

layer depletion, human toxicity potential, acidification, human toxicity potential and eutrophication 

values.  

 

On the other hand, Puyol et al. (2018) and Xie et al. (2017) reported that due to the use of additives 

like iron nanoparticles biogas production was enhanced but had both positive and negative effects on 

P content of the digestate as well as the environment. Hence the suggestion of Remy and Jossa (2015) 

that evaluation and selection of most suited strategies for integrated resource recovery with additives 

from agro-industrial wastes using life-cycle based tools are to be studied. In the same vein, Mayer et 

al. (2016) recommended that integrated technological trade-offs (systems-level analyses) should be 

focused on evaluating impacts of resource recovery strategies on varying products and the ecosystem 

should be researched. 

 

Summarily, most research addressing the intensification of biogas production using various strategies 

already exist (Arif et al. 2018; Li et al. 2019; Koniuszewska et al. 2020; Ugwu et al. 2020). They 
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largely focused on either biogas production enhancement with additives or the release of phosphates 

from digestates for phosphorus recovery or direct land application of digestates (Campos, 2014; 

Abdelsalam et al., 2017; Melia et al., 2017; Xie et al., 2017). It was also observed in previous studies 

that while nano-additives enhances biogas yield, it inhibits P availability in the digestate mixed liquor 

(Mayer et al., 2016; Melia et al., 2017; Puyol et al., 2017). Therefore, further studies on an integrated 

approach to enhancing biogas production and the increasing availability of phosphate content in the 

liquid fraction of the digestates with the addition of iron additives as well as antagonists is needed. 

Knowledge on these suggested potentials for simultaneous enhancement of both biogas yield and 

phosphate release is largely lacking and deserves assessment. Due to the processes involved in this 

proposed approach shown in Fig.1.3, the assessment of the environmental impacts becomes 

necessary. 

 

 
Fig. 1. 3 A proposed integrated approach of iron additive and P antagonist supplementation of 

anaerobic digestion. 

 

1.5 Justifying the integrated approach to enhancement of biogas production and P 

recovery 

The global population is growing, leading inevitably to increased consumption of food and depletion 

of virgin raw material resources such as phosphorus which is a very essential non-renewable resource 

in crop production (Worldometer, 2020; Zahra et al. 2020; FAO, 2019; IEA, 2020a;). The depletion 

of resources such as mined phosphate ores, which is used for fertilizer production and has about 90% 

of its known reserves located only in five countries (the U.S., China, South Africa, Jordan and 

Morocco), is already at an unsustainable level and estimated to be consumed in about 100 years 
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(Steven, 2010; WERF, 2011; Gurtekin, 2014).  

 

The energy-demand gap is on the increase in most countries; it is expected to rise by 30% in 2040. In 

South Africa, the peak demand is estimated to rise to 57, 274MW in 2030, with 17,800MW expected 

to be from renewable energy sources (IEA, 2019; CSIR, 2016; DoE, 2016). Currently, about 90% of 

the energy supply is from non-renewable sources, making South Africa one of the 15 largest emitters 

of CO2 worldwide (IEA, 2019). However, the energy crisis in 2008  and the need to close this gaps 

in 2030 made South African Government to start investing largely in renewable energy sources, more 

in solar and wind energy, but biogas (waste-to-energy) technologies remain largely untapped (IEA, 

2019; CSIR, 2016; DoE, 2016). 

 

The currently used resources for alternative energy (biogas) and phosphorus are unsustainable and 

compete with other humans/animal uses (Kampman et al., 2017). Owing to this, the Food and 

Agricultural Organization’s 2008 report in Kigozi et al.,(2014) noted that food insecurity is imminent 

due to heightened food crop-to-bioenergy conversion. To avert this impending doom, identification 

of non-food feedstocks (e.g. agro-wastes, and other energy crops/novel substrates) as alternative 

sources for energy and phosphorus recovery becomes imperative and should be prioritized 

(Boulamanti et al, 2013; Elbeshbishy et al., 2012). Cheerfully, countries like South Africa has annual 

generation capability of above 108MT total waste, 50% of which is from the entire agro-industrial 

value chain with potentials for meeting both energy and phosphorus demand when properly harnessed 

(DEA, 2012; ARC, 2016). 

 

Anaerobic digestion process, which is the most suited technology for recovering both energy and 

phosphates from wastes according to Hijazi et al. (2020a) and Puyol et al. (2018) is faced with process 

drawbacks connected to the complex molecular nature (lignin and hemicellulose) and the entrapment 

of P in the organic matrices. Hijazi et al. (2020a) and Abdelsalam et al. (2016) stated that the use of 

additives (e.g. trace metals and nanoparticles) can alter the substrate matrix of the complex molecules 

to enhance methanogenic bacteria growth during enzyme synthesis, increase biogas yield and P 

release.  

 

Matter-of-factly, while these additives improve biomethane production, on the one hand, they reduce 

P availability on the other hand (Puyol et al. 2018). It was mentioned in Puyol et al. (2018) that the 

high affinity of Fe and P results in non-biodegradable precipitate formation during anaerobic 
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digestion, reducing both dissolved P and Fe availability in bioreactors. However, because of the 

environmental implications of these Fe-P complexes, it was reported in Jeong (2017) that addition of 

P antagonists (As) and chelating substances (HA), can form As-Fe-HA complexes and stable colloids 

ensuring more P availability in the digestate mixed liquor. In line with these propositions, the 

favourable alteration of anaerobic digestion processes via this integrated approach could lead to the 

achievement of increased biogas production without the inhibition of P availability for recovery. 

  

However, Mayer et al. (2016) and Amini (2014) argue that the trade-offs between environmental and 

economic impacts of this integrated approach to enhanced biogas and P release, just like other novel 

techniques should be determined through the conduct of. LCA. The enormity of processes and inputs 

to this resource recovery approach as well as their possible environmental impacts justifies the need 

for LCA studies aimed at enabling the decision making on the most environmentally friendly 

enhancement option. 

 

1.6  Alignment to the university and national/international strategies 

United Nations Sustainable Development Goals (SDGs) 6, 7 and 13 are aimed at achieving clean 

energy and ensuring environmental sustainability ( UNSTATS 2019; Osborn et al. 2015). These they 

hope to achieve among other ways through ensuring proper waste management to avoid 

eutrophication in water bodies, achieving affordable and clean energy (waste-to-energy) production, 

manage enormous waste generated properly, etc. However, after the 2008 energy crisis, South Africa 

with over 108 million tonnes of wastes generation capacity, started investing in large scale renewable 

energy sources like biogas (waste-to-energy) technologies (DoE, 2016). To achieve the targeted 

6000MW renewable energy input to South Africa’s energy mix and ensure a sustainable environment, 

integrated approach to recovery in waste-energy-P nexus should be enhanced (IEA, 2019; DoE, 2016; 

DEA, 2012).  

 

1.7 Research questions 

The global quest for energy sufficiency, sustainable environment amidst the rise in global population, 

increasing waste generation, depletion of available resources as well as the paucity of information on 

the integrated resource recovery strategy from wastes have elicited some concerns. This research is 

targeted at addressing the following questions and contributing to the body of knowledge on biomass-

resource recovery: 

i. What are the biomethane and P potential of identified agro-industrial wastes? 
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ii. Which enhancement method can increase biomethane production from anaerobic digestion of 

selected substrate? 

iii. What appropriate dose of iron-additive and antagonist can achieve optimum biogas yield and 

P release during anaerobic digestion of selected substrate? 

iv. How can environmental footprints of the anaerobic digestion enhancement process be 

evaluated? 

 

1.8 Research objectives  

This research is aimed at enhancing anaerobic digestion processes of agro-industrial wastes for 

increased biomethane yield and phosphorus release with the use of additives and nutrient antagonists, 

and evaluation of process impacts on the environment. The specific objectives are: 

i. To identify, characterize and rank potential agro-industrial wastes based on their energy 

and phosphorus potentials. 

 

ii. To identify the most suitable enhancement techniques for increased biogas production 

during anaerobic digestion of selected agro-industrial waste. 

 

iii. To optimize the iron enhanced anaerobic digestion of selected agro-waste for biomethane 

production and phosphate release with the addition of antagonists. 

 

iv. To use Lifecycle Assessment (LCA) tool in evaluating the environmental footprints of 

different enhancement types for anaerobic digestion of selected agro-industrial waste. 

 

1.9 Scope and outline of the thesis 

The desire to achieve resourceful waste-to-energy has necessitated studies aimed at optimizing per 

kilogram resource recovery. Anaerobic digestion is an established means of energy and other resource 

recovery are confronted with issues of biodegradability emanating from the nature of substrates, 

presence of inhibitors or operational challenges. However, enhancement of anaerobic digestion 

process mitigates inhibition of microbial activities, increases substrate solubilization and methane 

yields. Addition of iron-based additives for enhancement of anaerobic digestion facilitates biogas 

production, but forms complexes and precipitates with other available nutrients. The formation of 

non-biodegradable precipitates, which causes environmental pollution upon disposal have been 

studied, but an approach aimed at ensuring increased biogas yield and nutrient availability are largely 

not researched. 
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The integrated approach to enhancing anaerobic digestion for increased biogas yields and phosphate 

release is the major focus of this thesis. This study investigates the substrate viability for anaerobic 

digestion in south Africa, enhancement potentials of some anaerobic digestion intensification 

strategies (pretreatment, co-digestion and additive supplementation), the possibility of releasing and 

maintaining more soluble phosphate in the digestate with the addition of P antagonists (As) and 

chelating substances (HA) to during anaerobic digestion for easy recoverability or usage plants as 

well as understanding the environmental impacts of this integrated approach with LCA tools. Special 

emphasis was given to novel substrate identification and novel iron-based additive type usage. 

Despite the concerns around the formation of non-biodegradable iron-phosphate complexes during 

iron-additive supplemented anaerobic digestion processes, little or no information on integrated 

approach towards holistic energy and P release is available.  

 

Therefore, Chapter 1, which is the introductory chapter aims at identifying research gaps from 

available scientific information on anaerobic digestion enhancement for increased biogas yield and 

phosphate released per kg of substrate digested. Possible ideas of an integrated strategy for increasing 

biogas yield and phosphorus release from wastes with additive supplementation was identified. In 

Chapter 2, the mechanisms of anaerobic digestion enhancement for resource recovery is reviewed. 

A brief overview of relevant concepts of anaerobic digestion, enhancement options, influences of 

enhancement on anaerobic digestion and phosphate release, etc. were described. From the review, 

there is a possibility of ensuring integrated enhancement of biogas production and phosphorus release.  

Chapter 3 describes the screening (characterization and ranking) of identified agro-industrial wastes 

for their energy recovery and phosphate release potentials through a mixed-method approach. Novel 

substrate (okra wastes) with good biomethane potential was selected for enhancement (pretreatment, 

co-digestion or additives supplementation). In Chapter 4, various anaerobic digestion enhancements 

(NaOH pretreatment, co-digestion with sheep slurry, and iron supplementation) of okra wastes was 

carried out. This chapter shows that the use of Ppy/Fe3O4 nanocomposite enhanced biogas yield more 

than other options. An attempt at achieving optimized biogas yield and phosphate release via the 

addition of antagonists (As and HA) and accelerants (Ppy/Fe3O4) to the co-digestion of okra wastes 

and pig manure was studied in Chapter 5. The maximized value of responses (biomethane yield and 

phosphate release) were simultaneously obtained. In Chapter 6, the trade-offs between enhanced 

energy recovery and environmental sustainability were considered for different enhancement options 

studied using LCA tool. A combined enhancement (co-digestion + Ppy/Fe3O4) scenario with high 
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energy output and low environmental impact is preferred. Finally, conclusions from this thesis were 

discussed in Chapter 7. Future research outlooks were stated in this chapter. 
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Chapter Two 

Literature Review: Mechanisms of Anaerobic Digestion Enhancement for 

Resource Recovery 
 

This chapter is partly adapted from: Ugwu, S. N., and Enweremadu, C. C. (2020). Enhancement of biogas production 

process from biomass wastes using iron-based additives: types, impacts, and implications. Energy Sources, Part A: 

Recovery, Utilization, and Environmental Effects, 1-23. 

 
2.1 Overview and relevance of anaerobic digestion  

Vast biodegradable wastes from agro-industries are available for biogas production but had remained 

under-exploited globally amidst visible energy demand gaps especially in developing climes 

(UNSTAT, 2020; WBA, 2019). The amount of waste generated globally is enormous and posing 

serious environmental challenges if not properly disposed or re-channeled to more sustainable reuse. 

When indiscriminately disposed of, these agro-industrial wastes (e.g. food wastes) emits annually 

about 3.3 billion tonnes of CO2 equivalent of GHG carbon footprint into the atmosphere (FAO, 2013). 

It was reported in USEPA (2017) and Lee et al. (2017), that waste landfills recorded greenhouse gas 

emission of about 115.7 MtCO2e per year. Similarly, in South Africa, emissions from solid wastes 

will be above 50 MtCO2 by the year 2050 (DEA/GIZ, 2014). Given these threats, European Union’s 

(EU) baseline studies in 1995 issued a “Landfill Directive”, setting mandatory targets for a total 

reduction of 25%, 50% and 65% of biodegradable waste meant for landfill by 2010, 2013 and 2020 

respectively (Pazera et al., 2015). 

 

These GHG emissions can be mitigated by minimizing waste generation, recycling or reusing and 

sending less waste to landfills or ensuring that released methane from the landfills is captured (Lee 

et al. 2017; UNSTAT, 2020). According to Lee et al. (2017), it was stated that waste reuse/treatment 

options like waste-to-energy (WTE) process have several merits, which includes cheap feedstocks, 

zero/reduced GHG emissions and sustainability. Leveraging on these advantages, several WTE 

technologies have evolved, these include thermochemical (gasification, pyrolysis, hydrothermal 

liquefaction, etc), biochemical (fermentation and anaerobic digestion) and mechanical (densification 

etc) (Crolla, 2017; Lee et al. 2017). Although the WTE technology of choice is based on the waste 

type and energy need, most thermochemical WTE technologies are most frequently used, but the 

cost-effectiveness of the biochemical WTE strategy like anaerobic digestion distinguishes it from 

others (Lee et al. 2017).    
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Furthermore, anaerobic digestion is a more sustainable resource recovery strategy which involves the 

systematic diversion of wastes intended for disposal via a return of material flows to a specific and 

sustainable next use (DEA, 2000; Sharp et al., 2015). This process is of environmental importance, 

cost-effective, decreases the amount of waste for disposal, saves space in landfills, and conserves 

natural resources (Gurtekin, 2014). Kampman et al. (2017) advocated that the sustainable diversion 

of these wastes for biogas production will contribute to renewable energy, environmental 

sustainability, decarbonization, and energy security objectives. In the same vein, disposable waste 

(digestate) from anaerobic digestion processes has environmental benefits which include reduced 

methane and nitrogen-based gas (N2O) emission capability, reduced pathogens, odours and volatile 

fatty acids (VFAs), hence making its land application to conform to the environmental laws and 

regulations (Crolla, 2017). In lieu of this, substrate solubilization during anaerobic digestion process 

results in nutrients availability in their ionized states (Org-P, Inorg-P, N and NH4
+) (Campos, 2014). 

 

The biogas which is an end-product of anaerobic digestion is composed of 50-75% methane, 25-50% 

carbon dioxide and other minor compositions (often lower than 1%) of hydrogen sulfide, nitrogen, 

ammonia and hydrogen (Kougias and Angelidaki 2018; Obileke et al. 2020). As shown in Fig. 2.1, 

biogas is used for electricity generation using combined heat and power system (30-40% electricity, 

35-45% heat and 15% energy loss), house lighting, heat production (cooking and other heat usages) 

and when upgraded to bio-natural gas (BNG) or compressed biomethane used in transportation 

(Surendra et al. 2014; Sun et al. 2015; Zheng et al. 2020a). However, the digestion process aids the 

release of minerals trapped in the organic matrix of substrates due to carbon transformation, which 

are readily available in the effluent streams (digestate) and used as fertilizers for soil amendment.  
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Fig.2. 1 Anaerobic digestion processes, products and by-products 

 

Technological advancements in biogas generation have been responsible for the development of 

improved anaerobic digestion with modifications in the pretreatment of feedstock methods, 

economical biogas upgrading systems, enhanced biochemical process and conditions, sophisticated 

digesters with monitoring and data acquisition components, inclusion of nanotechnology and other 

novel technologies (Ugwu and Enweremadu 2020; Kampman et al. 2017). Furthermore, the growing 

relevance of anaerobic digestion enhancement for increased biogas yield and phosphate release or 

recovery nowadays will be discussed later.  

 

2.2 History and global status of biogas production  

Anaerobic digestion has a rich history surrounding its development, implementation and 

advancement when compared to other alternative energy sources. Between 10th and 16th century B.C, 

anecdotal facts on primeval use of biogas for bath water heating in India, China, Persia and Assyria 

existed, but it was about three thousand, five hundred years later that evidence of the methodical 

scientific approach to biogas production started (Obileke et al.2020; Lusk, 1998). Jan Baptita van 

Helmont in 17th century determined that flammable gases could evolve from decaying organics 

(Kougias and Angelidaki, 2018). In a descriptive dossier from Benjamin Franklin to Joseph Priestly 

in 1764, the flammability of emitting gas from a wetland in New Jersey, USA was reported, but the 

substantiation of this incidence was only scientifically done by Alessandro Volta in 1776 (Oechsner 

et al. 2015; Lusk, 1998). In 1801, Cruikshank through his work demonstrated the absence of oxygen 

molecules in methane, while between 1804 and 1808, John Dalton and Humphrey Davy 
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independently proved the inflammable gas was methane and determined the correct formula of 

methane (Kougias and Angelidaki, 2018; Abbasi et al. 2012). With the growing interest in the 

anaerobic digestion process in the later part of 19th century, Béchamp in 1868 first proved that 

microbial process was responsible for methane production from putrefying organics, thereafter, 

enzymatic hydrolysis of polymers and intermediate production organic acids were established 

(Kougias and Angelidaki, 2018). A French journal Cosmos in 1881 was the first to cite the usage of 

full-scale biodegradation of domestic wastewater in an air-tight compartment known as Mouras 

Automatic Scavenger. Similarly, in 1895, Donald Cameron constructed a model of the Mouras 

Automatic Scavenger (septic tank) at Exeter, England, the biogas collected from the designed septic 

tank was used for heating and lighting (Oechsner et al. 2015; Abbasi et al. 2012).  However, in 1859 

at a leper colony in Bombay, it was reported that the first anaerobic digester was constructed in India 

(Kougias and Angelidaki, 2018). Similarly, according to Oechsner et al. (2015) and Abbasi et al. 

(2012), tanks for waste disposal were designed with biogas collection system at a leper colony in 

Matunga, Mumbai, India in 1897, this digester was fed with human wastes and the gas was used on 

gas engines and to augment electricity demand. 

 

More so, at the inception of 20th century, Omelianski (1906) and Söhngen (1906) reported that during 

fermentation of cellulosic materials, methanogens facilitate the release of acetic acid, butyric acid, 

formic acid, ethanol, hydrogen, carbon dioxide). In 1910, Söhngen in his experiment with enriched 

cultures reported that the reaction of hydrogen and carbon dioxide forms methane via 

hydrogenotrophic methanogenesis as shown in equation 2.1 and that decarboxylation of acetic acid 

could form methane (Kougias and Angelidaki, 2018; Abbasi et al. 2012). 

 

𝐶𝑂2 + 4𝐻2 → 𝐶𝐻4 + 2𝐻2𝑂       2.1 

 

 Subsequently, according to Buswell and Boruff (2002), the theoretical calculations for biomethane 

potential of substrate determination was discovered in 1933. However, the first reported isolation of 

methane-producing microbes (Methanobacterium formicicum, Mathanobacillus omelianskii, 

Methanococcus vannielli and Methanosarcina barkerii) was in 1936 (Barker, 1956). In 1921, the 

construction of an 8m3 biodigester fed with wastes for commercial supply of energy for lighting and 

cooking was carried out by Guorui Luo in China, a similar report in 1920 of biogas supply via the 

gas grid from the first sewage treatment plant was reported in Germany about 1920 (Obileke et al. 

2020). The developments and research in biogas climaxed in the 1970s (1973-1979) in most 
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developed countries during the global oil price hike (Oechsner et al. 2015). Shortly after, the 

concerted interests and investments in biogas technology development declined especially in 

developed climes, but there seems to be a renewed interest in biogas production as stated in Table 

2.1. There has been uneven development of biogas across the globe, based on the feedstock 

availability, polices that supports biogas production and utilization (IEA, 2020b; Zeng et al. 2020a; 

Zheng et al.2020b). According to IEA (2020b), 90 per cent of the global biogas production are from 

Europe, China and the United States. The technological advancements and market-oriented policies 

can be the reason for having more biogas output from Europe than China (Xue et al. 2020). It is 

noteworthy that early support is vital to achieving economically viable and cost-effective biogas 

production. The biogas technology policies and incentives are at global, regional and country-specific 

level as shown in Table 2.1. 

 

Table 2. 1 The biogas technology status and policies of selected countries 
S/N Country Status and advances Current policies and incentives References 

1 China China has an annual theoretical biogas 

potential of about 73.6 billion m3, about 

41.93 million biodigesters (serving 

over 200 million persons) and about 

110,975 MLBPs (18.92million m3 

volume capacity and 2.225billion m3 

annual biogas production) and about 

15.8bcm of upgraded biogas. She has in 

the last 10 years invested more than 

CYN 42 billion in biogas projects with 

the aim of completing 194 bio-natural 

gas (BNG) plants by 2020.  

China has lots of pro-biogas development 

policies, but in 2015, Ministry of 

Agriculture and Rural Affairs (MARA) 

and the National Development and Reform 

Commission of the People’s Republic of 

China (NDRC) published a Working Plan 

of Upgrading and Transforming Rural 

Biogas Project 2015-2030. Although the 

household digesters are no longer 

subsidised, the Medium-large scale biogas 

plants (MLBPs) and BNG projects would 

still enjoy subsidy. 

Zeng et al. 

2020a; Zheng et 

al. 2020b; Xue 

et al. 2020  

2 Europe Biogas highly industrialized and 

commercialized in European countries 

with above 18,202 biogas installations 

(which represents 53% (31.24bcm) of 

the global and may rise to 70bcm in 

2030), installed electric capacity (IEC) 

of 12,010 MW, and 63,511 GWh of 

biogas produced.  

 

Germany with more than 8700 

operating commercial-size plants and 

generating more than 3.4 GW of 

electrical power. 

 

Under the Gas for Climate: a path to 

2050 directive, above 660 BNG plants 

producing 2.28bcm per annum. 

Lots of policies like Gas for Climate: a path 

to 2050 directive aimed at achieving an 

estimated 98 bcm per annum contributing 

to approximately 22% of the current 

natural gas market 

 

There is also a RED II, with the overall EU 

target for Renewable Energy Sources 

consumption to be raised to 32% by 2030. 

The EU States must require fuel suppliers 

to supply a minimum of 14% of the energy 

consumed in road and rail transport by 

2030 as renewable energy.  

 

The European Regulation on Fertilising 

Products (FPR) recognizing digestate as 

bio-fertiliser was approved and published 

in the Official Journal of the EU in June 

2019. 

EU-RED, 2018; 

Xue et al, 2020; 

EBA, 2019 
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3 United 

States 

The biogas recovery systems in the US 

are diverse from livestock, Landfill gas 

(LFG) from municipal solid wastes 

(MSW) and gas from wastewater 

treatment plants.   

 

There are about 1,250 municipal 

WRRFs in the United States with 

anaerobic digesters that treat 

wastewater solids for biogas 

production. 

 

With the potentials for sustaining 

14,000 biodigesters or 8000 livestock 

manure digesters and capability of 

generating 16 million MW/h per year, 

there are currently more than 2,200 

operational systems in all 50 states. 173 

BNG producing plants are being built 

 

As of March 2020, about 288 farm-

based biodigesters are documented, 

255 are currently in use and others are 

under construction. 19 of which are 

BNG/RNG producing plants and 20 

RNG plants are being built. 

 

There are about 634 MSW-LFG 

operational energy plants in 2020 (72% 

for the generation of about 17 billion 

kWh of electricity and 10% for 

producing about 2.27bcm RNG). 

Above 60 stand-alone biogas plants are 

used for the treatment of food-based 

wastes. 

In the US, policies and incentive programs 

for biogas systems are at both the federal 

and state levels.  

 

US Environmental Protection Agency 

(EPA) established the AgSTAR program, 

which provides technical assistance to 

agricultural producers on biogas recovery 

and increases biogas plants from 300 to 

1300 by 2020 

 

The US Department of Agriculture 

(USDA) created the Rural Energy for 

American Program (REAP), which 

provides guaranteed loan financing and 

grants to agricultural producers and small 

rural businesses of up to $545 million to 

8800 biogas projects for improving energy 

efficiency and producing renewable 

energy. 

 

There is also a support program of USDA 

Section 9003 for Biorefinery, Renewable 

Chemical and Biobased Product 

Manufacturing. 

  

The USDA NRCS has a cost-sharing 

program called the Environmental Quality 

Incentives Program (EQIP) aimed at 

encouraging waste-to-energy. 

 

The Feed-in tariffs (FIT) are a policy tool 

used to encourage renewable electricity 

technologies. FIT-eligible renewable 

electricity generation facility will receive a 

set price from their utility for all of the 

electricity they generate and provide to the 

grid. 

Sam et al. 2017; 

American 

Biogas Council, 

2020; 

AgSTAR-EPA 

430-B-20-001 

2020 

4 India There are about 5 million domestic 

NNBOMP digesters currently 

producing about 2.07bcm per year 

covering just about 0.4% of the energy 

need of rural Indians. However, India 

has potentials 12 million digesters for 

producing 48bcm per annum. The 

BPGTP digesters currently generate 

86,595 m3 of biogas per day and 

8.753MW of power. 

 

The wastes from urban, industries and 

agro-industries have the potentials of 

generating 5690MWeq, but currently 

achieved 330MWeq (Industrial 65%, 

urban 34% and agro-wastes <1%).  

 

The SATAT initiative has can achieve 

of 62 million tonnes per year of BNG, 

with the set target of 15 million tonnes 

In India, there are several biogas related 

policies and incentives. In the 1970s, the 

National Biogas and Manure Management 

Program (NBMMP) was promulgated and 

currently known as New National Biogas 

and Organic Manure Programme 

(NNBOMP) for domestic digesters (1-

25m3) and Biogas Power Generation (Off-

grid) and Thermal energy application 

Programme (BPGTP) for digesters (30-

2500m3) and power capability (3-250kW).   

 

Other programmes and incentives include 

(a) Programme on Energy from Urban, 

Industrial and Agricultural 

Wastes/Residues, eg. Biogas, BNG, etc.  

 

(b) Sustainable Alternative Towards 

Affordable Transportation (SATAT) 

Initiative for support of the use of 

Folk 2020; 

Kemausuor 

2018; IRENA 

2017; Bharti, 

2019. 
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per year of BNG from 5000 BNG 

plants by 2023. Only 344 BNG plants 

are being built or functional now. 

 

 

compressed biogas (BNG) in 

transportation.  

 

(c) National Policy on Biofuels produced 

in 2018 advocates for the promotion of 

advanced biofuels.  

 

(d) Galvanising Organic Bio-Agro 

Resources Dhan (GOBAR-Dhan) 

Programme or biowaste-to-biowaste in 

villages targeting between 2018-2019 

build 700 digesters in 350 districts but have 

achieved 381 already. 

5 Africa Although Africa has the greatest biogas 

potentials, the biogas technology is still 

in its infancy and are mainly farm-size 

or domestic type systems. Recently, 

initiatives for promotion and adoption 

of the technology in Africa is gaining 

much traction. 

 

In East African countries (Ethiopia, 

Kenya, Uganda, Tanzania) and Burkina 

Faso (West Africa), about 46,000 

digesters had been installed by the 

Africa Biogas Partnership Programme, 

a public-private partnership between 

Hivos and SNV Netherlands 

Development Organisation with the 

plans of extending the number to 

100,000 households beyond 2016.  

 

However, it was reported that the 

current total number of functional 

biodigesters in Africa is about 28,404. 

The project aimed at bottling biogas for 

clean cooking is being planned to start 

in Africa (Ghana and Uganda for pilot 

purposes). 

 

The commercial biogas outfits in 

Africa currently generates 65.84 MW. 

The highest number of commercial 

biogas plants are in South Africa, 

Kenya and Ghana. In Kenya, one of the 

plants with a power capability of 2.2 

MW supplies power about 6000 rural 

homes.  

 

 

 

African Union (AU) and individual 

African countries have lots of policies and 

incentives on biogas production. 

 

Aside from the UN-SDG on affordable and 

clean energy, AU has other bioenergy 

policies like:  

 

(a) Agenda 2063 will be implemented 

through The African Union Bioenergy 

Development in Africa Programme 

ECREEE (ECOWAS), RCREEE (North 

Africa), EACREEE (EAC), SACREEE 

(SADC).  

 

(b) Bioenergy Development Strategy and 

Investment Plan for the Southern Africa 

Region under the African Bioenergy 

Framework and Policy Guidelines adopted 

by the AU Assembly in 2013. 

 

(c) the Energy Development Strategies and 

Initiatives in Africa by AU Energy 

Division is aimed at increasing energy 

access to the African people and ensuring a 

sustainable environment by (i. facilitating 

the implementation of the programme for 

infrastructure development in Africa 

(PIDA) – Priority Action Plan (PAP) 

energy projects (2012-2020 to 2040). 

(ii. Operationalizing the execution of the 

Africa Renewable Energy Initiative 

(AREI) adopted at the COP21 in Paris, 

December 2015. (iii. Aiding the 

implementation of Sustainable Energy for 

All (SE4ALL) Initiative adopted by the 

Conference of Energy Ministers of Africa 

(CEMA), in November 2012. (iv. 

Supporting the implementation of the 

Africa Bioenergy Policy Framework and 

Guidelines adopted by the CEMA in 

November 2012 and Heads of State and 

Government in January 2013. (v. 

expanding the Continental Harmonized 

Regulatory Framework for Energy Sector 

So et al. 2020; 

IRENA 2017; 

AU 2019; 

Twinomunuji et 

al. 2020; 

Kemausuor 

2018; 

Roopnarain and 

Adeleke 2017 
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(CHRFES). (vi. The execution of the 

Africa-EU Energy Partnership launched at 

the Africa-EU Summit in Lisbon, Portugal 

in 2007.  

6 South 

Africa 

South Africa has the largest electricity 

generation capacity installed in Africa, 

but one of the world’s highest emitter 

of CO2.  There is low integration of 

bioenergy into the energy mix of the 

country and biogas technology is also 

at infancy level like other African 

countries.  

 

The total wastes in South Africa were 

estimated to be capable of generating 

about 148GWh. However, the total 

electricity generation potential of 

biogas from available agro-industrial 

wastes is about 2.800 GWh per annum.  

 

It is reported that out of the 700 

registered/installed biogas plants in 

South Africa, only about 300 may be in 

operation currently.  

 

Out of this number, 90% of the 

biodigesters are of household scale. 

Others are commercial-scale plants 

(about 22 biogas plants projects in 

South Africa) with power generation 

capabilities ranging from 30kW to 

19MW and biogas potentials of 118 

million m3 per annum based on 

available feedstock estimation.  

 

Although there plans and policies for 

the upgrading of biogas, their little 

activities around the BNG 

developments in South Africa. The 

BNG potentials are approximately 

3million Nm3 per day. 

 

 

CBG as a transport fuel in South Africa 

is currently not economically viable, 

despite benefitting from an informal 

subsidy provided. 

 

There are many policies and incentives for 

the facilitation of biogas technology 

developments. South Africa supports 

commercial biogas plants with grants. 

Some of these policies include: 

(a) The Integrated Resource Plan (IRP) 

2010-2030 is the approach to energy 

provision in South Africa  

 

(b) Integrated Pollution Waste 

Management for South Africa Policy on 

Pollution Prevention, Waste Minimization, 

Impact Management and Remediation, 

provided for resource recovery and 

diversion of waste for energy generation. 

 

(c) The National Regulator of South Africa 

(NERSA) registers and regulates the 

ownership of biogas projects in 

conjunction with South African Biogas 

Industry Association (SABIA), Biogas SA 

and the South African National Energy 

Development Institute (SANEDI) 

 

(d) various incentives are provided by the 

Department of Trade and Industry for 

investors in biogas projects under the 

Manufacturing Competitiveness 

Enhancement Programme (MCEP). 

 

(e) The government has also made 

significant investments in bioenergy 

development through the Renewable 

Energy Independent Power Producer 

Procurement (REIPPP). 

 

(f) South African government supports 

BNG via the Industrial Development 

Corporation (IDC) via the provision of 

subsidy in the form of a soft loan for the 

conversion of petrol and/or diesel vehicles 

to BNG vehicles employing an exemption 

from fuel taxes and levies. But there is no 

regulatory framework and licences as well 

as an absence of stable medium-to-long 

term demand policy. 

  

(g) There is Feed-in-Tariff policy, but was 

replaced by a competitive tender or 

auction-based-tariff (ABT) system in 2011 

under the REIPPP Programme  

Kemausuor et 

al. 2018; So et 

al. 2020; DOE 

2020; 

Roopnarain, and 

Adeleke. 2017; 

DOET 2000; 

ARC, 2006.  
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2.3 Anaerobic digestion: concepts, inputs and influences of process parameters  

2.3.1 Anaerobic digestion process and stages 

Anaerobic digestion is a collection of complex biological process in which a consortium of 

microorganism breakdown biodegradable organic matter in the absence of oxygen to produce biogas 

and nutrient-rich bio-solid (Levis and Barlaz, 2013). This reaction is said to be a slow process that 

occurs under anaerobic conditions by different groups of bacteria;it is also a waste to energy 

technology (Obileke et al. 2020). Anaerobic digestion processes exist naturally in marine sediments, 

peat bogs and stomach of ruminants (Al-Seadi et al. 2008). Currently, most (over 25%) biodegradable 

wastes generated especially in Europe and energy crops are treated anaerobically (EBA, 2019; 

Kampman et al. 2017). It also reduces mass and volume of waste streams, pathogens and odours, 

requires little land space for treatment, and may treat solid, wet and pasty wastes into stabilized and 

improved biofertilizer that are readily available to plants (Kampman et al. 2017; Gurtekin, 2014; 

Weiland, 2010). Anaerobic digestion can generally be summarized with Equation 2.2. 

 

C6H12O6 → 3CO2 + 3CH4       2.2 

 

Anaerobic digestion process involves four stages and they include hydrolysis, acidogenesis, 

acetogenesis and methanogenesis. These stages describe the biochemical reactions vital for 

biodegradation organic materials by anaerobes as shown in Fig.2.2. (Borja and Rincón 2017; Wang 

2016).  

 

Fig.2. 2 The stages involved in anaerobic digestion (adapted from Abbasi et al. 2012) 
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Hydrolysis stage 

Bacteria hydrolysis of feedstock is the beginning of anaerobic digestion by breaking down insoluble 

organic polymers (carbohydrate, proteins and fat) into soluble oligomers and monomers (simple 

sugar, amino acids and fatty acids) and availing them for activities of microbes. The hydrolytic 

extracellular enzymes excreted by hydrolytic microbes are responsible for substrate solubilization at 

the hydrolysis phase of anaerobic digestion (Obileke et al. 2020; Kougias and Angelidaki 2020). As 

the most rate-limiting step, hydrolysis (hydrolysis rate) depends on feedstock types and composition, 

surface enzyme production and adsorption (Rea, 2014). According to Borja and Rincón (2017), 

hydrolysis is referred to as the rate-limiting stage when the substrate has a lot of insoluble contents 

like cellulose compounds, etc. Equation 2.3 depicts the conversion of organic materials to glucose 

during the hydrolysis stage. 

 

C6H10O4 + 2H2O → C6H12O6 + 2H2      2.3 

 

Acidogenesis stage 

Acidogenesis is the second stage of anaerobic digestion which involves acidogenic (fermentative) 

bacteria that convert monomers from the activities of hydrolytic bacteria into volatile fatty acid 

(Propionic acid, Butyric acid, Acetic acid, Formic acid, Lactic acid, Ethanol (30%), Methanol, etc.), 

CO2, hydrogen (70%), ammonia, and other organic compounds which decreases pH (Dobre et al. 

2014). At this stage, less than 50% of feedstock is converted into alcohols or volatile fatty acids 

Approximately, less than 50% of the substrate is transformed into alcohols or short-chain fatty acids 

(Obileke et al. 2020). Acidogenic bacteria commonly associated with an acidogenic stage in 

biodigesters are Propionibacterium, Butyrivibrio, Bacteroides, Ruminococcus, Clostridium, 

Bifidobacterium, Eubacterium, Peptococcus, Streptococcus, Selenomonas, Acetivibrio, Lactobacillus 

and other species of the Enterobacteriaceae (Borja and Rincón 2017). Acidogenesis phase is a pH-

sensitive stage, the activities of fermentative bacteria cease at pH lower than 4, but high pH (greater 

than 5) favours the production of VFAs and lower pH (less than 5) facilitates more ethanol production 

(Chasnyk et al. 2015). The acidogenesis reactions are represented in Equations 2.4-2.6 (Obileke et al. 

2020):  

 

C6H12O6 → 2CH3CH2OH + 2CO2  (glucose to ethanol)   2.4 

C6H12O6 + 2H2 → 2CH3CH2COOH + 2H2O  (glucose to propionate) 2.5 

C6H12O6 → 3CH3COOH (glucose to acetic acids)    2.6 
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Acetogenesis stage 

In the third stage, acetogenic bacteria transform the organic acids to acetic acid, CO2, hydrogen and 

more ammonia (Dobre et al. 2014). Increased production of hydrogen increases the hydrogen partial 

pressure during acetogenesis reactions, but the activities of hydrogen scavenging bacteria lower the 

partial pressure and facilitate the formation of acids (Obileke et al. 2020). Higher hydrogen partial 

pressure inhibits metabolism of acetogenic bacteria. According to Al-Seadi et al. (2008), a symbiotic 

relationship exists between acetogenesis and methanogenesis stages of anaerobic digestion.  

   

Species of acetogenic bacteria are grouped into non-obligate proton-reducing acetogens, obligate 

proton reducing proton to hydrogen and hydrogen-producing during acetogenesis. Non-obligate 

proton reducing acetogens are many and includes homoacetogens, which produces acetate from 

carbon dioxide and hydrogen (Obileke et al. 2020). Species of homoacetogens has these genera 

Pelobacter, Acetobacterium, Eubacterium, Butyribacterium, Acetoanaerobium, Clostridium and 

Acetogenium. These homoacetogens have the competitive ability for hydrogen and thrives under 

mildly acidic conditions (Borja and Rincón 2017).  The electron-removing environment is most 

convenient for the growth of obligate proton-reducing acetogens, this kind of mutualistic interaction 

exists in the mixed culture of acetogens and hydrogen-removing microbe like methanogens (Borja 

and Rincón 2017). Obligate proton-reducing acetogens include Desulfovibrio spp. (metabolizes 

ethanol or lactate in the absence of Sulfur), Syntrophobacter wolinii (breakdown propionate), 

Syntrophus buswelli (degrades benzoic acid) and Syntrophobacter wolfei (degrades butyric acid), 

Syntrophococcus sucromutants (aids growth in co-culture with methanogens) and Methanobacterium 

thermoautotrophicum grows together with thermophilic butyric acid metabolizing acetogens (Borja 

and Rincón 2017). According to Archer and Kirsop (1990), obligate proton-reducing acetogens are 

associated with the methanogenesis from 3-chlorobenzoic acid and long-chain fatty acids. Some of 

the reactions at the acetogenesis stage are as shown in equations 2.7 (propionate to acetic acid and 

glucose), 2.8-2.9 (ethanol to acetic acid) (Obileke et al. 2020).  

 

CH3CH2COO + 3H2O → CH3COO + H + HCO3 + 3H2   2.7 

C6H12O6 + 2H2O → 2CH3COOH + 2CO2 + 4H2    2.8 

CH3CH2OH + 2H2O → CH3COO + 2H2 + H     2.9 

 

Methanogenesis stage 

In anaerobic digestion processes, the first three phases are referred to as acid-producing phase. (van 
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Haandel and van der Lubbe, 2007). In this final stage of methanogenesis, methanogens make use of 

intermediate products (hydrogen, acetic acid and some CO2) of other stages and transform them to 

methane, CO2 and other trace gases (Rea, 2014; Abbasi et al. 2012). Methanogenesis phase is the 

slowest step and its bacteria is sensitive to operating parameters like pH (acidity), temperature, 

oxygen, substrate-type, organic loading rate (Crolla, 2017). Methanogens are obligate anaerobes and 

unicellular microbes that are varying archaebacteria groups with the capability of producing energy 

from methanogenesis (Borja and Rincón, 2017). A lot of methanogens use H2 and CO2 to form 

methane, but only these genera of Methanosarcina and Methanothrix species converts acetic acids to 

methane (Obileke et al. 2020). The species of methanogens mostly known for utilizing CO2 and H2 

during anaerobic digestion are of these genera: Methanobacterium, Methanobrevibacter 

Methanothermus, Methanococcus Methanomicrobium, Methanogenium Methanospirillum, 

Methanoplanus, etc. (Borja and Rincón, 2017). These methanogens through the process of 

methanization, which is a biochemical process involving three pathways produces methane. These 

pathways as described by the reactions in equations 2.10, 2.11 and 2.12 are acetotrophic, 

hydrogenotrophic and methylotrophic pathways respectively (Obileke et al. 2020; Abbasi et al. 

2012): 

 

4CH3COOH → 4CO2 + 4CH4      2.10 

CO2 + 4H2 → CH4 + 2H2O        2.11 

4CH3OH + 6H2 → 3CH4 + 2H2O      2.12 

 

Generally, these reactions and products are formed due to the activities of microorganisms during the 

anaerobic digestion process. These microbes aid in maintaining stability and a balanced reaction rate 

in biodigesters by ensuring that H2 and acid usage are faster than H2 and acid production stages. At 

all the stages of anaerobic digestion, H2 and acid are involved, but VFAs accumulation at 

acidogenesis stage affect the pH of the biodigester and inhibits methanogenesis. During anaerobic 

digestion, insoluble substrates, hydrolysis is the rate-limiting, but for soluble substrate like acetate, 

the rate-limiting is either methanogenesis or acetogenesis (Borja and Rincón, 2017).  Calculations of 

theoretical methane yield are often based on the acetotrophic pathway, which is the primary pathway 

in methanogenesis (Abbasi et al. 2012). 

 

2.3.2 Operational conditions for anaerobic digestion process 

The operational conditions that categorize anaerobic digestion include temperature, total solids, pH, 
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C/N ratio, hydraulic retention time (HRT), mixing and substrate particles size, as well as their 

optimum ranges, are outlined in Table 2.2.  

 

Temperature 

The temperature regimes for the operation of anaerobic digestion determines the type of methanogens 

(mesophiles or thermophiles) that will be involved. These regimes are psychrophilic (<25°C), and 

more frequently, mesophilic (25–45°C) which takes place optimally around 35 to 37oC, and 

thermophilic (45–65°C) which occurs optimally at 49-57oC (Kougias and Angelidaki, 2018). Very 

low or very hot temperatures annihilate the anaerobes, causing the entire anaerobic digestion 

processes to be inhibited (Edwiges et al., 2017; Elbeshbishy et al., 2012; Kim et al., 2017; Cioabla et 

al., 2012). The fluctuations in temperature denature enzymes activities and cause process imbalance 

resulting in VFA accumulation and reduced biogas yield (Kougias and Angelidaki, 2018; Ghasimi et 

al. 2015; Labatut et al. 2014). Aside from the energy cost for satisfying the thermal needs, increased 

risk of process instability associated with rising ammonia stresses, reduced digestate dewaterability, 

as well as start-up challenges, thermophilic temperature has overwhelming advantages over other 

digestion temperature ranges (Kougias and Angelidaki, 2018). These advantages include the 

following: (a) improved energy balance, requiring smaller sized reactor and resulting in overall lower 

initial investment capital cost (b) accommodates higher organic load due to rapid digestion rates (c) 

attains improved effluent sanitation and quality (d) achieves shorter digester hydraulic retention time 

(HRT), unlike other temperature ranges as shown in Table 2.2 (e) facilitates improved biodegradation 

of Long-Chain Fatty Acids (LCFA) (f) produces lower amount and more qualitative effluent digestate 

depending on the chemical composition of the used substrates. In addition, it has been established 

that temperature properly correlates with HRT and kinetic rate constant (Obileke et al. 2020).  

 

Table 2. 2 Operating parameters and optimum ranges for the anaerobic digestion process 

S/N Operational parameter Optimum Dosage range References 

1 pH -overall 

      -hydrolysis 

      -acidogenesis 

      -acetogenesis 

      -methanogenesis 

Alkalinity  

6-8.5 (preferably between 6.8–7.2)  

5.5-6.5 

5.5-6.5 

6.6-8.0 

6.8-8.0 

1500-3000mg/L as CaCO3 

Xu et al. 2020; Ghosh et 

al. 2019; Kougias and 

Angelidaki, 2018  

 

 

2 Carbon to nitrogen ratio (C/N) 20-30:1 Crolla, 2017 

3 Temperature -psychrophilic 

                     -mesophilic 

                    -thermophilic 

< 25oC 
35 - 37°C 

52 - 55°C 

Kougias and 

Angelidaki, 2018 
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4 Hydraulic retention time (HRT) 70-80days at a psychrophilic 

temperature 

30-40days at mesophilic temperature 

15-20days at thermophilic 

temperature 

Kougias and 

Angelidaki, 2018. Al-

Al-Seadi et al. 2008 

5 Organic loading rate (OLR) 0.5 – 4.8 kg VS/m3d Obileke et al. 2020 

6 Solid content, Dry 

Wet 

15-35% 

10% 

 Kampman et al. 2017  

7 Particle size Less than 10mm (0.088 - 0.40mm is 

recommended) 

Obileke et al. 2020 

Raposo et al. 2011 

8 Unionized ammonia 

Total ammonia nitrogen  

Less than 80 mg/L 

Less than 1.7g/L 

Kougias and 

Angelidaki 2018, 

Crolla, 2017 

Solid content, particle size and C/N ratio 

Anaerobic digestion is also divided into dry and wet digestion processes based on the total solids 

content of the mixed liquor. Dry digestion is done with solid content between 15% and 35%, while 

wet digestion uses solid content of below 10%. The wet process is the dominant process because it 

allows for continuous operation and complete stirring in the anaerobic digester  (Kougias and 

Angelidaki, 2018; Kampman et al., 2017; Drosg et al., 2015; Dobre et al., 2014). Angelonidi and 

Smith (2015) reported that energy balance and economic performance of digesters running on the wet 

process were improved when compared to dry ones. More so, dry digesters have many merits like 

shorter HRT, water usage is reduced, flexibility in management and type of accepted feedstock as 

well as the end-product (Angelonidi and Smith, 2015). Kougias and Angelidaki (2018) concluded 

that the design of digester configuration, mixing type and transportation type depends on whether the 

digestion process is wet or dry.  

 

The particle size of substrates influences the overall biodegradability and stability of the anaerobic 

digestion process (Raposo et al. 2011). Size reduction increases the specific surface area, enabling 

access to methanogenic bacteria for improved biodegradation rate of substrates and higher biogas 

production (Mshandete et al. 2006). In a study reported by Raposo et al. (2011), it was observed that 

the amount of methane produced is inversely proportional to the particle size. To support the views 

in Raposo et al. 2011, Obileke et al. (2020) and Yadvika et al. (2004) corroborated that smaller 

particle sizes such as 0.088mm and 0.4mm achieved more biogas yield than larger particle sizes, 

which can cause digester blocking or clogging and impede effective digestion processes, hence 

particle size of less than 10mm is suggested. 

 

C/N ranges of 20:1 and 30:1 are ideal for anaerobic digestion because methanogenic bacteria in 

meeting protein needs uses nitrogen, with 25:1 as optimum C/N value (Mao et al., 2015). Higher C/N 
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ratio enables rapid depletion of nitrogen by bacteria, leaving excess carbon and resulting in reduced 

biogas yield (Kigozi et al., 2014). The excess nitrogen in the lower C/N ratio results into ammonia 

formation, increasing the digester pH beyond 8.5 and reducing gas production rate by microbe 

inhibition (Kigozi et al., 2014). Substrate for digestion should be bio-degradable and possess an 

increased surface area to aid the actions of methanogenic microbes (Montgomery and Bochmann, 

2014). More so, mixing is an important parameter for the production of biogas, excessive mixing 

causes stress on the microorganisms and foam formation (Wang, 2016; Manyi-Loh et al., 2013).   

 

pH, alkalinity, ammonia and VFA 

The pH interval is relatively narrow within 6.5 and 8.5, with an optimum pH ranges of  6.8 and 7.2 

for a stabilized anaerobic process as shown in Table 2.2 (Kougias and Angelidaki, 2018; Kigozi et 

al. 2014). Slight alkalinity and neutral pH enables methanogens to perform optimally, but acidic and 

high alkaline conditions kill microbes (Ward et al., 2008 and Weiland, 2010). Since pH depicts the 

stability and equilibrium of biodigesters, deviation from the allowable range results in process 

inhibition and sudden decrease in methane yield (Obileke et al. 2020; Kougias and Angelidaki, 2018). 

The hydrolysis rate constant is known to be dependent on pH, but the acidification phase is less pH-

sensitive (Borja and Rincón, 2017). As indicated in Table 2.2, different stages of anaerobic digestion 

perform better at varying pH ranges.   

 

Based on the substrate-type, the pH of reactors is lowered when there is an accumulation of organic 

acids, while CO2 removal and/or increased ammonia concentration increases the digester pH (Mao et 

al. 2015). The pH of carbohydrate-rich substrate drops due to their rapid acidification, while protein-

rich substrate results in pH rise due to increased ammonia (Obileke et al.2020). Although excess 

ammonia inhibits digestion process, it is needed for protoplasm growth and reproduction of microbial 

cells at an appropriate concentration (usually below 1500 mg/L) (Xu et al. 2020; Kougias and 

Angelidaki, 2018). Amount of free ammonia in reactors increases at a higher temperature, leading to 

toxicity, VFA accumulation, decreased pH and inhibited steady state.    

   

Most times, accumulation of VFA in biodigesters is a symptomatic representation of inhibited process 

due to other operational parameter failures (such as pH of less than 5.5). VFAs are short carbon 

chained mid-product of anaerobic digestion, their concentrations serve as an indicator on the stability 

of the digestion process (Kougias and Angelidaki, 2018). An imbalance could be created when VFAs 

permeates the membrane of microbial cells and lowering the pH of the cell’s cytoplasm, thereby 
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inhibiting the metabolism of anaerobes (Borja and Rincón, 2017). Challenges associated with low pH 

are salvaged through the addition of chemicals (bicarbonate, sodium hydroxide or ammonia) for the 

attainment of optimum alkalinity (1500-3000 mg/L as CaCO3) (Kougias and Angelidaki, 2018). 

 

Hydraulic retention time (HRT) and organic loading rate (OLR) 

In addition, hydraulic retention time (HRT) is linked to the time taken for the quantity of volatile 

solids and organic matter remain in the digester before being discharged, it is vital because it describes 

the duration needed for anaerobes to grow/mature and degrade substrates to biogas (Obileke et al. 

2020; Al-Seadi et al. 2008). Optimum HRTs are dependent on the temperature, substrate composition, 

digester technology and organic loading rate (OLR) of the process, (Mao et al. 2015; Abbasi et al. 

2012). OLR is the quantity of organic matter in gCOD/L or gTS/L or gVS/L introduced to the 

anaerobic digester per time (Manyi-Loh et al., 2013). HRT is inversely proportional to OLR, it is 

noted that low OLR and long HRT leads to constant and maximum CH4 yields (Mao et al., 2015). 

Most wastewater sludges run with HRT of 15-30 days under mesophilic conditions and other 

agricultural residue digester stay for a minimum of 10-15 days (Deublein and Steinhauser, 2010; Shi 

et al., 2017). Lignocellulose wastes require a long time because of low degradability by microbes, 

substrates of polymers take about 60-90 days to complete the digestion processes, maize requires 20 

days is needed for digestion (Shi et al., 2017). Succinctly put, CSTR and plug flow bio-digesters need 

HRT of 20-30 days for animal manure digestion, while shorter HRT (long hours or few days) is 

attained with fixed film bioreactors (Mao et al., 2015). Methane yield and effluent quality and 

quantity (nutrient content and microbial load) increase with increased HRT (Manyi-Loh et al., 2013). 

 

Mixing/agitation process 

In the anaerobic digestion process, mixing provides a uniform environment for microbial proximity 

to available substrates, fluid homogeneity to increase biodegradation and process stability (Xu et al. 

2020; Raposo et al. 2011). Reactor agitation can increase the reaction rate, stop scum formation, avert 

the emergence of noticeable temperature and pH gradients within the reactor, promote mass transfer, 

aid methane escape from the mixed liquor in the digester and encourage further size reduction of 

substrates (Borja and Rincón, 2017). Optimum mixing intensity and duration are needed to avoid 

disruption of the microbial community via rapid mixing, short-circuiting or improper mixing due to 

very slow mixing. It is also needed to improve the efficiency of anaerobic digestion (Xu et al. 2020; 

Yadvika et al. 2004). It was reported in Xu et al. 2020 and Liao and Li (2015) that enhanced mixing 

technology improved biogas yield and slightly enhanced the methane content by increasing mixing 



31 

 

intensity. However, they suggested that for cost-effectiveness, optimum mixing intensity is desirable. 

Agitation in biodigesters is achieved using either the propeller or scraper stirring mechanism 

(Yadvika et al. 2004). Choice of mixing duration and intensity largely depends on the bioreactor in 

use. 

   

2.4 Agro-industrial wastes: availability, methane potentials and phosphorus content. 

Biogas production from waste streams across the entire value chain of the agro-industrial sector is 

generating increased interest in most parts of the world. Different kinds of animal and plant biomass 

containing cellulose, hemicelluloses, carbohydrates, fats, and proteins as their dominant constituents 

wield potential for biogas generation (Weiland, 2010; Khan et al., 2015). The quantity and quality 

of biogas produced and the digestate composition are largely dependent on the type of feedstock, 

pH, carbon-to-nitrogen ratio (C/N), reactor temperature, retention time and type of digestion system 

(Khan et al., 2015). Strong lignified feedstocks such as woods which decomposes slowly under 

anaerobic conditions are few exceptions to biomass for biogas production (Weiland, 2010). The 

capability of feedstocks to produce biogas is evaluated either theoretically or experimentally.  

 

2.4.1 Feedstocks for anaerobic digestion  

Agricultural based waste streams abound both in liquid and solid forms and are characterized to 

determine the recoverability of valuable products like biogas, etc. (Campos, 2014; Khan et al., 2015). 

These include wastes from animal and crop production stages (farmlands, greenhouses, potting sheds, 

cattle houses, pig houses, milking houses, etc.), processing sections (slaughterhouses and butcheries, 

dairy firms, crop processing, animal feed production, fruit and food processing, sugar milling 

wineries and breweries, silage making, etc.), microalgae, macroalgae, etc. and others (agricultural 

produce storage, packaging and transportation) (Borja and Rincón, 2017). Agro-industrial waste 

contributes about 72% of the biogas produced in anaerobic digesters, 9% of sewage sludge and 18% 

of landfill globally (Kampman et al., 2017; Khan et al., 2015). They are anaerobically digested 

singularly or co-digested in either small and large scales (Kougias and Angelidaki, 2018, Weiland, 

2010). 

 

In countries like South Africa, canning, juicing, winemaking and drying processes in fruit industries, 

about 50% of citrus, 25–35% the dry mass of processed apples, 20% of grapes and emerging crop 

(olives) are generated as wastes with the ability to produce 213033803m3/a of biogas (ARC, 2016; 

Khan et al., 2015). ARC (2016) reported that wastes from one cattle, one pig and 20 birds produce 
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785 m3/a, 32m3/a and 300m3/a of biogas respectively. It is also estimated that in most parts of the 

world, energy crops (mostly maize) offers more than 50% of the biogas yield (318 PJ) in the EU. 

Others are from landfill, organic waste,  sewage sludge and manure with 114 PJ, 86 PJ, 57 PJ and 46 

PJ respectively (Kampman et al., 2017). Co-digestion of agro-industrial wastewater and other waste 

streams has high potentials for more bioenergy production and phosphate recovery (Kampman et al., 

2017). Co-digestion of food wastes and grey/black water yielded 70% biogas increase (Kjerstadius, 

et al., 2015). 

  

2.4.2 Biomethane potential of feedstocks 

The biochemical methane potential (BMP), largely divided into experimental (BMP) and theoretical 

(TBMP) methods is the maximum volume of methane yield per g of volatile solids (VS) or chemical 

oxygen demand (COD) of feedstock which provides an index of biodegradability and potential of 

substrates to generate methane in anaerobic digestion (Angelidaki et al., 2009). The BMP test which 

measures methane yield avails the baseline data for determination of anaerobic digestion operational 

requirements and methane yield optimization as well as economic and technical feasibility studies 

for the construction of bioreactors (Hollinger et al. 2016; Elbeshbishy et al. 2012). The non-

uniformity in the results of various BMP methods necessitated the inter-laboratory standardization of 

biomethane potential testing procedure (Holliger et al., 2016). They outlined that factors like pH, 

temperature, inoculum to substrate ratio (ISR), inoculum preparation, substrate (concentration, age 

and type), chemical composition, mixing, presence of inhibitors, etc. affects BMP determination 

(Edwiges et al., 2017; Wang, 2016). BMP is expressed in mL CH4 at the standard temperature and 

pressure (STP) per amount of organic component added or removed (VS or COD basis). 

 

However, the experimental BMP has a harmonized standardized protocol of determination and is 

dependent on inoculum sources, quality and preparation, substrate types, preparation and storage; 

inoculum to substrate ratio (with crucial influence on the kinetics), test setup, etc. (Holliger et al., 

2016; Strömberg et al. 2014). However, the TBMP is a quick method of determining the BMP of 

substrates through the estimation of elemental compositions (C, H, O, N, S) using Buswell/Boyle’s 

equation, organic fraction compositions (lipids, proteins, and carbohydrates) or chemical oxygen 

demand (COD), etc. (Raposo et al., 2011). The experimental BMP often has lower yield values than 

the TBMP. Both the experimental and the theoretical BMPs are used to calculate the biodegradability 

based on biomethane yield (BDCH4 %= Experimental BMP/TBMP *100). 
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It is noteworthy that based on the chemical compositions of different substrates, their BMPs varies 

significantly. Generally, the BMPs of substrates mostly reported in the literature range from 77 to 

900 m3/ton.VS (Borja and Rincón, 2017). For instance, in an inter-laboratory study, BMP of cellulose 

is found to be from 175 to 412 mL CH4/g VS (Holliger et al., 2016). Similarly, significant variations 

across agro-based waste on specific methane yield showed that maize waste with its low lignin and 

high starch content had a high methane potential of 399 NL kg/ VS (Elbeshbishy et al., 2012). BMP 

ranges of other agro-based wastes as captured in Fig. 2.3 include floatable oil from food waste (608-

847 L CH4kg/VS), grass sludge (227-400 L CH4kg/VS), okra waste (270-444 L CH4kg/VS)  orange 

peels (297-502 L CH4kg/VS), pineapple waste (357-400), cabbage waste (291-382), water hyacinth 

(130-350 L CH4kg/VS), sugarcane bagasse (77-200 L CH4kg/VS), Rapeseed oil (704-900 L 

CH4kg/VS), etc. (Holliger et al., 2016; Elbeshbishy et al., 2012; Kampman et al., 2017). Wang (2016) 

advocated for more studies to know the impact of inoculum and substrate concentration on BMP, 

based on substrate types, inoculum types and varying conditions.  

 

 
Fig.2. 3 The plot of biomethane methane potentials of some agro-industrial wastes (compiled 

from Ugwu and Enweremadu, 2019; Kougias and Angelidaki, 2018; Kampman et al. 2017; Holliger 

et al. 2016; Elbeshbishy et al. 2012; Raposo et al. 2011) 
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2.5 Enhancement of biogas production processes 

Biogas yield which is widely associated with the economic feasibility of anaerobic digesters has 

gained increased interests in process technique enhancements. Varying ways aimed at achieving 

enhanced biogas generation include: (a) modification of the reactor operational conditions and 

configuration; (b) co-digestion aimed at increasing organic loading rate of the digester (OLR); (c) 

waste biodegradability enhancement via varying pretreatments; (d) accelerants or supplemental 

additives for microbial activity stimulation (e) antagonism to inhibitory agent concentrations (Braun 

et al., 2010; Romero-Guiza et al., 2016; Kim et al., 2017). The anaerobic digesters configuration 

currently used seems optimized and limited to Up-flow Anaerobic Sludge Blanket (UASB) reactor 

and Continuous Stirred Tank Reactor (CSTR) for soluble and particulate organic wastes respectively, 

hence enhanced biogas production now focuses on feedstock pretreatments and accelerants (Romero-

Guiza et al., 2016). Antagonists which has barrier effects are substances or organisms used to lower 

the individual effects of compounds or microbes when combined ( Braun et al., 2010). In an anaerobic 

condition, arsenate can antagonise the formation of Fe-P precipitate in the presence of humic acid 

(Wilfert et al., 2015). Accelerants are either chemical and/or biological additives that enable substrate 

surface adsorption and aid or immobilize microbial growth conditions for quicker biogas yield ( Kim 

et al., 2017; Mao et al., 2015). The co-digestion process was reported in Li et al. (2017) to have led 

to high OLR of 11.1 and 30.2 gVS/L/d in a CSTR digester at mesophilic and thermophilic conditions 

respectively. This was achieved because the ratio of protein to ammonia conversion was high and the 

specific methanogenic activity was enhanced (Li et al., 2017; Mao et al., 2015).  

 

2.5.1 Co-digestion 

Co-digestion, as the name implies, is the anaerobic digestion enhancement option involving the 

digestion of more than one substrate with dissimilarity in characteristics at the same time in one 

bioreactor for increased biogas yield and other complementary gains (Chow et al. 2020; Kougias and 

Angelidaki, 2018). Due to the numerous benefits, most anaerobic digestion processes are carried out 

as co-digestion as against very few cases of mono-digestion operation. The co-digestion operation 

provides nutrient balance (C, N, P, etc. ratios), improves bioreactor economics and achieves higher 

methane yield, enhances mitigation of inhibitory substances, provides synergistic effects that aids 

degradability and better stability, promotes buffering ability of the mixed liquor to maintain pH values 

within methanogenesis tolerable range, the yield of properly digested digestate, etc. (Kougias and 

Angelidaki, 2018; Crolla, 2017). Co-digestion processes in bioreactors are influenced by combining 

ratio and nutrient balance of substrates, mixing, organic loading rate, operating temperature and 
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hydraulic retention time (Chow et al. 2020). However, attainment of optimum operating conditions 

for co-digestion is desirable.  

 

Most energy crops have been co-digested successfully with liquid manure or wastewater to improve 

biogas yield (Crolla, 2017). According to Weiland (2000), co-digestion of energy crop with manure 

can enhance biogas production by more than 2 times. In the study of co-digestion of other substrates 

with wastewater, Chow et al. (2020) concluded that methane enhancement of between 13 to 176% is 

achieved in comparison to the mono-digestion operation. In Crolla (2017), high methane yield of 

730m3/t.VS from co-digestion of substrates (energy crop) with high (96%) volatile solid ratio and 

another feedstock (liquid dairy manure) of low (4%) VS ratio was produced. While reviewing more 

studies on the co-digestion operation, anaerobic digestion enhancement patterns were largely 

observed in a broad range of substrates as shown in Table 2.3.  

 

Table 2. 3 Review of Co-digestion of Some Agro-industrial Wastes 
Co-substrates Mixing ratio 

and OLR 

C/N 

ratio 

VS%  Biogas Yield /Remark References 

Cow manure + pre-treated 

rape straw 

80:20 26.1  382.9 mL/g VS. 

Increased by 11.1%  

Gaballah et 

al. 2020 

,, 60:40 30.4  535.4 mL/g VS. 

Increased by 55.4% 

Gaballah et 

al. 2020 

,, 40:60 36.9  516.2 mL/g VS. 

Increased 49.8%) 

Gaballah et 

al. 2020 

,, 20:80 47.5  500.5 mL/g VS. 

Increased by 45.2% 

Gaballah et 

al. 2020 

Grape marc wastes + Pedro 

lees 

 

4.58 

27 - 77.40 m3 STP CH4/tonne 

waste. Rose by 40.44%  

Hungría et 

al. 2020 

Grape marc wastes + 

Verdejo lees 

 

5.10 

496 - 44.30 m3 STP CH4/tonne 

waste. Declined by 

4.06% 

Hungría et 

al. 2020 

Olive mill wastewater 

(OMW) + Poultry manure 

(PM) + liquid pig manure 

(LPM) 

30% (OMW): 

70%PM+LPM 

 

2.2 kg.VS/m3/d 

- 59.8 0.8797 L/g VSremoved  

 

Increased  

Thanos et al. 

2020 

Olive mill wastewater 

(OMW) + Poultry manure 

(PM)+ cheese whey (CM) 

40% (OMW): 

60%PM+CW 

 

2.2 kg.VS/m3/d 

- 62.1 1.0899 L/g VSremoved 

 

Increased  

Thanos et al. 

2020 

Sugar beet root waste 

(BW), cow dung (CD), and 

poultry manure (PM) 

0.25:0.5:0.75  

 

26.24 

- 347.48 mL/g VS. 

Increased by 41.2% 

 

 

Dima et al. 

2020 

Food wastes (FW), cow 

dung (CD) and piggery 

dung (PD) 

40:40:20 16:1 86 0.64 L/g.VS. Increased 

by 23.44% 

Oladejo et 

al. 2020 
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Food wastes (FW), cow 

dung (CD) 

50:50 15:1 88.6 0.62 L/g.VS. Increased 

by 20.97% 

Oladejo et 

al. 2020 

Food wastes (FW) and 

piggery dung (PD) 

50:50 15:1 90.615 0.58 L/g.VS. Increased 

by 15.52% 

Oladejo et 

al. 2020 

Swine manure (SM) and 

corn stover (CS) 

1:1 

3 g.VS/L.d 

17.10 64.92 90.04 L/g.VS. Increased Wang et al. 

2020 

Swine manure (SM) and 

corn stover (CS) 

2:1 

3 g.VS/L.d 

13.93 64.92 96.72 L/g.VS. Increased Wang et al. 

2020 

Swine manure (SM) and 

corn stover (CS) 

1:2 

3 g.VS/L.d 

22.73 64.92 99.51 L/g.VS. Increased Wang et al. 

2020 

 

2.5.2 Pretreatment 

Most substrates are seemingly very slow to be degraded for biogas production owing to their 

chemicals compositions which are growth inhibiting to microbial activities. These compositions 

create physical problems such as foaming, floating and blockage in nozzles and impellers in digesters. 

More so, molecular structure, crystalline structures and small surface area of these substrates make 

them inaccessible to enzymes of microorganisms (Montgomery and Bochmann, 2014). 

 

In anaerobic digestion, hydrolysis is the rate-determining step for the breakdown of complex organic 

matter. In achieving a faster breakdown of complex molecules, pretreatment methods to facilitate the 

anaerobic digestion is involved. This increase the rate of organic matter hydrolysis and enhances the 

production of biogas as well as aid in waste stabilization and disposal (Salihu and Alam, 2016). 

 

Pretreatment methods are meant to achieve such purposes such as an increase in porosity, reduction 

of feedstock size, elimination of inhibitors, increase substrate solubility and degradability and low 

energy input requirement as well as cost-effectiveness (Atelge et al. 2020). The pretreatment choice 

depends on the characteristics of the substrate of interest and the required outcome. Pretreatments 

methods as shown in Fig. 2.4 include biological with the notable benefits of low or no chemical and 

energy inputs, but it is largely a slow process. The examples of biological pretreatment are anaerobic 

and aerobic, microbial pretreatment, fungal pretreatment and enzyme addition. The physical methods 

(mills, shredders, thermal, ultrasonic, microwave, high pressure homogenizing, freezing/thawing and 

electro-kinetic) facilitates fast size reduction process, improves degradability and enzyme 

accessibility, reduces pathogens, decreases the time of digestate dewaterability etc. Others include 

chemical (alkali, acid, oxidative pretreatment, etc.), hybrid or combined pretreatment methods 

(involves more than one pretreatment options e.g. physicochemical, thermochemical, etc.) (Baredar 

et al., 2016; Zhang et al., 2010).  
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Fig.2. 4 Depiction of lignocellulosic substrate pretreatment mechanism of degradation  

 

These pretreatments are also in the form of inoculation (seeding) and generally enhances 

solubilization of waste and anaerobic digestion (Zhang et al., 2010; Rodriguez et al., 2017). It was 

advocated by Salihu and Alam, (2016) that economic implications like energy consumption, 

operational costs and other output benefits (biogas produced and waste treatment) should drive the 

choice of pretreatment methods during anaerobic digestion. However, although pretreatment is an 

essential means for enhancing anaerobic digestion, production of some aliphatic acids and furans, 

which are toxic to biodegradation process and the attendant cost of ameliorating their impacts are the 

downsides of this enhancement option (Atelge et al. 2020). 

 

2.5.3 Additives 

Additives (accelerants or antagonists) for enhancing anaerobic digestion processes have recently been 

the cynosure of most researchers nowadays. Additives can be grouped based on their major 

constituents and` functions such as reduction of toxin impacts, the supply of deficient nutrients, 

control of specific digestion activities, performance improvement and increased stability of the 

anaerobic digestion process (Kim et al., 2017; Baredar et al., 2016; Kuttner et al., 2015). These 

additives when in higher concentration causes cytotoxicity affects the pH and inhibits biogas 

production (Mao et al., 2015). They are further divided into organic and mineral additives (Kim et 

al., 2017) or biological and chemical additives (Mao et al., 2015) or biological and inorganic additives 

(Romero-Guiza et al., 2016). Mineral additives include the following: (i) micro- (e.g. Ni, Fe, Co, Mo, 

Se and W) and macro- (e.g. N, P and S) nutrients additives, (ii) waste incineration ashes, (iii) ammonia 
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inhibition compounds, (iv) biomass immobilizing substances, (v) H2S toxicity controlling compounds 

and (vi) nano-additives (NZVI, ZnO, CuO, Mn2O3, Al2O3 and CeO2). Organic or biological 

accelerants include enzymes addition for enhanced solubilization of waste streams, bioaugmentation 

and addition of biological inoculum with biogas production potentials (Mao et al., 2015). Additives 

can also be subdivided into conductive (magnetite, hematite, granular activated carbon (GAC), 

biochar, carbon fiber, etc.) and non-conductive additive (metal hydroxides, N, S, etc.) types 

(Chiappero et al. 2020; Wu et al. 2020). 

 

Conductive additive types have been several times used for enhancement of anaerobic digestion and 

methanogenic activities, facilitation of syntrophic metabolism for increased electron transfer and 

maintenance of high hydrogen partial pressure etc. (Wu et al. 2020). As shown in Table 2.4, they are 

largely divided into metal-based (NZVI, ZVI, iron (nanoparticles, oxides, chlorides, etc.), 

Manganese, etc.) and carbonaceous (biochar, graphene, carbon (nanotubes, felt, fiber or cloth), etc.) 

conductive materials (Wu et al. 2020). According to Chiappero et al. (2020), conductive additive like 

biochar achieves biogas production enhancement via promotion of syntrophic metabolisms, 

increasing of digestion system buffering ability, reduction of inhibitors or antagonists, enhancement 

of digestate quality, scrubbing and upgrading of biogas, etc. However, some conductive additives 

(e.g. magnesium oxide, ferrihydrite, nano-silver, carbon black, etc.) inhibits anaerobic digestion 

processes due to limitation of mass transfer, toxicity on microbes, etc. (Wu et al. 2020). 

 

Nano-additive materials with either positive or negative impacts on biogas production already 

researched are grouped into (a) carbon-based materials, (b) zero-valent metals, and (c) metal oxides 

(Ganzoury and Allam, 2015; Rahman et al., 2016). As reported in Table 2.4, while some nano-

additives like ZnO and Ag showed negative effects on the biogas production due to toxicity, all the 

reported trace elements, carbon-based additives, biological additive, fullerene and most nanoparticles 

especially nano-iron oxide (Fe3O4) recorded enhancements. Similarly, other additives like 

micro/nano bottom ash (MNBA) and micro/nano fly ash (MNFA) was reported in (Rahman et al., 

2016) to have enhanced considerably biogas generation. In the research of Al-Ahmad et al., (2014) 

on the effects of 10-5 mol/l Pd, Fe, Ni, Pt, Ag, Cu and Co nanoparticles entrapped in SiO2 with 5 mg/l 

arsenate concentration on anaerobic digestion at 55oC, observed a notable increase in biogas 

production as follows: Pt (6%), Fe (7%), Co (48%), and Ni (70%). To optimize biogas yield Ganzoury 

and Allam, (2015) suggested the need for: bioactive nano-metal oxides use to eliminate cytotoxicity 

on bacteria; exploring particle sizes, shape and concentrations of varying nano zero-valent metals 
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(NZVMs);  harnessing the combined merits of NZVMs and ashes at varying ratios; and the use of 

visible-light photoactive metal oxides capable of enriching the photo-fermentation anaerobic reactor 

for increased hydrogen quantity and subsequent methane generation enhancement.  

 

Table 2. 4 Impact of additives on biogas production processes 
Additive type Optimum 

Dosage mg/L 

Substrate type Biogas yield (mL/g.VS)/ Remarks  Reference 

Metals: Trace      

Fe ≤ 1000 (100) Food waste 414 enhanced by 11.3% Zhang et al. 2015 

Co 1 Food waste 418 enhanced by 12.4% Zhang et al. 2015 

Se ≤ 0.04 Food waste 580 enhanced by 34.1% Ariunbaatar et al. 

2016 

Ni 5 Food waste 424 enhanced by 14% Zhang et al. 2015 

Mo ≤ 5 Food waste 415 enhanced by 11.6% Zhang et al. 2015 

Zero-valent iron 10000  Biogas yield was increased by 20.6% Wang et al. 2018 

Nanoparticles     

Fe 20 Livestock 

manure 

511.27, increased by 1.45 times Abdelsalam et al. 

2017 

Fe2O3 20000 sludge 1.4mmol/g.VSS, increased by 35.52% Ye et al. 2018 

Fe3O4 20 Livestock 

manure 

584, increased by 1.66 times Abdelsalam et al. 

2017 

Ni 2 Cattle dung Enhanced by 1.8 times Abdelsalam et al. 

2016 

Co 1 Cattle dung Enhanced by 1.7 times Abdelsalam et al. 

2016 

ZnO 5-500 Waste activated 

sludge 

Biogas yield decreased by 63.68% as the 

dosage increased 

Zhang et al. 2017 

CeO2 10 Sludge  Increased by 11%, but decreased when 

dosage rose 

Nguyen et al. 2015 

TiO2 100 Cattle manure Biogas production was enhanced by 9.7% Ajay et al. 2020 

Al2O3 250mg/g Waste activated 

sludge 

Maximum 14.8% rise in biogas yield was 

noticed 

Ajay et al. 2020 

NZVI 1000  30% rise was observed Wang et al. 2018 

Ag 1-10 mg/kg Municipal solid 

waste 

Methane yield declined from 10 to 80% 

as dosage rose 

Ajay et al. 2020 

Carbon-based     

Biochar 8000 -25000 Biomass Average enhancement of 25% biogas 

yield and better digestate quality 

Chiappero et al. 

2020 

Graphene 120 Sludges  54.1% rise in biogas yield  Abdelwahab et al. 

2020 

Multi-walled Carbon 

nanotube 

500 Liquid manure Biogas production was enhanced by 

48.6% 

Abdelwahab et al. 

2020 

Fullerene  500 Liquid manure Methane yield increased by 33.6% Abdelwahab et al. 

2020 

Biological     

Enzymes (lipases) 0.33 % v/v Grease and 

sludge 

Higher methane yield from 365 to 452 

and higher solubilization of substrates   

Donoso-Bravo et 

al. 2013 

 

2.6. Influences of iron-based enhancement on anaerobic digestion  

Amongst all the enhancement studies, iron additive types remain invaluable to the improvement of 

anaerobic digestion processes due to their affordability and conductive properties. Various iron-based 
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additives have been used in many environmental management processes, nutrient supplementation, 

and digestion enhancement in an anaerobic digestion operation either singularly or in combination 

with organic and inorganic substances (Kim et al. 2017; Zhang et al. 2015). Some of the other alluring 

properties of iron include their oxidative-reductive potential (ORP) decreasing capacity, cofactor role 

for lots of enzymatic activities, electron donation and accepting capability, etc. (Hao et al. 2017). As 

stated in Table 1.1, so many iron types have been used to enhance the anaerobic fermentation of 

substrates. Based on several studies, the following iron-based additives have been used for 

enhancement of anaerobic digestion process; Waste Iron Scraps (WISs) (Hao et al. 2017), Zero-

Valent Iron (ZVI), Zero-Valent Iron Scraps (ZVSI), Nano Zero Valent Iron (nZVI) (Wang et al. 2018; 

Zhen et al. 2015). Also hematite+red mud (Ye et al. 2018), Fe and other trace metal supplementation 

(Zhang et al. 2015), Fe3O4 (Chen et al. 2018). These iron-based additives have varying impacts on 

the entire anaerobic digestion processes (biogas composition, VFAs, solid reduction, pathogen 

remediation, digestate quality, etc.).  

    

2.6.1.  Biogas yield and methane content 

The viability of iron additives in anaerobic digestion has ensured enhanced biogas production in both 

quality and quantity of the methane content. Several studies on the enhancement of methane 

production have shown that above 60% CH4 could be achieved (Hao et al. 2017). In Suanon et al. 

(2017), the presence of iron powder (1.6%) and nZVI (0.1%) during the anaerobic digestion process 

increased biogas yield by 40.8% and 25.2%. In Feng et al. (2014), an increase of 43% in methane 

production was recorded when sludge pretreated with alkaline were digested with WISs. While 

analyzing the anaerobic digestion of sludges with 10 g Fe/L of WISs at the acidogenic and 

methanogenic phases in, Hao et al. (2017), reported that methane production in both acidogenic and 

methanogenic phases was respectively enhanced by 10.1% and 21.4%. Rusty and clean iron scraps 

were added to enhance anaerobic digestion of sludge in Zhang et al. (2014b), 21.28% rise in methane 

yield was reported for clean scrap due to its better mass transfer efficiency, rusty scrap increased 

methane yield by 29.51%. The addition of red mud (45% Fe2O3) when compared to the control, 

promoted methane yield by 35.52 ± 2.64% (Ye et al., 2018). Amen et al. (2017) compared the 

influence of pristine nZVI, nZVI coated (ICZ), nZVI mixed with zeolite (IMZ) supplemented 

anaerobic reaction with the control bioreaction. It was observed that the supplementation of ICZ with 

1000mg/L iron-based nanoparticles aided the attainment of maximum cumulative methane volume. 

However, the addition of nZVI and IMZ, upward stimulation of highest methane content was 

recorded respectively at 88 and 74%. Similarly, the extra hydrogen given out from the nZVI (30 
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mol/L) oxidation, stimulated the hydrogenotrophic methanogenesis process and resulted in 30% 

biogas yield enhancement (He et al. 2017). On the contrary, the addition of a higher dosage of 

nZVI/CUo (>1500mg/L) inhibited biogas production (Amen et al. 2018). 

 

The effectiveness of the advanced oxidative processes (AOPs) in enhancing biogas production and 

increasing substrate degradation, have been previously studied (Michalska et al. 2012; Lozano, 2010; 

Shahriari et al. 2012). Bhange et al. (2015) reported that the Fenton’s reagent was effective on garden 

biomass and that higher H2O2 concentration in Fenton reaction resulted in a noticeable increase in the 

rate of cellulose and lignin degradation in contrast to a higher concentration of Fe2+ ion. Michalska 

et al. (2012) while advocating the necessity of applying a chemical pretreatment such as oxidation 

with Fenton’s reagent reported 75% rise in methane content when Fenton process was used in the 

anaerobic digestion of Sorghum Moensch. In a full-scale digester, Lozano (2010) showed that the use 

of Fenton process in recycled substrate digestion improved digestibility of sludge and increased 

biogas production by 13%. In the conduct of batch biochemical methane potential (BMP) tests by 

Maamir et al. (2017), it was observed that the overall biogas and methane yields were although more 

without Fenton enhancement at 699 and 416 mL/g VS, respectively, but the Fenton pre-treated Olive 

Mill Solid Waste (OMSW)increased by 24% methane yield. In contrast, while questioning the work 

of Lozano (2010), Uman et al 2018 observed no difference in biogas yields of 0.280 and 0.279 

LCH4/gVS respectively for both Fenton process and control after 280 days of digestion. It was 

therefore concluded that Fenton reaction has no noticeable effect on biogas yield (Uman et al. 2018).  

 

2.6.2. Volatile fatty acids (VFAs) 

During anaerobic digestion processes, intermediate products like volatile fatty acids (VFAs) are very 

vital in the processes of biogas. They are fatty acids with carboxylic short‐chains (C2-C6) and are 

produced after hydrolysis of biomass by syntrophic bacteria (Kim et al. 2018; Meng, 2013; Wan et 

al. 2013). Some factors such as pH and addition of iron-based additives can affect VFAs in an 

anaerobic digestion process. Propionic acid and butyric acid as two main VFA forms in the 

acidification stage are decomposable into the only acetate at a pH below 2 (Feng et al. 2014; Hao et 

al. 2017). The high rate of propionate production and low decomposition rate (much lower than other 

VFAs) causes propionate accumulation and disruption of pH balance between acidogenesis and 

methanogenesis, but according to Zhang et al. (2015), the addition of trace iron could stabilize 

anaerobic digestion processes. In the anaerobic digestion of wastewater, Meng et al. (2013) 

demonstrated that the addition of ZVI powder could contribute to the decomposition of propionate to 
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acetate by decreasing the Gibbs free energy and enhancing the activities acetogenesis-related 

enzymes homoacetogenesis which reduces H2 content to aid propionate conversion to acetates. It is 

obvious that when substrates are hydrolyzed, excess VFAs that could inhibit methanogenesis by 

lowering pH is produced (Zhang et al. 2016). This anomaly can be remedied by the addition of iron 

additive (Ferric chloride) in the anaerobic digester, thereby enriching functional strains to avert 

inhibition from VFAs (Zhang et al. 2016). Acetate and maximum VFAs respectively at 24.9 and 

49.3mg/L were obtained in Yang et al. (2013) with the addition of 30 mM nZVI. In a study, Zhen et 

al. (2015) reported that ZVSI provoked increasing VFA and acetate production, the addition of 0 to 

1g-ZVSI/g VSS on the 12th day enhanced VFAs from 2059.9 ± 110.8 to 2340.4 ± 73.0 mg/L and the 

corresponding acetate increased from 779.6 ± 18.2 to 865.5 ± 24.8 mg/L respectively. On the 30th 

day, propionate attained maximum range, while there was a general decline of VFAs and acetate. 

Therefore, it can be inferred that the higher production of acetate with the addition of ZVSI, may 

have thermodynamically favoured the methanogenesis phase. 

 

More so, after the mesophilic digestion state, maximum acetate and VFAs yield were recorded on the 

15th and the 30th day, production of VFAs declined until no trace of acetate was noticed, suggesting 

completion of acetate degradation (Zhen et al. 2015). Differing from acetate, propionate at the same 

time exhibited peak yields between 1242.4 and 412.4 mg/L depending on the ZVSI dosage used and 

may be attributable to conversion of VFAs to propionate. Similarly, in Hao et al. (2017), a drastic 

decline in TVFA from 730 mg CODL-1 to 30 mg CODL-1 on the addition of WISs was observed, 

contrary to the control, which recorded an increase in VFAs (1080 mg COD/L). In the same vein, 

Feng et al. (2014) reported a similar VFAs decline from 534 mg CODL-1 to 20 mg CODL-1 in a 

digestion process aided by ZVI, but the addition of 4 g of ZVI increased VFAs by 37%. While 

observing the dominance of acetate and propionate at the acidogenesis phase, Liu et al. (2012) 

reported a propionic acid-type of fermentation amounting to 70% acetate and propionate. In a Fenton 

process aided digestion, Michalska et al. (2012), showed that after chemical hydrolysis, the 

concentration of VFA was low, resulting in overall low biogas yield. Uman et al. (2018) also reported 

low TVFA concentration of 75 mg/L throughout the digestion process, this was attributed to the low 

substrate solubilization resulting in low soluble COD (sCOD). 

 

2.6.3. Solid reduction (VS/COD) 

The reduction of solids during anaerobic digestion is as a result of substrate degradation by microbes, 

it is expressed as either chemical oxygen demand (COD) or volatile solids removed. Past studies 
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reported on the influences of iron-based additives on solid reduction (Volatile suspended solids 

(VSS), Volatile solids (VS) and COD) during anaerobic digestion. The substrate COD is released in 

the medium on account of microbial activities and their subsequent consumption as carbon sources 

(Suanon et al. 2017). In anaerobic digestion, COD could fluctuate (increase or decrease) the solid 

substrate particles that are not readily available to microbes are converted into soluble organics 

(VFAs), leading to soluble COD (sCOD) increase in the solution (Wan et al. 2013). In the work of 

Suanon et al. (2016), the addition of nZVI and iron particles (IP) during the anaerobic digestion 

process improved the removal of COD from initial COD of 6651 mg/L in digesters A (control), B (5 

g of IP) and C (0.3 g of nZVI) respectively to 3683 mg/ L (44.6), 3032.1 mg/ L (54.4%) and 2247.5 

mg/L (66.2%) at the end. Ye et al, (2018) observed that the introduction of 20 g/L red mud (45% 

Fe2O3) achieved the reduction of total COD (TCOD) from 30.15 to 14.35 g/L and 19.49 in the control 

reactor, showing that the solubilization of biodegradable organics for methanogenesis was aided by 

the addition of red mud. 

 

Substrate solubilization is a vital step to hydrolysis and changes in sCOD dynamics during anaerobic 

digestion. As reported in Zhen et al. (2015), increased dosage of ZVSI (0 to 1.00 g-ZVSI/g VSS) 

respectively resulted in an average rise of sCOD concentration from 178.2 ± 3.5, to 199.2 ± 19.1 mg/g 

VSS on day 12 at 20oC. This rise is attributable to the sustained endogenous decay of biomass, 

releasing more soluble compounds, slowing methanogenesis rate and retarding conversion of 

organics to methane (Zhen et al. 2015). The rise of digestion temperature from 20oC to 35oC 

accelerated ZVSI corrosion, substrate solubilization and attainment of maximum sCOD (306.9 to 

351.3 mg. g-1 VSS), corresponding to the increasing dosage from 0 to 1.00 g.ZVSI.g-1VSS after three 

days of mesophilic digestion stage. Enhanced solubilization due to the addition of ZVI and Fe3O4 

resulted in increased TCOD. Zhao et al. (2018), reported that Fe3O4 solubilized waste more than ZVI. 

Ambuchi et al. (2018) corroborated the previous research on the influence of iron additives on 

substrate solubilization, resulting in increased sCOD and subsequent COD removal, it was reported 

that after the initial 6 hours, the reactor with hematite recorded a quick substrate degradation and 

showed higher removal efficiency of sCOD than the control reactors after 72hrs. Similarly, the use 

of nZVI and bimetallic NPs (IMZ, and ICZ) for anaerobic digestion enhancement as reported in Amen 

et al. (2017), showed that the sludge sCOD increased quickly throughout the digestion period in all 

the used bio-digesters. The initial concentration of sCOD was 3873 mg L-1 and upon digestion, the 

average sCOD of the zero-enhanced reactor, ICZ 1000, ICZ 500, IMZ and nZVI were 12,256, 20,110, 

22,050, 28,640 and 28,936 mg L-1 respectively. 
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However, the use of H2O2 activated by iron salts in Fenton peroxidation process disintegrated sludges 

and broke the cellular constituents, which lead to greater sCOD concentration (Salihu and Alam, 

2016). Uman et al. (2018) reported the relatively low sCOD concentration of approximately 250 mg/L 

all through the digestion period. Maamir et al. (2017) reported that as soon as the concentration of 

H2O2 concentration rose from 125 to 1000 mM, COD of Fenton-treated substrate when compared to 

the control COD value of 1123 mgO2/L, increased from 1133 to 5594 mg/O2 (56%) till attainment of 

optimized working conditions.  These working conditions (pH 3, 120 min, H2O2/ [Fe2+] = 1000 and 

[Fe2+] = 1.5 mM), showed that the optimal Fenton process pretreated olive mill solid waste achieved 

82% increase in sCOD (Maamir et al. 2017).  

 

Although VS or VSS removal is regarded as the yardsticks for performance evaluation of anaerobic 

digestion, the presence of refractory materials hampers the complete degradation of organics (Elsayed 

et al. 2016). Addition of iron-based substrate has proven to be effective in overcoming the hurdles of 

refractory materials to enhanced solid removal. In the studies conducted by Hao et al. (2017) at both 

acidogenic and methanogenic phases of anaerobic digestion, the addition of WIS was reported to 

have improved the removal of VSS respectively by 4.5% and 14.0% of the added raw substrate VSS. 

In Zhu et al. (2014), a similar report of solid removal by the addition of iron shavings resulting in 

75% to 98% carbohydrate consumption. Zhang et al. (2014b) also reported that the iron-enhanced 

reactors with rusty scraps, Fe powder and clean scrap achieved the highest VSS reduction rate of 

48.27%. Amen et al. (2017) stated that the substrate digestion of volatile solid fraction with the 

addition of nZVI, IMZ and ICZ, resulted in the volatile solid reduction of up to 23.8% and suggested 

that for up-scaling, 1 g of volatile solids will need 2.67 g of ICZ particles to achieve maximum solid 

removal and methane yield. In full-scale digestion of Fenton reaction, Lozano (2010) reported 11.5% 

biosolid reduction. Furthermore, Uman et al. (2018) indicated high solid removal efficiency (58.5%) 

when compared to the control (53.2%). 

 

2.6.4. Methanogens/microbial population 

The anaerobic digestion processes involve complex activities of the microbial population. There are 

optimal operating conditions for methanogens at each stage of anaerobic digestion. Amongst all the 

stages, hydrolysis is the rate-limiting step, after the hydrolysis of biological polymers, H2, VFAs and 

acetate are produced (Zhang et al. 2015b). Through syntrophic bacteria, under low partial pressure, 

VFAs are converted to H2, acetate and H2 are converted to methane (Zhang et al. 2015; Feng et al. 
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2014; Lv et al. 2010. Microbial activities are sensitive, enhanced or inhibited by functioning 

parameters like H2, pH, VFAs and others (Feng et al. 2014). Wan et al. (2013) posited that the 

consumption and degradation of organic matter by microbial activities are responsible for the 

decrease or increase of COD in anaerobic digestion. In the case of low availability of trace elements 

like iron in anaerobic digestion, the enzymatic biochemical reactions of methanogenesis are often 

interrupted due to the shortage or reduction of metalloenzymes activity, which often results in process 

instability and ultimately low methane production (Zhang et al. 2015; Meng et al. 2013). Feng et al. 

(2014) reported that when the iron gets reduced, it lowers the ORP, which favours acetate production 

and serves as a direct substrate for methanogens and homoacetogens. 

 

Anaerobic methanogenesis is significantly affected by the interspecies transfer of electron amongst 

methanogenic archaea and secondary fermenting bacteria (Stams and Plugge, 2009). Direct 

interspecies electron transfer (DIET) is another electron transfer type reputed as a vital interspecies 

electron transfer pathway between species via physical electrical networks from cell to cell (Lovley, 

2017). DIET-linked microorganisms create biological electrical links with others and serve as the 

basis for the advancement of innovative biotechnologies (Ye et al., 2018). More so, extracellular 

polymeric substances (EPS), which are natural big molecular-weight polymers defaecated by 

microbes could store via electrochemical means, active substances like c-type cytochromes (c-Cysts) 

with the capability of improving the DIET process and responsible for 80 per cent of the activated 

sludge mass (Zhang et al., 2017b, Xiao et al., 2017). Carboxyl, hydroxyl and phosphoric functional 

groups can facilitate EPS to promote microbial aggregate formation to the benefit of DIET involved 

in syntrophic anaerobic metabolism (Ye et al., 2018). EPS can be affected by the external conditions 

due to the complex environment in anaerobic digestion (Ye et al., 2018).  

 

Several studies have demonstrated that materials with conductive properties like iron can serve as 

solid channels for stimulating methane yield via direct electron transfer (Zhao et al., 2017). Ye et al. 

(2018) in studying the interaction between conductive material (red mud consisting of hematite (45 

%)) and EPS on sludge aggregation, methanogenesis and EPS redox activities, discovered that the 

Fe2O3 multivalent cations aided successfully the creation of compact, big aggregates and probably 

assisted the quick transfer of direct electron at the time of the DIET process. It was also noted that 

more redox-active mediators, c-Cysts, tightly bound EPS (TB-EPS), humic substances, and addition 

of extra Fe with reduction-oxidation capabilities were involved in the process of interspecies electron 

transfer amongst methanogenic archaea and syntrophic bacteria, hence the higher methane yield 
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enhancement when compared to the control (Ye et al., 2018). Similarly, Ambuchi et al. (2018) 

observed that hematite enriched the bacteria Firmicutes and suggested that the communities of 

syntrophic microbes probably have more direct electron exchanged, and hematite playing the role of 

electron channels between the methanogens and homoacetogens, hence creating a DIET pathway. 

 

Past studies have raised antimicrobial concerns on the use of iron-based additives, particularly nZVI 

on pure microbes, like Pseudomonas fluorescens, Escherichia coli, Cyanobacteria, Bacillus subtilis-

varniger, effective removal of MS2 and aX174 viruses via cell membrane structural reductive 

disruption and strong adsorption (He et al., 2017). More so, the toxicity mechanisms of nZVI partly 

damages and inactivates respectively the DNA and enzyme due to the unconstrained iron ions from 

nZVI (He et al., 2017; Yang et al., 2013; Lee et al., 2008).  According to He et al. (2017), the oxidation 

of nZVI resulted in the release of extra hydrogen gas and stimulation of the hydrogenotrophic 

methanogenesis process. This process is a complex biological concept involving about five 

coenzymes and ten reaction steps that converts H2 and CO2 to methane (Wagner et al. 2018). In the 

case of iron (ZVI or WISs, etc.) supplementation, hydrogenotrophic methanogenesis and 

homoacetogenesis are promoted either through the evolution of H2 from iron corrosion or directly 

served electron donation from iron. (Hao et al. 2017). It was further observed that nZVI toxicity to 

anaerobic microbes can be weakened when it reacts with EPS, resulting in accelerated nZVI corrosion 

and slowing down the release of H2 from the dissolution of nZVI. The report of the hydrogenotrophic 

microbial rise and the reduction in bacteria involved in glucose degradation cum acetoclastic 

methanogens showed H2 facilitated tilt in the direction of the hydrogenotrophic pathway improving 

the methane yield. Feng et al. (2014), Zheng et al. (2013) and Zhang et al. (2015b) posited that ZVI 

provides a more favourable environment for necessary methanogens via ORP reduction of the 

anaerobic digestion systems for stimulation of hydrolysis/acidogenesis and enrichment of H2-

utilizing methanogens, accelerating the H2 consumption and facilitating the entire digestion 

processes. The use of iron oxide powder as additives increased the activities of the hydrolysis–

acidification related enzymes between 2 and 34 times (Meng et al. 2013). 

 

According to Cheng et al. (2015), effective reduction of ferrihydrite-Fe(III) in the anaerobic digestion 

of sludge vials was reported. This could be attributable to either a dissimilatory iron-reducing bacteria 

(DIRB) direct mediation or circuitously by DIRB equivalents from the substrate anaerobic 

degradation. In a similar report by Zhang et al. (2014b), rusty iron could induce microbial Fe(III) 

reduction, polymerase chain reaction – denaturing gradient gel electrophoresis (PCR–DGGE) showed 



47 

 

that the enhancement of acetobacteria diversity and enrichment of iron-reducing microbes to 

accelerate digestion of composite wastes was based on the addition of rusty scrap. In similar research, 

Hao et al. (2017) added WIS respectively at the methanogenic phase (MP) and acidogenic phase (AP) 

during anaerobic digestion of sludge. It was revealed as detected with fluorescence in situ 

hybridization (FISH) that the WISs stimulated the anabolism and catabolism of anaerobes and might 

be responsible for higher (96.3%) methane yield, facilitating enhancement of electron transport rate 

(ETR) and hydrolysis of refractory wastes. 

 

In a comparative study, Zhao et al. (2018) discussed the impacts of Fe3O4 and ZVI on the microbial 

communities during the anaerobic digestion process. It was observed that the Fe3O4, which is an 

electron acceptor, competes for electrons with methanogens, inhibited methanogenesis, while ZVI-

added reactor enhanced the processes of hydrogenotrophic methanogenesis, thereby causing about 

70% rise in methane production than in the control.  In other words, processes of solubilization, 

acidification and hydrolysis enhancement could be achieved through a dissimilatory iron reduction 

process of Fe3O4 and availing the methanogens of the much-needed substrate for overall promotion 

of anaerobic digestion. Similarly, Wang et al. (2018) noted that the addition of 0.6 and 1.0 g. L-1 nZVI 

effectively disrupted the microbial cell membranes and promoted methane production, while the 

higher dosage of 4.0 and 10.0g/L nZVI addition due to substantial H2 accumulation, inhibited the 

methanogenesis. This is because H2, which is seen as an unfavourable thermodynamic intermediate 

product of microbial reduction (acidification/hydrolysis) or iron corrosion when accumulated in 

biodigesters, increases the H2 partial pressure, causes pH instability, inhibits methanogenic activities 

and impede organic acids decomposition (Feng et al. 2014). 

   

 2.6.5. Antibiotics, pharmaceuticals and personal care products (PPCPs) 

Antibiotics, pharmaceutical and personal care products are emerging pollutants of concerns to the 

ecosystem that are not easily treated. They are mainly from diverse human activities (animal 

production, etc.). Various sections of the environment can be occupied by antibiotic resistance genes 

(ARGs) (Pruden et al. 2006). Antibiotics are used generally for growth promotion, prevention and 

control of diseases in livestock farms. Approximately 30%–90% of antibiotics are not absorbed, but 

often excreted via urine or faeces, thereby making livestock manure a big antibiotic resistance genes 

(ARG) reservoir (Zhang et al. 2015b; Selvam et al. 2012). ARGs in the environment has been 

identified to be predominantly from activated sludge (Gao et al. 2017). The process of anaerobic 

digestion has widely been applied in pathogen and ARG removal/reduction, it is suggested that during 
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substrate anaerobic digestion, there are distinct responses from different ARGs to the operational 

conditions, hence the emergence of varying ARG carrier bacteria and fate (Zhang et al. 2016b). It has 

been shown from past studies that in the presence of iron additives (eg. ZVI), microbial consortia 

housing ARGs most likely perform differently during anaerobic digestion. It has been proven that 

ZVI and natural zeolite advance the removal of ARGs during composting and sludge digestion 

(Zhang et al. 2015b). The exposure of gut microbiota of mouse to iron additives might cause 

variations in ARGs (tet(O), tet(M) and tet(Q)) due to the adjustment of gut microbiota (Guo et al. 

2014; Gao et al. 2015). 

 

While investigating the influence of thermophilic co-digestion of wastes from kitchen and sludges 

with the addition of ZVI on the attenuation of the integrase gene intI1 and other seven typical resistant 

genes of tetracycline (tet(G), tet(M), tet(O), tet(A), tet, tet(W), tet(C) and tet(X)), Gao et al. (2017) 

stated that with the exclusion of tet(W), the entire tet and intI genes showed a significant decrease at 

the addition of 5g/l ZVI dose. It was noted that at thermophilic conditions with ZVI, the intI1 and tet 

genes in mixed liquor can be attenuated. Remarkably, different mechanisms of resistance encoded by 

tet genes enable its different behaviour in bioreactors, but the use of iron oxide improves their removal 

(Gao et al. 2017). In a similar bid to understand the ARGs fate during anaerobic digestion of swine 

at both mesophilic and thermophilic conditions with natural zeolite, ZVI and Dnase to clarify the 

influencing factors such as intI1, heavy metal resistance genes (MRG), microbial community changes 

and virulence factors, ARGs reduction could be realized (Zhang et al. 2018). The reduction of ARGs 

was more at the thermophilic condition than in mesophilic condition, but generally, ZVI enhanced 

the reduction of ARGs by 33.3%.  It was further noted that except sulII and tet(M), other ARGs may 

have been efficiently removed (Zhang et al. 2018). Both partial redundancy and network analysis 

among treatments showed that the concurrence of MRGs and microbial consortia led to the differing 

fate of ARGs (Zhang et al. 2018). 

 

Akin to the ARGs, PPCPs are a varied group of chemical substances for human or animal use, such 

as drugs, fragrances, disinfectants and other household chemicals, their disposal poses threat to 

ecological safety and human health, hence necessitating proper treatment when found in sludges 

(Santos et al. 2010).  Suanon et al. (2017) reported that during anaerobic digestion with iron-based 

additives, many PPCPs might be fully or partially reduced. The use of IP and NZVI positively 

influenced chlorinated PPCPs reduction (Suanon et al. 2017). Other PPCPs did not record significant 

PPCP removal. In conclusion, iron additives (IP and nZVI) application in sludge anaerobic digestion 
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process has low removal efficiencies or degradation of most PPCPs (Suanon et al. 2017). 

  

2.6.6. pH, total alkalinity and H2S 

pH and total alkalinity are crucial indicators, hence the importance of monitoring their values to 

ensuring anaerobic digestion operational stability and maintenance of appropriate metabolic status. 

Maximum methane yield and bacteria growth during anaerobic digestion is attainable at the most 

favourable pH range of 6.8–7.2 (Ogejo et al. 2009). The anaerobic digestion enhancement alters the 

stability, affects microbial activities and pH/alkalinity (Lu et al. 2016). According to Mokete et al. 

(2020) and Eljamal et al. (2018), pH affects the availability of iron ions when nZVI is dissolved in 

an aqueous solution. During anaerobic digestion, Amen et al. (2017) reported that the addition of 

iron-based additives (ICZ, nZVI or IMZ) resulted in the final pH variation of between 5.81 and 7.32 

from the initial pH of 6.2. The presence of zeolite, which acts as a proton donor/acceptor (amphoteric 

character) in the pristine iron, tend to keep the digester pH at the neutral range. Due to the slow 

degradation in the control bioreactor, lower final pH was recorded. At the hydrolysis and acidogenesis 

stages in digesters with iron additives, the solubilization of degradable organics to VFAs decreased 

the pH and subsequently increased the initial pH value due to the uptake of H+ by nZVI cations 

through ion exchange/adsorption by zeolite pore structures (Eljamal et al. 2018; Amen et al. 2017). 

 

Unlike in Amen et al. (2018), Suanon et al. (2017) showed that pH increased at the inception of the 

anaerobic digestion and later decreased (within 7.0) till the process termination, the highest pH values 

of 7.8, 7.6 and 8.5 respectively for control, nZVI and IP were observed. The sudden early rise in pH 

value of the digester supplemented with IP (1.6%) maybe as a result of Fe0 hydrolysis in an anoxic 

condition (insufficient dissolved O2) for iron oxidation (Mokete et al. 2020; Eljamal et al. 2018; 

Suanon et al. 2017). However, as shown in equation 3, water serves as iron oxidant (Chen et al. 2011; 

Elijama et al. 2018). It is noted worthy that following the formation of VFAs, the pH decreased, and 

the microbes adapted to better activity (Zhai et al. 2015). 

  

Fe0
(s) +  2H2O(aq) → Fe2+

(aq) + H2(g)
 +  2OH−

(aq)                               2.13 

 

ZVSI is both direct and indirect H+ electron donor, leading to low H2 concentration and favourable 

pH environment (Zhen et al. 2015). Different dosages of ZVSI gave varying pH values, Zhen et al. 

(2015) reported that due to the accumulation of VFAs, at 20oC, an overall drop in the values of pH 
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lower than 6.0 in the entire digestion was observed. This continued in the first 3 days at 35oC and 

afterwards, a pH rise was noticed, which increased from 6.3±0.1 to 7.3±0.1 as the ZVSI dosages 

increased from 0 to 1.0 g-ZVSI/g-VSS on the 30th day. These according to Zhen et al. (2015) shows 

the important ZVSI buffering capacity, which induces stability in the bioreactors and could prevent 

a decrease in pH values. 

 

In a Fenton process, the pH of anaerobic digestion can be remarkably affected. In the analysis of 

OMSW degradation with Fenton process at varying pH values and 1.5 mM (Fe2+) at 25oC, the 

pretreatment at pH value of 3 gave the best waste digestion, which is in line with Michalska et al. 

(2012), where it was demonstrated that at pH of 3, the finest result of the Fenton process was achieved 

(Maamir et al. 2017). At neutral pH, substrate solubilization is often lower, due to Fe(OH)3 

precipitation, which prevents Fe3+ and H2O2 reaction. After the precipitation of Fe(OH)3, the H2O2 

breakdown to O2 and water is facilitated, leading to oxidative capacity reduction, iron complexes (at 

pH greater than 8) and subsequent precipitation after Fe(OH)4 formation (Maamir et al. 2017; 

Michalska et al. 2012). Uman et al. (2018) reported system stability and a neutral pH range for all 

reactors throughout the duration of anaerobic digestion of a Fenton process treated sludge. 

 

The dynamics of total alkalinity (TA) changes during anaerobic digestion, shows the positive impacts 

of iron additives on VFA consumption (Amen et al. 2017). Similar alkalinity profile to that of pH 

was reported in Suanon et al. 2017, to have attained the highest level on the 7th day between 943.3 

and 1234.0 mg L-1 CaCO3 in the reactors (Control, nZVI and IP) and later decreased due to the yield 

as well as the buildup of VFAs. At the end of digestion, the slight rise may be attributed to the 

consumption of available VFAs (Ahn et al. 2010). As a result of rapid biomass degradation, the total 

alkalinity dramatically increased from the initial concentration of 494 mg/L CaCO3 to 776, 1480, 

1549, 2456 and 1721 mg L-1 CaCO3 for control, nZVI, IMZ, ICZ 1000 and ICZ 500 respectively 

(Suanon et al. 2017). The increase in the total alkalinity of digesters was because of the use of VFAs 

by anaerobic microbes Suanon et al. (2017) and Ahn et al. (2010). In a Fenton process, Uman et al. 

(2018) reported that the alkalinity level of 2,530– 5,890 mg/L CaCO3 was seen during the entire 

operating period of the bioreactors. Maamir et al. (2017) further reported that carbonates (CO3
2-) and 

bicarbonates (HCO3) ions presence in basic media might take-up the hydroxyl radical, thereby 

increasing the total alkalinity.  

 

The iron-based additives influenced the removal of sulfur or H2S from the sulfur-containing substrate 
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which could be converted to sulfide during anaerobic digestion processes (Zhang et al. 2016). Yu et 

al. (2015) reported the successful adoption of ferric chloride for the removal of H2S from anaerobic 

digesters.  Suanon et al. (2017) also demonstrated that the addition of nZVI and IP remove H2S from 

reactors as shown Fe0+ H2S → FeS + H2, eliminating/reducing odour (mostly from H2S) and 

stabilizing the substrate in the bioreactors and subsequent enhancement of microbial activities as well 

as stabilizing the rate of methane production (Li et al, 2007). Del Valle-Zermeno et al. (2015) reported 

that ash incorporated with iron was used for immobilization of adsorbed H2S from a biogas stream. 

  

2.6.7. Fate of iron-based additive in digestate 

Among the different additives used in the remediation of the contaminated environment and 

anaerobic digestion, iron-based additives are the most frequently used. However, these iron additives 

remain in the digestates or sludges after the treatment, forming complexes that are hazardous to the 

environment (Peeters et al. 2016). The redox potential of iron additives is the core reaction 

mechanisms as it relates to enhancement of anaerobic digestion or removal of contaminants via 

ionization, corrosion, reductive changes, adsorption and co-precipitation (Peeters et al. 2016). 

According to Noubactep (2010), Eljamal et al. (2018) and Eljamal et al. (2020) the redox potential 

and pH value of iron additives are responsible for the stability of oxidized iron (eg. nZVI) to Fe2+, 

then to Fe3+ on reacting with O2, before being further hydrolyzed and precipitated respectively as 

FeOOH and Fe(OH)3, in this manner, the nano characters of Fe NPs are lost. Jiang et al. (2015) and 

Hotze et al. (2010) stated that because of the passivation levels of oxides on the surfaces, the 

reactivities of nZVI is more than that of most iron additives like nano-FeO and nano-Fe3O4. In an 

anaerobic environment, ions of iron additives are ferrous (Zhang et al. 2014b).  

 

In Maamir et al. (2017), it was indicated that during the Fenton process pretreatment, amorphous 

cellulose of OMSW, most probably transforms into less digestible cellulose crystalline by 

methanogens and Fe3+ forms complexes in the digestate. Suanon et al. (2016) researched the impact 

of nZVI and Fe3O4 on the fate of metals after the bio-digestion process and reported changes in 

speciation of heavy metals (Co, Cd, Cr, Zn and Ni), which were mostly bonded to initial 

biodegradable substances and carbonates. The application of 0.5% dose of iron nanoparticles, 

positively influenced the equilibrium of metals in the digestate than compared to digester without 

iron nanoparticles (Suanon et al. 2016). The addition of Fe NPs controls the deployment of metals 

when anaerobic digestion process takes place and concentrate metals in sludge around the bound 

fraction of Fe-Mn (Suanon et al. 2016). 
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As shown in Amen et al. (2017), the entire species of iron dissolved were in ferrous ion forms, but 

low iron dissolution was reported for the bio-digester supplemented with ICZ 1000 and zeolite 

respectively at 205.2 and 147.3 mg L-1. In line with the quick reactivity views of Noubactep (2010), 

nZVI and IMZ reactors had high total iron concentrations, attributable to the large number of cellular 

parts containing iron being freed during the entire endogenous digestion. The nZVI reactor released 

the largest amount of total iron, greater than the total iron released by a combination of ICZ and IMZ 

bioreactors (Amen et al. 2017).  Zhang et al. (2014b) demonstrated that the rusty scrap recorded high 

dissolution iron due to the microbial reduction of Fe(III), resulting in about 1116.6 mg L-1 of dissolved 

iron in the digestate after removing the remaining iron scraps. The amount of dissolved iron obtained 

in clean scrap is 949.9 mg L-1, but the solid phased iron in sludge was higher than in the solution. The 

iron precipitate formation may be the reason for higher iron content in the solid digestate fraction.  

 

As reported in Zheng et al. (2013), Zhang et al. (2014b) and Puyol et al. (2018), decomposition of the 

protein in the substrates produces phosphate, which upon reaction with ions Fe forms iron phosphate 

precipitates and may be responsible for the variation in phosphate concentration. In line with this, the 

experiments Elijama et al. (2020), Mokete et al. (2020) and Elijama et al. (2018) with nZVI and 

bimetal of nZVI at varying supplies of oxygen, pH, etc, corroborated the precipitation of phosphate 

mostly at limited oxygen supply.  Phosphate concentrations in the liquid portion for control, rusty 

scrap and clean scrap respectively varied from 1.13 to 0.47 (58.3 %) and then 0.9 (19.96 %) g /L. It 

was recommended that since the amount clean and rusty scrap dissolved were 0.584 g/L/batch and 

0.766 g/L/batch respectively after addition of 10g/L of WISs, the digestate would effectively be 

recycled for more batches of up to 228 and 376 days respectively for clean and rusty iron scraps if 

the retention remains 22 days for each batch. Similarly, Puyol et al. (2018) reported the ZVI corrosion 

has a strong influence on physicochemical properties bioreactor during the released of iron ions. As 

reported in Puyol et al. 2017 and Zhang et al. (2016), biogenic sulfide can be reduced by Fe2+ to pyrite 

(FeS2) precipitate, phosphate and bicarbonate react with Fe2+ to yield vivianite (Fe3(PO4)2·8H2O) and 

siderite (FeCO3) precipitates respectively. In anaerobic digestion, ZVI ionized to Fe2+, entrapped 

soluble phosphate to form vivianite precipitate, reducing phosphorus release and making its 

accumulation in sludge very difficult/costly to recover, hence constituting environmental menace 

(Puyol et al. 2018; Puyol et al. 2017). Suanon et al. (2016) reported that the addition of nZVI and 

nano-Fe3O4 could promote the phosphorus immobilization within the substrate. WIS facilitated the 

precipitation of phosphorus, sulfides etc. from sludges during anaerobic digestion (Zheng et al. 2013). 
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2.7. Phosphorus release 

The indispensability of phosphorus (P) is due to its limited geographical concentration (with about 

90% of the estimated world’s phosphate rock deposit in Morocco, China, South Africa, Jordan and 

the U.S.), non-renewability and increasing demand for global food security via plant growth, animal 

growth and microbial regeneration (Guedes et al., 2017; Karunanithi et al., 2015; WERF, 2011). 

Aside scarcity, P rich liquid and solid wastes from man’s activities pose serious environmental 

concerns leading to eutrophication (Podstawczyk et al., 2017; Wong, 2016). Bridging the P supply 

gap and its abundance in wastes necessitate efficient recovery and reuse of phosphorus (Desmidt et 

al., 2015). Recovery of P ensures environmental sustainability, biofertilizer availability, as well as 

food sufficiency, efficiency in waste treatment and management (Sikosana et al., 2016). However, 

inhibitions in P recovery processes due to the presence of organic or inorganic or nano constituents 

of waste streams demands an integrated approach for holistic recovery and reuse. 

  

2.7.1. Phosphorus sources 

The enormous amount of P rich waste streams such as animal excreta, urine, greywater, animal 

carcasses, crop residues, food waste, abattoir wastes, municipal wastewater, industrial effluents, 

biosolids, sludges and other wastes of animal and plant origin are being yearly produced (Karunanithi, 

et al., 2015; Kataki et al., 2016). Urine and faeces are the largest sources of phosphorus in 

municipalities and can be directly reused for agriculture. Averagely, urine and faeces excreted per 

person are estimated to 0.9 g-P/day and 0.4 g-P/day respectively (Wong, 2016). The total P 

concentration in municipal wastewater is typically 6−8 mg-P/L but can be higher depending on the 

source (Parsons and Smith, 2008). Human excreta have been widely researched and found to be 

contributing 60-70% (0.3 kg of P per year) and 30-40% (0.16kg of P per year) respectively for urine 

and faeces fractions in Uganda, China, South Africa, India, Sweden and Haiti (Wong, 2016).  

 

The phosphorus concentration (P wt% dry basis) of some agro-industrial wastes include: Meat (1.09), 

cow dung (0.04-0.07), farmyard manure (0.07-0.88), bones (8.73-10.91), oil cake (0.39-1.27), 

activated sludge (1.4), digestates (0.48-0.77), animal urine (0.02-0.07), etc (Sikosana et al., 2016; 

Drosg et al., 2015). However, Campos (2014) in the studies of P recoverability from agricultural 

residues, pig, cow and poultry manure, found that after anaerobic digestion of these wastes, about 55-

65% of P remains in the solid fraction, but with enzyme or acid or carbonate treatment over 80% of 

trapped P is recovered. Digestate of food wastes co-digested with greywater 92% of P was recovered 
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(Kjerstadius, et al., 2015) 

 

The global population of livestock is estimated to be about 65 billion and generates a large amount 

of manure yearly (Campos, 2014). The yearly manure generated contains P of about 10 times the 

annual P demand for agriculture (Naidu et al., 2012). EU member nations in 2009 are estimated to 

have produced 1,285 million, 88.5 million and 153.2 million tonnes of manure respectively from 

chicken, cattle and pigs (FAOSTAT, 2013). In view of these data, Foged et al. (2011) calculated that 

about 1.382 billion tonnes per year of manure production in Europe, amounting to approximately 

25.071million tonnes of P yearly.  

 

However, effluents from agro-industries like fruits and beverages processing firms, dairy, piggery, 

animal washing, flushed feed spills, urine, liquid manure and others are great sources of P. For 

example, about 0.52million and 0.291million megaliter (ML) respectively of dairy and piggery 

effluent are produced in South Africa, containing aside other vital nutrients, about 18,729,000 tonnes 

of P from dairy and 4.233,000 tonnes of P from piggery annually (Karunanithi, et al., 2015).  

 

Other sources of P include the nano-sludges/digestates, this is because of increase in industrial and 

consumer use of nano-enabled materials due to its novel properties on processes and products 

enhancement (Mayer et al., 2016; Romero-Guiza et al., 2016). The use, reuse and disposal increase 

nanoparticles (NPs) release to the waste stream (accumulated in biosolids) and environmental risks 

(Barton et al., 2015). Recently, NPs (Co, Ni, Fe, ZVI, Ce, Fe3O4, etc.) are used for anaerobic digestion 

or wastewater treatments, effluents and biosolids (digestates) from these processes are rich in nano-

P precipitates, toxic to microbes and reduces soluble P for recovery (Otero-González, et al., 2014; 

Eduok et al., 2017). Digestate from other anaerobic processes contains available nutrients in the 

substrate matrix for easy P recovery. The amount of P recoverable from digestate of anaerobic 

processes depend on the digestion method and type of substrate (Campos, 2014). 

 

2.7.2. Release of adsorbed and insoluble P 

Inorganic P at an interaction with organic P in agro-industrial wastes may become insoluble as 

phosphate salt or due to adsorption by the biomass matrix (Campos, 2014). This necessitates the need 

for solubilization of both absorbed and insoluble P through various means including acidification 

(humic acid, arsenate buffer, citric acid, sulfuric acid, etc.), the addition of alkaline (sodium 

hydroxide, CaO, etc.) or carbonate ions (sodium carbonate, etc.). Aside from solubilizing P, chemical 
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processes aid in reducing ammonia and inactivation of pathogen risks. Thermal and pressure 

treatments are important for pasteurization and sterilization of pathogens as well as solubilization of 

insoluble P (Campos, 2014). Campos (2014) reported that at pH between 6 and 7, acid addition 

resulted in the release of over 90% of P in the mixed liquor. It was further advocated in accordance 

with DIN 38409-7 in Campos (2014), for mild acid usage due to the possible effects of strong acids 

(low pH and strong oxidizing influence) on enzymes operation.  

 

Solubilization of P increases with the addition of carbonate at pH 9.2. The P concentration in solution 

increases by the addition of carbonate ions. This also causes Mg2+ and P ions to increase and Ca2+ to 

decrease in the mixed liquor. Likewise, alkaline (e.g. sodium hydroxide of >0.1% weight) addition 

increases the pH value needed for increased struvite precipitation (Campos, 2014). It was also 

observed that thermochemical treatment of substrates with heat, acids and carbonates can possibly 

increase P recoverability. 

 

As stated earlier, existing technologies in P recovery are limited by the solubility of the inorganic P 

in liquid solutions. The solid-liquid separation of agro-industrial waste digestates leaves over 80% of 

P in the solid fraction (Campos, 2014). Unlike other macronutrients such as nitrogen and potassium 

which are more soluble in water. In harnessing insoluble P (organic or inorganic or absorbed in 

biomass matrix or nano-biosolids, metal-rich digestate) content, specific microorganisms with 

solubilizing potentials for different forms of phosphates is needed (Campos, 2014). Enzymes of 

phosphate solubilizing microorganisms (PSMs) like Pseudomonas, Bacillus, Rhizobium, 

Enterobacter Aspergillus and Penicillium transform P from insoluble to soluble forms via the 

acidification processes.  

 

2.8  Influence of antagonist and iron on anaerobic digestion and phosphates availability 

The use of iron additives for enhancement of anaerobic digestion process is a cheap means of 

increasing biodegradability of substrates and achieving increased biogas yield. However, when in 

excess, iron additives form non-biodegradable and non-environmentally friendly polyatomic 

complexes such as vivianite (Fe3(PO4)2), strengite (FePO4.2H2O), siderite (FeCO3), pyrite (FeS2), 

etc. with other dissolved nutrients in bioreactor during anaerobic digestion (Puyol et al. 2017; Peeters 

et al. 2016). Furthermore, iron ions have a great affinity for some phosphate, sulfate, carbonate as 

well as humic acid and arsenic compounds. According to Giasuddin et al. (2007), the presence of 

competing anions such as NO3
-, SO4

2-, H2PO4
2-, HCO3

-, etc., H2PO4
2- showed the most antagonistic 
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relationship with humic acid in competing for iron (NZVI) adsorption. In Wilfert et al. (2015) it was 

reported that humic substances (humic acids, humins, and fulvic acid), which contains carboxyl and 

hydroxyl groups have vital relevance in the chemistry of iron and phosphorus. Buttressing the 

antagonistic relationship, in a humic rich digested sludge, about 30% iron reacted with pyrophosphate 

and an estimated 22% bonding of iron to the humic rich organic matter in activated sludge (rich in P) 

(Wilfert et al. 2015; Karlsson and Persson, 2012). The capacity of HA to transfer or transport 

electrons to Fe has prompted the theory that anaerobic microbes, sulfate-reducing bacteria, or 

methanogens could reduce Fe (Piepenbrock et al., 2014). HA can be restored on exposure to oxygen 

after its behaviour as an electron acceptor (Klüpfel et al., 2014).  

 

During the oxidation of organic compounds, HA can be used by iron-reducing bacteria as electron 

acceptors, hence increasing iron reduction and making available inaccessible iron oxides (Wilfert et 

al. 2015). There are various bonds with different strengths between iron and humic acids (HA), these 

variations determine the type of complexes formed and affect iron speciation. The formation of 

different Fe-HA species involves processes like iron hydrolysis, polymerization and binding of 

arsenic (of similar reactivity and structure like orthophosphate) (Karlsson and Persson, 2012). 

Similarly, the existence of HA-Fe binding of arsenic exists, hence the possibility of HA-Fe-P 

complexes too, but by chelating iron from Fe-P, humic acid can dissolve P (Wilfert et al. 2015; 

Karlsson and Persson, 2012). On the other hand, during anaerobic digestion, sulfate-reducing 

bacteria-induced sulfide inhibits Fe-P formation and releases Fe-bound P, however, due to limited 

sulfate availability in the digester, FeS formation does not prevent vivianite formation (Wilfert et al. 

2015) 

 

Furthermore, Lenoble et al. (2005), stated that in a system containing iron, arsenic (As(III) and As(V))  

and phosphate, As(III) oxidation by iron (III) to iron (II) and due to the similarity is properties, 

phosphate is substituted by As(V), this is because the adsorption capacities of  As(III) 

thermodynamically favoured the formation of Fe2+ and HAsO4
2-, leaving Fe3+ and PO4

3- in solution 

and various precipitates (Fe2+ as Fe3(AsO4)2·8H2O(s), Fe3+ as FeAsO4·2H2O(s), etc) of As(V) as 

shown in Equations 2.14-2.16. These processes enable phosphate release for easy recovery. 

 

𝐻3𝐴𝑠𝑂3
0 + 2𝐻2𝑂 ⇔ HAsO4

2− + 4𝐻+ + 2𝑒−     2.14 

3𝐹𝑒2+ + 2HAsO4
2− ⇔ Fe3(AsO4)2 + 2𝐻+     2.15 

𝐹𝑒3+ + HAsO4
2− ⇔ FeAsO4 + 𝐻+      2.16 
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Moreover, it was reported that the surface normalization rate constant of 2mg/L As(III) and As(V) 

was reduced from 100% to 43% and 68% respectively on the addition of 20mg/L HA (high 

concentration) (Giasuddin et al. 2007). However, the addition of 0.1mM of H2PO4
2-, HCO3-, H4SiO4

0 

did not affect HA adsorption on NZVI, but further addition of anions resulted in reduced HA 

adsorption on NZVI, for instance, only 20% HA adsorption was recorded on the addition of 1mM 

H2PO4
2- and at 10mM, there was no adsorption (Giasuddin et al. 2007). Jeong (2017) concluded that 

increased HA addition led to reduced arsenic adsorption in this order As-Fe > (HA-As) + Fe > (HA-

Fe) + As. 

 

Although there had been lots of contradictory reports in previous studies, certainly the influences of 

both iron additive and P- antagonists (HA, As) on anaerobic digestion processes are substantial and 

deserves further probe. Arsenic compounds abound in several livestock wastes and wastewater 

treatment facilities, the same goes for humic substances. Several studies on the valorization of arsenic 

compounds and the influence of HA on anaerobic digestion exists. Yap et al. (2018) observed that 

HA addition below 5g/L did not decrease the hydrolysis rate of cellulose, but higher dosage inhibited 

hydrolysis. Hydrolysis of protein and acetotrophic methanogenesis was not affected by 5g/L HA 

addition, but a dosage of up to 10g/L and 20g/L HA respectively inhibited partially and completely 

the acetotrophic methanogenesis (Yap, 2018). Similarly, Liu et al. (2015) reported that HA improved 

solubilization of carbohydrate and protein sludge as well as the activities of hydrolysis enzymes but 

inhibited the activity of acetoclastic methanogens because of the competition for electrons resulting 

in low VFA conversion to methane and encouraged short-chain fatty acid production from sludge. 

On the contrary, Li et al. (2019b) showed that although HA addition improved promoted acidogenesis 

by 101.5%, both hydrolysis (38.2%) and methanogenesis (52.2%) were inhibited.  

As it relates to the influence of arsenic compound on anaerobic digestion, Zhai et al. (2017), revealed 

that through PCR (qPCR) during anaerobic digestion, metabolism genes suitable for the valorization 

of arsenic were in abundance, hence the biotransformation of As from swine wastewater and total As 

reduction of up to 33 to 71%. Similarly, Banerjee (2010) reported that co-digestion of liquid market 

waste, liquid water hyacinth and primary sludge containing As and 99.69% of As was removed within 

50 days digestion period. This maximum reduction indicates that with adequate As dosage and 

properly acclimatized feedstock may not inhibit anaerobic digestion process significantly (Banerjee, 

2010).  
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In conclusion, according to Azman et al. (2015) and Wilfert et al. (2015), ICP-AES revealed the 

binding ability of chelating and antagonistic substances, hence the mitigation capability of iron 

addition on HA and As ultimately results in phosphate release. However, the optimum combination 

of iron additives (accelerant) and P-antagonists (HA and As), will enhance anaerobic digestion as 

well as achieve P release, which is the focus of this study. 

 

2.9 Summary 

The literature review has revealed the current global energy status, demand-gap and the 

corresponding population rise and the need to energy recovery from alternative energy sources like 

anaerobic digestion. There abounds waste, energy crop sources and emerging substrate types for 

anaerobic digestion, but most of them need some form of enhancement to achieve maximum energy 

recovery. Process enhancement, which includes substrate pretreatment, co-digestion and additive 

supplementation, can aid biodegradability, provide deficient nutrient for microorganisms, destroy 

pathogens, increase methane quantity among others. Previous studies state that iron-based additives 

are a cheap and effective additive type widely used for anaerobic digestion enhancement. Although 

iron-based additives improve biogas yield and other anaerobic digestion activities. They react when 

in ionic forms with other soluble nutrients, resulting in the formation of complex non-biodegradable 

substance and low soluble P-availability in the digestate. However, research gaps in achieving both 

optimum biogas yield and phosphate release were found. Although varying influences of these 

additives had been studied individually with contradictory results. The dosage optimization and 

simultaneous supplementation of these chelating substances and antagonists seem to hold some 

potentials in achieving the identified research gap.  
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Chapter Three 

 

Characterization and Ranking of Agro-industrial Wastes Based on Their Energy 

and Phosphorus Potentials 

This chapter is adapted from: Ugwu, S. N., and Enweremadu, C. C. (2020). Ranking of energy potentials of agro-industrial 

wastes: Bioconversion and thermo-conversion approach. Energy Reports, 6, 2794-2802. 

 

3.1 Introduction 

Over the last two decades, the population of the world has incrementally risen by about 1.5 billion 

people (Ashraf et al. 2019; World Bank, 2015). This continuous population rise has widened the 

energy demand-supply gap and hastened the depletion of non-renewable resources like phosphorus 

(P), leaving over 1.2 billion without access to conventional energy and threatening the continuous P 

availability globally (Leng et al. 2019; World Bank, 2015). This energy-gap is predominantly 

satisfied with energy from fossil sources (Natural gas, oil and coal), which its usage rose by about 

2.2% in 2017 and is expected to reach 49% by 2035 (Ashraf et al. 2019; BP, 2018; Nhuchhen and 

Abdul Salam, 2012). According to BP (2018) and Energy Information Administration (2010), the 

reliance on these fossil fuel sources for about 87% of the global energy need amounted to 1.6% rise 

in carbon release in two years and is projected to reach 42.4 billion tons in 2035. Amidst the projected 

extinction of global oil reserves in the next 52 years, the remarkable growth of 17% in renewable 

energy utilization if improved upon continuously, will reduce the current energy crisis and curb 

environmental degradation occasioned by the use of fossil fuels (BP, 2018; Nhuchhen and Abdul-

Salam, 2012). 

  

The widening energy insecurity and environmental concerns favour the need for alternative energy 

sources and attainment of energy mix diversification (Ashraf et al. 2019). The worldwide annual 

potential of biomass-based energy resources is about 56 EJ and has the highest chance of reducing 

the reliance on fossil energy sources (Hiloidhari et al. 2014). According to Fox and Fimeche (2013), 

about 30 to 50% of global food production are lost through postharvest operations. However, about 

27 to 52kg/d of cattle manure with P potentials of between 8.4 to 64.2g/d can be generated per animal, 

in the United States with about 89.3million cattle, an estimated 1.17 billion Mg of manure are 

generated (Pagliari et al. 2020). Similarly, other livestock generates an appreciable amount of manure 

and P but varies from each other based on their breeds, diets, body sizes, performances and other 

variables (Pagliari et al. 2020). Moreover, the biomass-based energy with a capacity of zero net 

balanced CO2 emissions and low carbon footprint, exists plentifully at cheaper prices, mostly 
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generated across the agro-processing value chain and can be combusted, pyrolyzed, fermented, 

gasified or anaerobically digested to form a liquid, solid or gaseous energy sources (Ashraf et al., 

2019; Gao et al., 2018; Hiloidhari et al. 2014). This biomass for bioenergy and residues from energy 

generation are sources for P and could be applied directly to the land, composted or treated for P 

recovery (Leng et al. 2019). 

 

In South Africa, one-third of the 31 million tonnes of food produced per annum are lost as food 

wastes. Of this number, only 10% are currently recycled (StatsSA, 2018). It is estimated that a large 

amount of agro-industrial waste (from livestock, meat processing, crop processing, among others.) is 

generated annually with combined energy generation potential of 2.800 GWh per annum when 

digested anaerobically (ARC, 2016). Currently, most of these agro-based wastes and other 

biodegradable wastes are either burnt or disposed of in the landfills, emitting ozone-depleting 

substances like methane and CO2 (Browne and Murphy, 2013). South Africa is one of the top 15 

globally in CO2 emission. This is because about 90% of her energy supply is of fossil origin (mainly 

coal) (DoE, 2016; CSIR,2016). Ashraf et al. (2019) suggested that retrofit solution of partially 

substituting coal with biomass/organic wastes could reduce the emission of greenhouse gases.  

 

Anaerobic digestion and controlled thermal degradation of these biomasses/organic wastes for energy 

recovery is a strategic way of averting the unsafe disposal (incineration or landfills). Renewable 

energy production from anaerobic digestion of biomass is a sustainable means of waste reuse. It is an 

efficient means of converting waste biomass to biomethane and nutrient-rich digestate (Cai et al. 

2019; Ugwu and Enweremadu, 2019; Browne and Murphy, 2013). Biochemical methane potential 

(BMP) test which is divided into experimental and theoretical BMP (TBMP), is a method for 

assessing the maximum upper range of methane yield from biodegradable biomass; it provides an 

index for biodegradability and baseline for optimizing methane production (Angelidaki et al. 2009). 

Estimates from BMP of substrates are also used in the economic and technical feasibility studies prior 

to construction of anaerobic digesters and determination of other operational requirements (Holliger 

et al. 2016). BMP is expressed in mL CH4 at STP per amount of organic component added or removed 

(VS or COD basis). 

 

The experimental BMP has a harmonized standardized protocol of determination and it is dependent 

on inoculum sources, quality and preparation; substrate types, preparation and storage; inoculum to 

substrate ratio (with crucial influence on the kinetics), test setup, etc. (Holliger et al. 2016; Strömberg 



61 

 

et al. 2014). However, the TBMP is a quick method of determining the BMP of substrates through 

the estimation of elemental compositions (C, H, O, N, S) using Buswell/Boyle’s equation, organic 

fraction compositions (lipids, proteins, and carbohydrates) or Chemical Oxygen Demand (COD), etc. 

(Raposo et al. 2011). The experimental BMP often has lower yield values than the TBMP. Both the 

experimental and the theoretical BMPs are used to calculate the biodegradability based on 

biomethane yield (BDCH4 %= Experimental BMP/TBMP *100).  

 

Unlike in biochemical conversion, which involves slow degradation of substrates during anaerobic 

digestion into minute molecules with minimal energy, the thermal conversion is an energy-

demanding and destructive means of recovering energy from biomass (Shi et al. 2016). The thermal 

conversion involves the determination of the biomass heating/calorific values and processes like 

dehydration, deoxygenation and dihydroxylation (Chen et al. 2017). The heating values of biomass 

are fundamental in selecting the biomass for energy generation and evaluating its potential for 

economic viability (Akhtar et al. 2019). However, biomass calorific values are determined through 

computational models or direct measurements (Shi et al. 2016). According to Hosokai et al. (2016), 

there are many computational models for evaluation biomass calorific values, but the Dulong and 

modified Dulong are mostly used based on their precision and adaptability.  

 

Adequate information on the properties of biomass aids the prediction of its thermal processes and 

environmental impacts (Braz and Crnkovic, 2014). Biomass is thermochemically transformed at a 

temperature range between 200 and 320oC into more dense, hydrophobic solid fuel in a process called 

torrefaction. Its product serves as a great renewable fuel source for both off-grid power and heat 

application (Gent et al. 2017). Similarly, a complex thermochemical process which in the absence of 

oxygen and a temperature greater than 250oC facilitates the volatile compounds release, liquid 

formation (bio-oil), and high energy-dense biochar with higher calorific value is known as pyrolysis 

(Shi et al. 2016). These thermal decomposition techniques of biomass or associated materials are 

referred to as thermal analysis or thermogravimetry, it reveals the behaviours of biomass during 

thermal decomposition and exhibits multiple steps with varying activation energies (Ashraf et al. 

2019). According to Braz and Crnkovic (2014), the knowledge of biomass thermogravimetry 

provides valid insights into the complex reactions throughout the entire thermochemical conversion 

(torrefaction, pyrolysis, etc.). However, aside from the beneficial products of the thermal conversion 

process, an enormous amount of nutrient-rich wastes (Leng et al. 2019). 
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These agro-industrial wastes and wastes from energy recovery processes (digestates, ashes, chars, 

etc.) are rich in phosphorus and if not properly characterized and managed before disposal, they 

constitute serious environmental menace (Li et al. 2020; Pagliari et al. 2020). Phosphorus is an 

essential, but limited element for plant, animal growth and biochemical reactions (Li et al. 2020). It 

is originally obtained from phosphate-bearing rock and is estimated to depleted in the next few years 

and not evenly distributed (71% in Morocco and Western Sahara) (Leng et al. 2019; USGS, 2019). 

However, organic matters of plant and animal origin are nutrient resource banks, mainly phosphorus, 

potassium and nitrogen (Li et al. 2020). Similarly, since the quantity of P content of these wastes is 

not known, they are excessively applied on lands for agricultural purposes leading to P buildup hence 

the adverse environmental impacts like surface water eutrophication and groundwater contamination 

via P-leaching (Pagliari et al 2020; Komiyama and Ito 2019). Waste types and sources, handling, 

storage and treatments (physical, chemical and biological and composting) affect P contents and 

bioavailability. According to (Komiyama and Ito 2019), the characterization of P content is essential 

for both agricultural and environmental management purposes. As reported in Komiyama and Ito 

(2019) and Leng et al. (2019), determination of phosphorus composition in waste streams help in the 

design and selection of appropriate technologies for precise usage or recovery, hence this study.  

  

In this study eighteen identified waste biomasses from South African agro-processes were 

characterized based on their elemental compositions and solid compositions, both the theoretical and 

experimental biomethane potential of biomass via biochemical conversion, the calorific values, the 

thermal degradability (at torrefaction and pyrolysis stages) of these biomasses were also determined. 

Based on the results of all the characterizations and analyses, the biomasses were ranked on their 

energy generation capabilities and phosphorus recovery potentials. 

 

3.2 Materials and methods 

The eighteen (18) biomasses of both plant and animal origin were selected based on their availability 

and waste generation capacity (Ogejo, et al., 2010; StatsSA, 2018; FAOSTAT, 2017; ARC, 2016). 

They were sampled from different areas of Gauteng Province, South Africa as shown in Table 3.1. 

About 0.5 kg of each waste sample were collected and divided into portions for biomethane potential 

test (BMP), chemical analysis, proximate and ultimate analysis and the last portion were used for 

thermogravimetry studies. The inoculum was collected from an active anaerobic digester at the 

Department of Mechanical Engineering, University of Johannesburg. All samples were dried, ground 

and sealed or stored in a 4oC cold room before use.  
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Table 3. 1 Biomasses parts used and their sources 
S/N Substrates Used parts Source Waste generation Capacity in South 

Africa 

1 Egg Shells and spoilt 

content 

ARC, Irene 155750 Mg/a 

 

2 Chicken Droppings ARC, Irene 2 853751 Mg/a Solid manure 

289140 Mg/a Slaughterhouse 

3 Fish Fish processing wastes Fresh Produce Market, 

Johannesburg 

62400 Mg/a 

4 Avocado Seed, Mesocarps and 

pomace 

Fresh Produce Market, 

Johannesburg 

34562 Mg/a 

 

5 Cow Dung ARC, Irene 259894 Mg/a (Slaughterhouse)  

1764000 Mg/a (Solid manure) 

10238743 Mg/a liquid manure (Diary) 

6 Pumpkin Spoilt whole part and 

peelings, seeds 

Fresh Produce Market, 

Johannesburg 

130189.80 Mg/a 

 

7 Okra Pods and stalks Organic Farm Centurion *2892385 Mg/a 

 

8 Potatoes Peelings Fresh Produce Market, 

Johannesburg 

906700.20 Mg/a 

 

9 Pineapple Peelings and pomace Fresh Produce Market, 

Johannesburg 

74272 Mg/a – Pomace 

10 Pig Dung ARC, Irene 1 368 946 Mg/a (Solid manure) 

45019 Mg/a (Slaughterhouse) 

11 Goat Dung ARC, Irene 735475 Mg/a 

12 Sheep Dung ARC, Irene 15137280 Mg/a 

13 Carrot Pomace and peelings Fresh Produce Market, 

Johannesburg 

103715.80 Mg/a  

 

14 Grapefruit Peelings and pomace Fresh Produce Market, 

Johannesburg 

187724 Mg/a 

 

15 Garlic Dried bulbs and stalks Organic Farm, Centurion 900 Mg/a 

16 Chilis Leaves and spoilt fruit UNISA Greenhouse, 

Florida 

6743.25 Mg/a 

17 Meat Beef fat (processing) Abattoir, 

Bronkhorstspruit 

36593 Mg/a 

18 Peanut Spoilt nuts and chaffs Black Cat Peanut Butter, 

Johannesburg 

53389 Mg/a 

 
ARC: Agricultural Research Council, UNISA: University of South Africa, * = Global data, (FAOSTAT, 2017, StatsSA, 2018, Ogejo 

et al. 2010) 

 

Portions of the ground biomass samples in triplicates were subjected to proximate analysis as 

described in Akhtar et al. (2019) for ash, volatile matter (VM) and moisture content determination. 

The percentage composition of the fixed carbon (FC) was calculated from the balance difference as 

shown below. 

 

𝐹𝐶 % =  100 – (𝐴𝑠ℎ % +  𝑉𝑀 %)                                              [3.1] 

 

Prior to the BMP test, total solids and the volatile solids of both the inoculum and substrates were 

determined using the APHA standard methods (Barbeau et al. 2014). The Thermo scientific Flash 
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2000 Organic Elemental Analyzer was used for ultimate (CHNS) analysis of the biomass samples. 

The Analyzer with oxygen combusting at 250 ml/min and helium as carrier gas flowing at 140 

ml/min, had its maximum temperature set at 950oC and retention time of 610 sec. The oxygen content 

of the substrates was determined thus based on VS %: C+H+N+S+ Ash = 99.5 (Rincón et al. 2012). 

  

Thermogravimetric analysis (TGA) of the biomass samples were conducted as described in Shi et al. 

(2016) with PerkinElmer Pyris 1 TGA. The TGA operated from switching gas to Nitrogen at a flow 

rate of 20.0 ml/min. The weight of the samples kept in the ceramic crucibles was between 10.37 and 

13.92 mg. The system was configured to hold temperature at 105.0°C for 30.0 min, then the heat of 

the chamber rose from 105.0°C to 800.0°C at 10.0°C/min. This heating rate was used to understand 

the thermal degradation pattern at both the torrefaction and pyrolysis stages. 

 

With the aid of the AMPTS II BMP Assay (Bioprocess Control, Sweden) and its standard procedures, 

the BMP of the eighteen substrates listed in Table 3.1 were performed in triplicate and at mesophilic 

temperature (37±1oC) for 30 days. The batch processes were carried out with 500 mL capacity 

reaction bottles, each reactor was filled to 400 mL of the total volume with inoculum and substrate at 

inoculum to substrate ratio (ISR) 2:1). Nitrogen gas (Afrox gas, South Africa) was used to flush out 

oxygen from the reactors. The results from the data logging platform of the reactors were retrieved 

and processed. 

 

The chemical compositions some anion determination, samples were dried, ground, mixed with 

0.035M of carbonate/bicarbonate buffer extraction for 2hours, centrifuged and filtered with 0.45 µm 

x 28mm syringe filters membranes (Glassworld, South Africa). The filtrates were injected in 

triplicates via automatic sampler into intelligent Metrohm ion chromatograph 882 Compact IC plus 

1 – Anion (Herisau, Switzerland) equipped with a conductivity detector and Metrohm suppressor 

module (MSM) was used for the chromatographic determination of anions via automatic integration. 

The separation was carried out on a Metrosep A Supp 5 (150 /4 mm) anion exchange column. Briefly, 

50 mmol L−1 of sulfuric acid (H2SO4) was used for continuous regeneration of the suppressor. A 

mixture of 1.0mMol NaHCO3 + 3.0mMol Na2CO3 was used as eluent, the flow rate of 0.7 mL/min 

while the total run time was 17 minutes. Multi-anionic standard solution (PerkinElmer, USA) 

containing the target anions (Fluoride, Bromide, Chloride, Nitrate, Phosphate and Sulfate) with a 

stock concentration of 100 mg L−1 was used to prepare calibration curve in the range of 0.16 to 

100 mg L−1. After the analysis, MagIC Net 2.3 (Metrohm) software was used for data acquisition and 
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data analysis.  

 

25mg of organic wastes were digested with digestion reagent (4M HNO3 + 1M H2O2) in a microwave-

assisted oven for total digestion time 50minutes (20mins for heating and 30mins for cooling) and 

maximum temperature of 180oC. The digested sample for chemical compositional analysis was 

filtered with 0.45 µm x 28mm syringe filters membranes (Glassworld, South Africa). A total of eight 

analytes (P, K, Ca, Mg, Fe, Zn, Na and As) were determined by directly introducing samples into the 

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) (NeXION 350D, PerkinElmer, USA) in 

triplicates. Analytes were determined under the following conditions: Cyclonic spray chamber, RF 

power of 1400 kW, 1.2 L/min auxiliary gas flow rate, 15.5 L/min plasma gas flow rate, 

6 mL/min sample uptake and 50 ms dwell time. Standard solution for PerkinElmer NeXION set up 

containing many cations was used for checking standard performance. 1 mg/L of P standard solution 

was prepared from KH2PO4 in 1% HNO3 and combined with the other standard solution. The masses 

used for analyzing the analytes were P (31), K(39), Ca(43), Mg(24), Fe(57), Zn(66), Na(23) and 

As(75) atomic mass unit. Using 1% HNO3, the multi-element standard solution (PerkinElmer, USA) 

was serially diluted from 0.1mg/L to 1mg/L, were later used to obtain the calibration curve for 

quantification. ICP-MS Syngistix software was used for acquisition and analysis of data.   

 

Theoretical biomethane potential (TBMP) of each substrate was calculated based on their elemental 

composition using Buswell’s Equation (Buswell and Mueller, 1952; Browne and Murphy, 2013). The 

TBMPs and biodegradability were also calculated as shown in Equations 2 to 4.  
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         [3.3] 

 

𝐵𝐷𝐶𝐻4
=

𝐵𝑀𝑃

𝑇𝐵𝑀𝑃
∗  100          [3.4] 

 

Where Methane Energy content = 37.78 MJ/m3 at STP  

 C, H, O, N, S = Carbon, Hydrogen, Oxygen, Nitrogen, Sulfur (VS %) 

 TBMP = Theoretical biomethane potential at STP (
𝑚𝐿𝐶𝐻4

𝑔𝑉𝑆
) 
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 BDCH4 = Anaerobic biodegradability (%) 

  

According to Archinas and Euverink (2016), TBMP assumes that microbial condition is ideal, that 

all substrates were used-up, complete mixing and that constant temperature; substrate compositions 

are restricted to only C, H, O, N, S and CH4, CO2, NH3 as its output. 

 

The efficacy of fuels is not only dependent on proximate and ultimate analysis but also the atomic 

ratios (Sing et al., 2017). These atomic ratios as reported in Chen et al. (1986) and Basu, (2010) 

include the effective hydrogen to carbon molar ratio, hydrogen to carbon and oxygen to carbon ratio 

which is determined using equation 5 and 6. The calorific values (High heating values (HHVs)) of 

the biomass samples were calculated with the elemental composition using modified Dulong’s 

equation for HHV estimation (equation 7) as stated in Shi et al. (2016), Akhtar et al., (2019) Browne 

and Murphy (2013).  

 

𝐻 𝐶𝑒𝑓𝑓⁄ = (𝐻 − 2𝑂) 𝐶⁄         [3.5] 

𝐻 𝐶⁄ = 1.4125(𝑂 𝐶⁄ ) + 0.5004       [3.6] 

𝐻𝐻𝑉 (
𝑘𝐽

𝑘𝑔
) = 337[𝐶] + 1419[𝐻] − 0.125[𝑂] + 93[𝑆] + 23[𝑁]                                 [3.7] 

 

Where H/Ceff = Effective hydrogen to carbon molar ratio  

O/C = Oxygen-to-carbon molar ratio 

H/C = Hydrogen-to-carbon molar ratio 

HHV = Higher heating value (kJ/kg) 

 

The BMP results of the eighteen substrates were predicted with both first-order kinetic and modified 

Gompertz models in this study. The first-order kinetic model assesses the biomethane production 

kinetics, while the modified Gompertz model is based on the view that the biogas production rate 

corresponds to the rate of methanogenic bacterial growth rate during anaerobic digestion processes 

(Ugwu and Enweremadu, 2019; Cai et al. 2019). Both models are stated below as equations 8 and 9. 

 

𝑌 = 𝑦𝑚(1 − exp (−𝑘𝑡))            [3.8] 
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𝑌 = 𝑦𝑚. 𝑒𝑥𝑝 {− exp [
𝑅𝑚𝑎𝑥.𝑒

𝑦𝑚
(𝜆 − t)] + 1}       [3.9] 

Where: 

- Y is the accumulated bio-methane at the time t, mL/g VS  

- ym is the potential methane production, mL/g VS,  

- k is the methane production rate constant (day-1) 

- Rmax is maximum methane production rate, mL/g VS·day 

- λ is lag-phase, day (d) 

- t is measured digestion time, day and e, exp (1) =2.718282.   

 

All the data used in this study were processed, curve-fitted and graphs plotted with Origin 9 Pro, 

MATLAB R2015b, PAST 3.26 and Microsoft Excel software. 

 

3.3 Results and discussions 

3.3.1 Characterization of chemical compositions  

The choice of reuse, recycling and treatment for disposal are largely dependent on waste 

characteristics. The chemical characteristics analysis of 18 agro-industrial wastes were conducted as 

described above to determine three soluble anions (orthophosphate (o-P), N and S), Total P and seven 

cations (K, Na, Ca, Mg, Fe, As and Zn). From the results obtained, variations in the chemical 

compositions of all substrates were observed as presented in Table 3.2. From the soluble analysis, pig 

and peanut wastes had the highest orthophosphate, the highest nitrate content was observed in both 

pumpkin waste and potato peels, sulfate contents of pineapple and meat wastes were higher than 

others. However, based on the total chemical analysis, it was revealed that wastes derived from animal 

remains and manures had higher chemical compositions (especially P and cations), this observation 

was consistent with the studies of Haroon et al. (2018). Total P (1007.64mg/kg) and o-P (167mg/kg) 

in pig manure were very high, this agrees with the report in Campos et al. (2014), that pig manure 

contains a high amount of P and is suitable for P recovery. 

 

Table 3. 2 Chemical characteristics of different types of agro-industrial wastes 

Substrates 
Phosphate 

(mg/kg) 

Total P 

(mg/kg) 

N 

(mg/kg) 

S 

(mg/kg) 

K 

(mg/kg) 

Ca 

(mg/kg) 

Mg 

(mg/kg) 

Fe 

(mg/kg) 

Zn 

(mg/kg) 

Na 

(mg/kg) 

As 

(mg/kg) 

Egg 47.45 97.01 4.50 17.02 44.54 88606.86 1623.47 26.76 0.19 156.17 40.83 

Chicken 8.52 394.65 4.98 7.88 575.09 7584.07 5093.50 1224.43 78.84 389.36 6.17 

Fish 13.65 2309.25 5.04 17.74 354.80 23194.40 2199.42 477.86 64.24 831.31 15.72 

avocado 16.62 69.05 6.28 8.12 535.07 118.20 657.34 51.30 6.30 14.95 0.44 

Cow 44.44 260.51 4.04 2.04 248.13 2475.47 3325.26 974.32 80.85 137.55 2.06 
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Pumpkin 9.61 262.58 13.09 26.36 1504.87 837.91 2931.28 136.54 20.82 182.09 0.36 

Okra 54.53 213.08 6.57 13.77 765.15 3144.28 5445.05 95.30 17.95 59.52 2.08 

Potato 22.45 148.96 13.69 11.76 1270.50 261.96 1040.67 323.92 6.87 41.50 0.21 

Pineapple 8.70 78.51 10.76 36.04 1484.64 418.37 1186.81 183.33 2.76 15.10 0.05 

Pig 167.36 1007.64 4.04 2.70 860.24 5667.70 5352.22 1774.41 251.12 220.86 4.62 

Goat 4.67 224.82 3.15 26.55 459.23 6144.41 4968.31 1509.25 30.23 354.42 4.68 

Sheep 2.82 787.24 3.38 33.93 631.44 8432.20 6576.77 2880.17 181.24 684.39 7.98 

Carrot 44.51 157.28 7.61 3.84 1574.00 4568.31 1126.49 167.35 10.00 461.85 2.77 

Grape 1.28 55.69 5.04 17.74 537.16 1242.46 568.64 8.53 1.64 19.89 0.36 

Garlic 2.82 124.68 3.38 33.93 1139.45 3122.88 1847.59 4133.68 14.05 65.47 4.12 

Chilis 11.60 218.12 2.50 11.76 1358.31 613.88 1567.06 156.29 15.64 8.21 0.09 

Meat 74.53 109.10 3.63 35.14 104.70 48.04 138.84 59.99 7.17 162.36 0.66 

Peanut 140.28 203.28 3.99 16.47 562.78 228.86 1502.48 125.13 10.81 0 0.12 

 

3.3.2  Characterization results 

The ultimate and proximate properties of all the biomass samples studied are displayed in Tables 3.3 

and 3.4. From the results, low TS % and VS % (wet basis) was observed in biomasses of fruit and 

vegetable origin with chilis having the lowest TS % and VS % respectively at 7.03 % and 6.51 %, 

while oil-bearing biomasses like peanut having the highest TS % (97.6 %) and VS % of (91.7 %). 

Except for egg waste, high biomass VS % (dry basis (VS/TS)) were recorded in all the samples with 

the highest value of 95.6 % from peanut, indicating the high availability of organic matter and energy 

content, which according to Zhao et al. (2016) and Li et al. (2013) are essential for anaerobic digestion 

and energy recovery process.  

 

Among the evaluated biomasses, meat waste with higher carbon content (70.95 %), had higher 

heating value (36.64 MJ/kg). This is in line with the view of Braz and Crnkovic (2014) that biomass 

with high carbon content has high heating values. The high nitrogen contents observed in fish, 

chicken, and egg wastes resulted in the noticed lower C/N ratios. These values are below the 

recommend optimum C/N range of between 15 and 30 % for higher biomethane yields, hence the 

need for co-digestion with carbon-rich substrates (Li et al., 2013). The ash contents of fourteen 

biomass samples were below the 8 % recommended in Shi et al. (2016) as being beneficial in 

enhancing combustion facility operation and reducing energy consumption in transportation. The egg 

had the highest ash content of 62 %. The garlic and egg wastes had the highest fixed carbon content 

among biomasses with the potential of generating more solids during the thermal degradation process. 
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Table 3. 3 Proximate and Ultimate values of Biomasses 

 

Among other things, classification based on the C, H, O atomic ratios (O/C and H/C) as estimated 

with Equation 6 is vital for understanding the heating values of substrates as fuels (Sing et al., 2017). 

It is also a yardstick for determining gasification process efficiency (Yadav and Jagadevan, 2014). 

The higher O/C ratio resulted in lower HHV as seen in Table 3.4, Chilis waste samples with high O/C 

ratio of 1.35 showed the lowest HHV value of 6.82 MJ/kg. Similarly, meat waste with low O/C ratios 

0.11 to recorded high energy density and HHV of 36.64 MJ/kg. This trend was akin to the report of 

Basu (2010), which showed that HHV reduced from 38 MJ/kg to 15 MJ/kg as the O/C increased from 

0.1 to 0.7. However, most of the substrates in this study were within the Van Krevelen’s diagram 

recommended biomass H/C (1.26 – 1.58) and O/C (0.4 – 0.8) ranges. These values are higher than 

those of coal (Quan and Gao, 2016). The H/C ratios observe similar trends as O/C among all the 

substrates studied. The predominantly low heating values of biomasses in this study is attributed to 

the high oxygen contents, which does not enhance combustion, but adversely affect biomass 

conversion to liquid fuel (Basu, 2010; Shi et al., 2016). However, high H/C results in low effective 

heating value, leading to release of more energy at the oxidation reaction, but in the presence of high 

O and H content, the H/C does not translate to high HHV (Braz and Crnkovic, 2014). This is because 

high oxygen consumes available hydrogen in biomass to yield water, which is not beneficial in the 

thermo-conversion process (Basu, 2010).  

 

Substrates N C O H S Ash content C/N TS % VM %  FC % 

Egg 3.03 23.49 7.65 2.311 1.02 62.50 7.75 58.76 18.90 18.60 

Chicken 3.94 37.16 45.01 4.81 0.96 8.13 9.44 28.60 77.90 13.97 

Fish 7.41 44.42 28.67 7.90 1.25 10.35 5.99 34.21 75.56 14.09 

Avocado 1.26 47.41 44.04 6.28 0.00 1.01 37.61 35.95 97.78 1.21 

Cow 1.98 44.11 45.63 5.53 0.00 2.76 22.31 18.80 88.27 14.49 

Pumpkin 3.50 48.85 39.33 6.67 0.00 1.65 13.95 16.71 92.32 6.03 

Okra 3.21 45.30 45.94 5.39 0.00 1.17 14.13 7.82 88.36 10.47 

Potatoes 2.15 42.20 48.05 5.84 0.00 1.76 19.64 17.99 93.39 4.85 

Pineapple 1.08 41.88 50.23 5.43 0.00 1.40 38.93 13.48 92.29 6.31 

Pig 1.97 40.39 45.53 5.29 0.00 6.82 20.54 31.56 81.54 11.63 

Goat 2.15 45.75 33.56 5.50 0.87 12.18 21.26 37.43 87.10 0.72 

Sheep 1.99 43.80 40.47 5.33 0.85 7.56 22.07 51.90 87.70 4.74 

Carrot 2.17 42.45 47.63 5.55 0.00 2.19 19.57 9.88 81.86 15.95 

Grape 2.15 41.99 49.42 5.49 0.00 0.95 19.57 15.84 94.82 4.23 

Garlic 1.08 42.96 37.40 5.49 0.88 12.20 39.82 28.97 67.64 20.17 

Chilis 2.31 33.32 59.50 4.23 0.00 0.65 14.43 7.03 92.61 6.74 

Meat 0.70 70.95 16.90 11.01 0.00 0.44 101.69 75.52 99.50 0.06 

Peanut 3.30 59.27 22.39 8.18 0.00 6.86 17.96 97.56 93.95 0.81 



70 

 

H/Ceff, ratio estimates the economic viability and possibility of biomass conversion into hydrocarbons.  

The H/Ceff, ratios in Table 3.4 as calculated with Equation 5 ranged between 1.15179 and -2.59471. 

Except for biomasses with rich oil contents, egg waste and highly fibrous pineapple waste, the H/Ceff 

of all other biomasses were within the limit of ≤ 0.5 as suggested in Basu (2013). The negative ratios 

as seen in most of the fruits and vegetable (moisture-laden wastes) suggest insufficiency of biomass 

hydrogen content for oxygen removal, hence achievement of high-quality fuel will necessitate the 

addition hydrogen or deoxygenation during torrefaction (Shi et al., 2016). Similarly, Chen et al. 

(1986) stated that substrate with less than 1.0 H/Ceff ratio is very difficult to upgrade the hydrogen-

deficient feedstocks for premium product yields, hence most of the substrates are either co-pyrolyzed 

with coal or better suited for other forms of bioenergy conversion. 

 

The heating value of a fuel is the amount of energy released per unit mass of such fuel when 

completely combusted (Sing et al., 2017). The suitability of the biomass sample for energy generation 

is dependent on its heating values and viability economically (Akhtar et al., 2019). In Table 3.4, the 

heating values (HHV and HHV based on VS %) are shown for all the biomass samples, HHVs are 

the gross heating values and in this study, it ranged between 6.815 (chilis) and 36.64 MJ/Kg (meat/fat) 

and based on VS %, the egg waste had the lowest HHV of 1.91 MJ/KgVS. The low calorific value 

based on VS % is attributable to the high solid content (ash % and FC %), which may affect the ease 

of operation (Shi et al., 2016). It could be deduced that the wastes from the animal carcass and oil-

bearing crop had the highest HHVs and lower output of solid content after thermal processes, thus 

enabling the reduced cost of operation. 

 

Table 3. 4 Summary of Energy Content, BMP and TBMP Parameters. 
Biomass HHV 

(MJ/Kg) 

HHV 

based on 

VS % 

(MJ/kgVS) 

BMP 

(mL/gVS) 

TBMP 

(mLCH4/

gVS) 

BCH4 

% 

Substrate Formula H/Ceff 

ratio 
O/C H/C 

Egg 10.09 1.91 477.30 630.48 75.70 C61.4H72O15N6.8S1 0.68 1.24 1.17 

Chicken 11.63 9.06 281.10 323.47 86.90 C103.7H159.8O94.3N6.8S1 -0.28 0.91 1.54 

Fish 15.20 11.48 532.03 542.82 98.01 C95H201.5O46.04N13.6S1 1.15 0.49 2.12 

Avocado 17.19 16.81 302.23 459.27 65.81 C43.9H69.2O30.6N1 0.18 0.70 1.58 

Cow 14.75 13.02 176.28 404.28 43.60 C26H38.8O20.2N1 -0.06 0.78 1.49 

Pumpkin 19.12 17.65 320.32 490.09 65.37 C16.3H26.5O9.8N1 0.423 0.60 1.63 

Okra 12.02 10.62 349.73 487.21 71.78 C16.8H23.4O12N1 -0.04 0.71 1.39 

Potatoes 14.12 13.18 295.05 381.18 77.40 C22.9H37.7O19.6N1 -0.07 0.86 1.65 

Pineapple 13.02 12.01 324.93 464.98 69.88 C45.4H70.1O20.3N1 0.65 0.45 1.54 

Pig 13.18 10.74 249.80 378.13 66.06 C45.4H37.4O77.6N1 -2.60 1.11 0.82 

Goat 17.49 15.23 127.74 509.33 25.08 C140.9H201.8O77.6N5.7S1 0.33 0.55 1.43 

Sheep 15.36 13.47 213.02 434.24 49.05 C137.1H198.8O95.1N5.3S1 0.06 0.69 1.45 

Carrot 13.88 11.36 295.42 378.64 78.02 C22.8H35.6O19.2N1 -0.12 0.84 1.56 

Grape 13.32 12.63 291.42 361.63 80.59 C22.8H35.6O20.2N1 -0.21 0.89 1.56 
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Garlic 15.83 10.71 267.06 471.67 56.62 C130.5H198.8O85.3N2.8S1 0.22 0.65 1.52 

Chilis 6.82 6.31 344.07 407.33 85.70 C16.8H25.4O22.6N1 -1.18 1.35 1.51 

Meat 36.64 36.46 780.92 907.87 86.02 C188.6H219.4O21.2N1 0.94 0.11 1.16 

Peanut 27.77 26.09 561.99 731.71 76.80 C21H34.4O6N1 1.067 0.29 1.64 

 

3.3.3. Biochemical conversion 

3.3.3.1 Biomethane potential and biodegradability 

After 30 days of digestion, the results of the experimental BMP are shown in Table 3.4. The BMPs 

of waste samples ranged from 780.915 to 127.735 mL/gVS. The highest yields were from the animal 

part and oil crop biomass; next to it was the BMP of fruits and vegetables with okra having the highest 

BMP (349.7304 mL/gVS) in that category. The least results were recorded from BMP of animal 

dungs, these patterns of results agree with Li et al. (2013) and Yan et al. (2017). Elemental 

compositions of biomasses in Table 3.3 were used to compute theoretical biomethane potential 

(TBMP) and the predictions were higher (907.8738 - 323.4703 mLCH4/gVS) than the experimental 

BMP results but followed the same trends in yields. These higher values of TBMP over those of 

experimental BMP were in line with the suggestions that TBMP calculations are predicated on the 

complete substrate degradation assumptions (Holliger et al., 2016; Strömberg et al., 2014). Wastes 

from the animal carcass and oil crops estimated higher methane yields than the lignocellulosic 

materials (Cai et al., 2019 and Li et al., 2013). The biodegradability (BDCH4) of organic substrates 

were calculated with Equations 4 and shown in Table 3.4. The animal manure and most of the 

lignocellulosic substrates recorded lower BDCH4 % (<70) as suggested in Raposo et al. (2011). This 

low BDCH4 in animal manure and lignocellulosic substrates is consistent with previous studies (Cai 

et., 2019; Li et al., 2013; Yan et al.,2017). 

 

3.3.3.2 Kinetic models (First-order kinetic and modified Gompertz model) 

The accumulated biomethane yield from the experiment was predicted with first-order kinetic and 

modified Gompertz equation. Vital model parameters (Ym, k, Rmax and λ) and model fitness indices 

(RMSE and R2) resulting from the model-fitting were evaluated from Equations 8 and 9 and presented 

in Tables 3.5 below. In the first-order kinetic model, all the model parameters and fitness indicators 

were generally low (Li et al. 2013). It was observed that nine out of the eighteen substrates, their 

experimental results could not be predicted by the first-order model. The k value, which is the 

hydrolysis constant and measures the biomethane production rate per time, nine substrates predicted 

successfully with positive k values ranging from 0.084 d-1 to 0.292 d-1, indicating swiftness in biogas 

production rate (Kafle et al., 2013). According to Cai et al. (2019), the failure to properly predict all 
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the substrates shows that the model may not be well suited for simulating anaerobic digestion process 

of some substrates.  

 

In the modified Gompertz model, the model kinetic parameter Rmax value, which is the rate of 

methane production was in the range of 16.582 mL/(g VS·d) to 116.424 mL/(g VS·d). According to 

Zhao et al. (2016) and Cai et al. (2019), higher value Rmax mostly suggests higher biomethane yield. 

Rmax is the methane production rate and the Rmax values were in the range of 8.6 mL/(g VS·d) to 60.4 

mL/(g VSd). The lag phase (λ) shows the adaptation time of methanogens for the substrate usage in 

anaerobic digestion process (Cai et al., 2019), as shown in Table 3.5, λ values ranged from 0.14 d to 

4.99 d, the substrates with lower λ value suggests early commencement of biodegradation. Meat/fat 

waste with the highest λ value may be as a result of its organic components or activeness of the 

inoculum (Xu et al., 2014; Cai et al., 2019). 

 

Table 3. 5 Kinetic parameters of cumulative biomethane production 
Substrate Yt 

(mL/g

VS) 

First-order kinetic model Modified Gompertz model 

Ym 

mL/gV

S) 

Predict 

Differe

nce % 

k (d-1) R2 RMSE Ym 

(mL/gV

S) 

Pred. 

Differe

nce % 

Rmax 

mL/(g 

VS·d) 

λ 

(d) 

R2 RMSE 

Egg 477.30 NP NP NP NP NP 474.13 0.67 64.668 3.52 0.9961 13.85 

Chicken 281.1 287.30 2.16 0.243 0.9657 14.89 281.4 0.11 55.425 0.80 0.9975 19 

Fish 532.03 NP NP NP NP NP 536.94 0.92 46.144 1.01 0.9975 11.12 

Avocado 302.23 320.18 5.61 0.084 0.9577 21.33 302.49 0.09 25.574 1.49 0.9828 13.85 

Cow 176.30 180.49 2.34 0.132 0.9917 4.914 174.09 1.24 16.582 0.14 0.9936 4.385 

Pumpkin 320.32 331.73 3.44 0.138 0.9079 32.37 318.18 0.67 45.466 2.19 0.9651 19.59 

Okra 344.73 338.45 1.86 0.292 0.979 12.34 332.7 3.49 69.177 0.23 0.9842 11.1 

Potatoes 295.05 302.96 2.61 0.218 0.9055 27.33 298.3 1.10 50.469 0.99 0.9524 19.74 

Pineapple 324.93 333.53 2.58 0.181 0.941 32.01 323.2 0.53 60.496 1.95 0.966 19.42 

Pig 249.80 249.93 0.051 0.134 0.984 9.52 239.26 4.22 25.144 0.42 0.9856 9.196 

Goat 125.74 NP NP NP NP NP 131.16 4.32 17.518 0.98 0.9787 8.34 

Sheep 213.02 NP NP NP NP NP 221.83 4.14 26.928 1.12 0.9685 16.78 

Carrot 295.42 301.71 2.09 0.182 0.8975 29.95 293.1 0.79 53.697 1.94 0.9602 19 

Grape 291.42 NP NP NP NP NP 293.0 0.54 60.448 1.51 0.9418 21.94 

Garlic 267.06 NP NP NP NP NP 271.12 1.52 30.201 2.54 0.9947 7.11 

Chilis 349.07 NP NP NP NP NP 350.5 0.41 82.948 0.86 0.9725 23.88 

Meat 780.92 NP NP NP NP NP 779.22 0.22 116.42 4.99 0.9914 28.82 

Peanut 561.99 NP NP NP NP NP 564.32 0.42 85.829 0.8 0.993 20.55 

 NP: Not successfully predicted 

 

The R2 values were in the range of 0.9418 and 0.9975 and the RMSE values were also from 4.385 to 

28.82. The biogas production potential (Ym) of 779.22 mL/gVS was observed in the meat/fat 

substrate, while the least value of 131.16 mL/gVS was obtained from goat dung substrate. These 

values were close to those of the experimental biogas yield. The prediction difference, which is one 

of the model fitness indicators (prediction difference, R2 and root mean square (RMSE)) ranged from 
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0.09 % to 4.32 %. All biomethane yield predictions were within the recommendation of Raposo et al. 

(2011), which stated that the prediction difference must be ≤10, above which the model is deemed 

unfit.  

 

It is evident from the results, that the modified Gompertz model was more suited for predicting the 

anaerobic digestion process of the 18 selected substrates than the first-order kinetic model. 

 

3.4. TG and DTG results of pyrolysis and torrefaction 

The polymeric composition of biomass at different percentages, such as lignin (10 – 40%), cellulose 

(40 – 50%), hemicellulose (25 – 35%) and other inorganics are responsible for the different thermal 

degradation patterns and reactions in these temperature ranges; cellulose (240 – 350oC), 

hemicellulose (180-260oC) and lignin (280 – 500oC) (Akhtar et al., 2019; Jin et al., 2013).  

 

The results of the thermal decomposition process are shown in the plots of TG (normalized weight 

loss), the DTG (rate of weight loss) and Char yields from torrefaction and pyrolysis of biomasses in 

Figs. 3.1 and 3.2. It could be observed that there was a significant weight loss between 50 and 105oC, 

it continued up to 150oC. These losses could be attributed to the volatilization of the remaining surface 

and chemically bound moisture as well as low molecular weight volatiles (Shi et al., 2016). Most of 

their transition points were between 230 and 250oC, except for the egg waste which was not denatured 

till 620oC. The associated weight loss within this range (230 - 250oC) is typical of cellulose and 

hemicellulose degradation phase or loss of short-chain hydrocarbons phase and it is also the 

torrefaction temperature (Akhtar et al., 2019 and Shi et al., 2016).  

 

Pyrolysis which is a biomass upgrading process lowers atomic H/C and O/C ratios, enhances heating 

values and achieves better solid fuel production (Braz and Crnkovic, 2014). The remains of the 

biomasses after the torrefaction and pyrolysis process are shown in Fig. 3.1. From the torrefaction 

result, the egg waste sample had the highest yield of 96.49% and the least value was from carrot waste 

of 59.43%. Aside wastes of fruit origin with highest weight losses, all other samples had relatively 

insignificant weight loss after torrefaction, making them good feedstocks for co-pyrolysis processes 

with coal, thus decreasing greenhouse emissions (CO2 and NO2) which is synonymous with coal 

combustion (Quan and Gao, 2016). The observed high char yields and brittleness of samples after 

torrefaction were corroborated in the report of Shi et al. (2016). Similarly, after the pyrolysis process, 

the meat/fat and peanut yielded (3.4%) and (16.37) respectively the lowest char, while the egg waste 
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had a yield of 50.42% highest char content was recorded. It is suggested that biomasses with low char 

yield after pyrolysis may have been converted into gases or bio-oil (Shi et al., 2016). Although the 

egg wastes had higher char yield after torrefaction, the oil-bearing wastes are better suited for 

pyrolysis because of their higher energy output and low operation cost on char yield management. 

 

 
Fig.3. 1 Char yield of Torrefaction and Pyrolysis of the Biomass Samples 

 

The TG and DTG curves in Fig. 3.2 describe the degradation behaviours of the samples tested. 

According to Shi et al. (2016), the curve variations are dependent on the nature of the analyte. The 

meat/fat and peanut had similar degradation peak between 312 and 430oC. Except for egg waste with 

degradation peak at a high temperature of 713oC, the significant losses of all other samples happened 

between 250 and 480oC, which shows that large amount cellulose, hemicellulose and lignin were 

decomposed, while remaining part represents gradual degradation of other polymers (Ashraf et al., 

2019; Shi et al., 2016).  
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(A) 

 
(B)     

Fig.3. 2 TG and DTG curves of Biomass Samples 

 

3.5 Ranking of substrates  

Ranking and classification is a vital way of evaluating properties of fuel and grouping the same based 

on similarity in characteristics (Basu, 2010). Biomasses used in this study were classified based on 

their biomass-to-energy (thermochemical or biochemical) conversion strategies. The suitability and 
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efficacy of fuel are not based on only the ultimate and proximate analysis, but it is also dependent on 

the atomic ratios H/Ceff and (H/C and O/C), which is represented in Fig. 3.3 as Van Krevelen plot and 

C, H, O ternary diagram (Sing et al, 2017; Basu, 2010). Other ranking criteria are energy content 

(BMP and HHV) and energy conversion (biochemical and thermochemical). 
 

 
Fig.3. 3 (A)Van Krevelen diagram showing the atomic ratio of H/C versus O/C. (B) C-H-O 

ternary plot of biomass showing the gasification process 

 

Based on the atomic ratios, the H/C and O/C ratios of the 18 substrates were plotted in the Van 

Kerelen diagram (Fig.3.3). According to Shi et al. (2016) and Sing et al. (2017), higher energy 

content, energy density and HHV are achieved at lower O/C and H/C ratios, resulting from more C-

to-C bonds than C-to-O bonds. The peanut waste has high HHV (27.77383), higher H/Ceff value 

(1.06667), lower O/C ratio (0.28571) and from the Van Krevelen and ternary diagram, it also showed 

high calorific values and lower oxygen content. According to the recommended bases for 

classification in Basu (2010), Shi et al. (2016) and Singh et al. (2017), it is evident that peanut waste 

met all the criteria for ranking like the meat/fat and fish wastes than other feedstocks. Cow dung with 

low H/C and O/C also showed great potentials. The least performance on all the ranking indices of 

atomic ratio was observed in the pig waste. 

 

From Table 3.4, the meat/fat waste with higher BMP (780 mL/gVs) and higher HHV (36.64356 

MJ/kg) is ranked top on the energy content (Biomethane potential (BMP) and higher heating value 

(HHV)) bases. Generally, all other animal parts and oil crops have high energy contents. Similarly, 

the thermochemical and biochemical performances were predicated on substrate degradability either 

anaerobically or thermally and char yield. Based on a suggestion in Shi et al. (2016), that low char 

A B 
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yielding biomasses have better gas and oil yield, it can be deduced from Fig. 3.1, that egg waste with 

higher char yield at both torrefaction and pyrolysis states ranked least in the thermal conversion 

criteria. The dung from goats with the lowest %BDCH4 of 25.07923, which is lower than the 

recommended %BDCH4 (<70) in Raposo et al. (2011) is ranked least for biochemical conversion 

purposes. 

 

As shown in Fig 3.2, the chemical compositions of plant-based wastes were lower than those of the 

animal-based wastes. Aside carrot (plant-based) waste with highest K of 1574.00 mg/kg, animal 

wastes showed higher cations values, the same trend was true for Total P. Although, Fish waste had 

the highest Total P and low o-P, but the pig manure had highest o-P and second-highest Total P. 

Based on the Olsen's method (extraction with sodium bicarbonates) reported in Leng et al. (2019) as 

being used for evaluation of P bioavailability and ease of release/recoverability, pig manure with 

higher o-P (bioavailable P) is ranked top.  

 

3.5 Summary 

The characterization and analysis of eighteen identified agro-waste biomasses in South Africa have 

been studied to categorize and rank them based on their energy contents and phosphate release 

potentials. In terms of phosphate recovery potentials, pig waste with highest o-P and second-highest 

Total P ranks top. Based on the results, wastes from the animal carcass and oil crop ranked best in 

energy conversion (thermal and biodegradability), energy content and minimal waste generation. 

Okra waste in the fruit and vegetable category, which was the second in rank, performed better than 

the others. Although the animal manure had high HHVs, it recorded very poor BMP yields. The 

modified Gompertz model predicted all substrates within acceptable limits with the goodness of fit. 

However, due to the low suitability of most biomass studied for thermo-conversion, bioconversion is 

recommended as the appropriate strategy for conversion of these wastes to energy. Co-digestion of 

high performing substrates with others (e.g., okra and pig wastes) is also suggested as well as 

pretreatments or enhancement of substrates before resource recovery should be encouraged.   
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Chapter Four 
 

Enhancement of Anaerobic Digestion of Selected Agro-industrial Waste for 

Biogas Production 
 

This chapter is adapted from: Ugwu, S. N. and Enweremadu, C.C.  (2020) Enhancing anaerobic digestion of okra waste 

with the addition of iron nanocomposite (Ppy/Fe3O4), Biofuels, 11:4, 503-512  

 

Ugwu, S. N. and Enweremadu, C. C. (2019). Biodegradability and kinetic studies on biomethane production from okra 

(Abelmoschus esculentus) waste. South African Journal of Science, 115(7-8), 1-5.  

  

Ugwu, S.N. and Enweremadu, C.C. (2019). Effects of pre-treatments and co-digestion on biogas production from Okra 

waste. Journal of Renewable and Sustainable Energy 11, 013101 (2019)  

 

Ugwu, S.N. and Enweremadu, C.C. (2019). Comparative Studies on the Effect of Selected Iron-Based Additives on 

Anaerobic Digestion of Okra Waste. In ASME 2019 13th International Conference on Energy American Society of 

Mechanical Engineers Digital Collection.   
 

4.1 Introduction 

The rapid population and energy demand have significantly increased in most emerging economies, 

triggering global concerns regarding the depletion rate of fossil fuel sources, their adverse impacts 

on the environment and the need to reduce the emission of greenhouse gases (Achinas and Euverink, 

2016; Deepanraj et al. 2015; Shafiee and Topal, 2008). These have engendered more interest in the 

development of renewable/alternative energy from biomasses and biodegradable wastes (Talha et al. 

2018). Biogas technology is a renewable energy type, which combines sustainable waste management 

and efficient biofuel production (Ding et al. 2017). This waste-to-energy process is an established 

technology for biogas production and waste volume reduction that operates through microbial-aided 

degradation of substrates under anaerobic condition involving different stages of hydrolysis, 

acidogenesis, acetogenesis and methanogenesis (Bharathiraja et al. 2018; Muvhiiwa et al. 2017). 

Anaerobic digestion has been underexploited in most developing climes like South Africa. According 

to the South African Biogas Industry Association (2015) and Damm and Triebel (2008), more than 

2.328 million households (about 25% of all families in South Africa) use local fossil fuel sources like 

charcoal and firewood to meet their energy demands. The high cost and unavailability of electricity 

in most informal and rural settlements has increased both the demand for and development of biogas 

technologies (Muvhiiwa et al. 2017).  

 

Although biogas production involves low-cost technology, availability of cheap feedstocks remains 

the major incentive for sustained investment in biogas production (Bharathiraja et al. 2018). The quest 

to ensure feedstock sustainability has necessitated the aggressive search for novel energy crops with 
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high biogas potentials, while optimizing methane generation potentials of existing feedstocks via 

enhancement processes (Bharathiraja et al. 2018; Li et al. 2018b; Aguilar-Aguilar et al. 2017; 

Tsapekos et al. 2017). The viability and degradability of wastes or otherwise for biogas production is 

determined through its biochemical methane potentials (BMP), which is a simple but reliable 

procedure for determining maximum methane volume produced per gram of the substrate’s volatile 

solid and indicates rate and extent of conversion of biodegradable organics to methane in an anaerobic 

digestion set-up (Jingura and Kamusoko, 2017; Raposo et al. 2011). BMP is either determined 

theoretically or experimentally. The BMP and biodegradability of most agro-industrial wastes have 

been evaluated with Buswell’s and modified Dulong’s equations among other BMP theoretical 

equations with the results of ultimate (carbon, hydrogen, nitrogen, sulfur and oxygen) (Jingura, and 

Kamusoko, 2017; Browne and Murphy, 2013; Li et al. 2013; Buswell and Mueller, 1952).  

 

Maximum biodegradability of substrates are not often attained because most feedstocks are composed 

of natural polymers such as starch, lignin (0-40 %), cellulose (15-99 %), hemicellulose (0-85 %), 

lipids, collagen, elastin, etc., monomers and synthesized polymers are the major components of 

biodegradable substrates (Akunna, 2018). For instance, lignocellulosic wastes like okra 

(Abelmoschus esculentus) waste are polymeric in nature containing lignin (7.1 %), hemicellulose 

(15.4 %), cellulose (67.5 %), pectin (3.4 %), protein and waxes (18%), fat (3.9 %) and crude fiber 

(25 %) (Alam and Khan 2007; Olaniyan and Omoleyomi 2013). Okra is an allopolyploid vegetable 

plant, grown predominantly (96%) in Asia and Africa (FAOSTAT, 2016), with waste generation 

capability of above 27 tons of biomass per hectare from foliage and stems (National Research 

Council, 2006). Similarly, just like other vegetables, wastes from harvest okra pods can be up to 30-

50% of the total yield (Bharathiraja et al. 2018). In Duman et al. (2017), it was reported that there is 

a State’s development policy on okra waste utilization from about 36,000 tons of okra produced per 

annum in Turkey. Currently, most of the dried wastes are directly used as a solid fuel for heating and 

the wet okra wastes disposed of in the landfill, these disposal options are neither environmentally 

sustainable nor economically viable (Bharathiraja et al. 2018). However, anaerobic digestion (co-

digestion or mono-digestion) has been described in Talha et al. (2018) as a more environmentally 

friendly means of treating biodegradable wastes and recovering biogas for beneficial uses. For energy 

purposes, bio-oil from okra seeds has been reportedly used for biodiesel production (Anwar et al. 

2010), but prior to the studies which form part of this thesis, no previous report had been recorded on 

anaerobic digestion of okra waste for biogas production in any form (mono-digestion, co-digestion, 

pretreated or enhanced). 
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Akin to other biodegradable organics, okra wastes are lignocellulosic waste-type which achieves slow 

and partial degradation during anaerobic digestion (Akunna, 2018; Duman et al. 2017), this dense 

and complex lignocellulosic structures, lowers hydrolysis rate, resulting in low degradability of 

substrates and low biogas yield, necessitating pretreatment, use of additives for nutrient fortification 

and acceleration of the hydrolysis, which is the rate-limiting stage in anaerobic digestion process 

(Bharathiraja et al. 2018; Choi et al. 2018; Ding et al. 2017). Enhancements of the anaerobic digestion 

process are necessary to overcome the main limiting factors associated with the availability of most 

substrates for biogas production. These factors include instability from essential nutrient deficiency, 

presence of inhibitors and polymeric structures of most substrates (Wang et al. 2018; Abdelsalam et 

al. 2017; Zhang et al. 2015). Anaerobic digestion enhancements facilitate the breakdown of 

recalcitrant complex polymeric substrates for increased biodegradability, increase process efficiency, 

startup speed and stability of the digestion process, reduce impact toxins and inhibitors, supply 

deficient nutrients for microbial stimulation, reduce HRT and lag phase, increase organic loading 

rate,  aid synthesis of necessary cofactors and coenzymes in methanogenesis, improve biogas yield 

and methane content (Akunna, 2018; Li et al. 2018; Kim et al. 2017; Baredar et al. 2016; Song et al. 

2014).   

 

Furthermore, co-digestion is an enhancement approach, which involves anaerobic digestion of more 

than one different, but complementary substrates to achieve increase organic loading rate of the 

digester, boast the C:N ratio, decrease biodegradation time and increase overall biogas production 

(Kougias and Angelidaki, 2018; Simth and Holtzapple, 2011). Previous studies have established that 

the interaction type within different waste streams affects the overall biogas yield positively (Mahanty 

et al. 2014). Bharathiraja et al, (2018) concluded that co-digestion of substrates enhances digestibility 

and gives the best biomethane yield both in quantity and quality. 

 

Previously, several pretreatment options, which include physical, mechanical, biological, chemical, 

physicochemical methods, etc. have been used to increase biodegradability and accelerate the 

hydrolysis stage of anaerobic digestion (Bharathiraja et al. 2018; Talha et al. 2018). Other than for 

biogas purposes, the mechanical, thermal and chemical pre-treatment of okra have been studied 

(Adelakun et al. 2009; De Rosa et al., 2010; Olaniyan and Omoleyomi, 2013). It has been observed 

that all the pre-treatments resulted in a decrease in the mechanical properties, which may be 

attributable to the substantial delignification and degradation of cellulose chains (De Rosa et al. 2010; 
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Kalia et al. 2009).  

 

Sodium hydroxide (NaOH), which is the most widely used type of alkaline, is reputed for 

delignification of lignocelluloses substrates, resulting in exposure of cellulose to microbes (Kalia et 

al. 2009; Talha et al. 2016). Talha et al. (2018) reported that in anaerobic digestion of lignocelluloses 

substrate, 6% NaOH pre-treatment gave the maximum yield. The combined effects of acid/alkali-

assisted steam/microwave heating and enzymolysis were harnessed to increase methane yield (Ding 

et al. 2017). Microwave irradiation has been reported as a good method of accelerating the hydrolysis 

of lignocellulosic materials and enhances enzymatic hydrolysis significantly (Zhao et al. 2017b, 

Bharathiraja et al, 2018). Hu et al. (2012) reported that the microwave pretreatment of cattail 

enhanced yield by 32% when co-digested with rumen microbes. While optimizing microwave 

pretreatment of lignocellulosic waste for enhancing methane production and comparing with the 

water-heat pretreated substrate, Zhao et al. (2017b) reported that the microwave-irradiated substrate 

increased by 38.3% in yield at an optimum time of 14.6 minutes. Similarly, Yu et al. (2017) examined 

the effect of microwave-assisted with alkaline (MW-A) pre-treatment of swine manure and found 

that the manure disintegration degree was maximized by 63.91% and digestion period shortened. 

Consequently, most of these pretreatment methods accelerate substrate hydrolysis and improve 

biomethane yield from lignocellulosic-rich biomass, but the low cost-efficiency arising from high 

chemical input and extra energy consumption, extreme pH and large salt formation limit 

methanogenic activities and impacts the operational cost (Zhao et al. 2018; Zhang et al. 2014a; 

Hashimoto, 2004).  

 

Moreover, additive supplementation is another form of anaerobic digestion enhancement, which 

involves the addition of trace elements such as Ni, Co, Mo, Fe, Se, etc. to increase microbial activities 

and ultimately achieve improved biogas yield (Chen et al. 2018; Mao et al. 2015). Additives are 

cheaper and more effective enhancement option for plant performance improvement (Abdelsalam et 

al. 2016). Among all the allochthonous additives like CO2, H2 and other trace elements (iron (Fe), 

etc.) previously studied for anaerobic digestion enhancement, the Fe supplementation showed better 

advantage (Zhao et al. 2018; Hao et al. 2017; Liu et al. 2016). 

 

Iron (Fe2+ and Fe3+) ions are vital for energy acquisition and DNA replication in biological activities 

of all living creatures (Casals et al. 2014; Banfield and Zhang, 2001). The role of iron as both electron 

donor and acceptor makes it an important cofactor for several proteins and its homeostatic capabilities 
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is also very essential for the survival of cells/methanogens (Emerson et al. 2010). Fe additives 

decrease oxidative-reductive potentials, improves the hydrolysis-acidification enzyme activities and 

enhances digestion environment (Feng et al. 2014). Excess ions of iron in the anaerobic environment 

can result in Fenton reaction from reactive oxygen produced, causing toxicity to microbes and 

generate deleterious radicals to biomolecules (Casals et al. 2014; Tang and Lo, 2013). The deficiency 

of Fe ions due to its consumption by methanogens and reduction in Fe supply reduces the growth rate 

of the digester microorganisms (Chen et al. 2018; Ram et al. 2000). However, Casals et al. (2014) 

suggested that maintaining optimum concentrations of iron in an anaerobic digester is a critical step 

to boost bacterial activity. Several iron-based additive types have been used for enhanced biogas 

production.  

 

It was reported in Zhang et al. (2015) that the supplementation of Fe (100 mg/L) with other trace 

metals helped in achieving a great methane yield in the anaerobic digestion of food waste. Demirel 

and Scherer (2011) reported in their review that for both substrates (cow dung and poultry litter), the 

addition of FeSO4 improved methane content and biogas production during a batch anaerobic 

digestion experiment. Hansen et al. (1999), also reported that an increase of about 60 % biogas yield 

was recorded when FeCl3 was added to the anaerobic digestion of water hyacinth-cattle dung. 

Ambuchi et al. (2016) reported that Hematite (iron oxide (Fe2O3)) enhanced biogas production from 

beet-sugar industry waste (BSIW). Red mud (45 % Fe2O3) which also promoted methane production 

(35.52 ± 2.64 % increase compared with the control (Ye et al. 2018), iron powder (1.6 %) also 

increased biogas yield by 40 % (Suanon et al. 2017). 

 

Although other sources of Fe ions accelerate anaerobic digestion processes, the evolution of 

nanotechnology has shown to be an attractive option due to its nano-sizes, which increases the 

penetrability of cell membranes in biological systems and facilitation of distribution, uptake, 

metabolism, etc. (Powell et al. 2010). Nanomaterials have unique properties such as self-assembly 

and dispersibility, high reactivity due to high surface area to volume ratio, large surface area and high 

specificity (Wang et al. 2018; Nassar, 2012). Kadar et al. (2012) suggested that the nanoparticulate 

form of iron nanoparticles made Fe more available for microalgae than other metals. Recently, the 

viability of nano-iron additives (nZVI, nano-Fe3O4, iron nanoparticle, etc.) in anaerobic digestion has 

ensured enhanced biogas production in both quality and quantity of the methane content (Abdelsalam 

et al. 2017; Wang et al. 2018; Casals et al. 2014; Suanon et al. 2017; Amen et al. 2017).  
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Conductive iron oxides like Fe3O4 nanoparticles (NPs) have been reported to promote the growth of 

methanogen, facilitates direct interspecies electron transfer in syntrophic methane production, 

improves hydrolysis, solubilization and acidification stages through dissimilatory process of iron 

reduction and wields great potential in the degradation of complex organics (Chen et al. 2018; Zhao 

et al. 2018; Tan et al. 2015; Zhuang et al. 2015). Although Fe3O4 is one of the superior types of iron 

oxide NPs in the anaerobic digestion process, the activities of excess Fe3O4 can inhibit 

methanogenesis, because it is an electron acceptor that can contend for electrons with methanogens 

(Noonari et al. 2019; Romero-Guiza et al. 2016; Auffan et al. 2008). Casal et al. (2014) reported the 

use of a novel, optimal and continued release Fe3O4 NPs to the digester to achieve 180% rise in biogas 

yield. The addition of 0.5% dose of Fe3O4 NPs to an anaerobic digestion process resulted in optimum 

biogas yield and improved stabilization of metals in the digestates Suanon et al. (2016). Abdelsalam 

et al. (2017) reported that the use of 20 mg/L Fe3O4 NPs gave the highest yield of 584 mL/gVS and 

351.8 mL CH4 g/VS for specific biogas and methane yield respectively. In Ali et al. (2017), a different 

optimum dose (75 mg/L) of Fe3O4 NPs resulted in the highest cumulative methane yield (5000 

mL/gVS).  

 

Akin to other Fe3O4 magnetic NPs previously applied in solving diverse environmental challenges, 

polypyrrole magnetic NPs (PPy/Fe3O4) with great qualities has attracted attention and has been 

extensively used in providing environmental solutions (Abdelsalam et al. 2017). These interesting 

properties include cheapness, charge neutrality, high dispersibility in water, high coercivity, 

biocompatibility, non-toxicity, superparamagnetic and low Curie temperature (Aigbe et al. 2018; 

Bhaumik et al. 2011; Kim and Kim, 2003). Summarily, although iron additives improve bacterial 

activity in the anaerobic digestion process, optimum dosages are needed for maximum yield (Casals 

et al. 2014). 

 

The variation in the characteristics of okra waste from place to place, based on agronomical 

differences and storage conditions before digestion, necessitates the evaluation of its kinetic 

properties. Various kinetic (sigmoidal and other statistical) model types have been successfully used 

to simulate anaerobic digestion processes (Ware and Power, 2017; Kafle and Chen, 2016). Fitting 

kinetic functions to the cumulative methane production curves obtained from the BMP process 

enables information on anaerobic process performance to be gathered. This information includes 

whether the maximum methane yield (Bo) was attained, the maximum rate of methane production 

(Rmax), the degradation rate constant (K) and the lag phase (λ) duration (Ware and Power, 2017). The 
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accuracy of biogas yield prediction in the model is dependent on the substrate that is used as the 

feedstock. 

 

This study was motivated by the huge amount of okra waste that can be available for waste-to-biogas 

production and the quest to improve biogas recoverability from okra waste via pretreatment, co-

digestion and additive supplementation at varying times. The determination of the BMPs (measured 

and calculated) and biodegradability were studied. The possibility of enhancing anaerobic digestion 

of okra with varying dosages of Ppy/Fe3O4 and previously determined optimum doses of nZVI, 

Ppy/Fe3O4, Fe and Fe2O3 was assessed (Wang et al. 2018; Abdelsalam et al. 2017; Ambuchi et al. 

2016). Pretreatment of okra waste with alkaline (NaOH), microwave (MW) and microwave-assisted 

alkaline (MW-NaOH) pretreatment as well as co-digestion with sheep manure in accelerating the 

conversion of the organic component of okra wastes to biogas was also studied. The effects of these 

enhancements on biogas yields were evaluated. Finally, the suitability of the artificial neural network 

(ANN) model and other kinetic models (first-order, modified Gompertz, etc.) for evaluating/ 

predicting the kinetics of biogas production from okra waste were determined.  

 

4.2 Materials and methods 

4.2.1 Substrate and inoculum collection/preparation 

In this study, okra waste and sheep slurry were collected from Organic Growers farm located in 

Centurion, Gauteng, South Africa at different times for the four BMP experiments. They were 

separately blended to achieve homogeneity, increase their surface areas and stored in the cold room 

at 4oC until use for either characterization or anaerobic digestion. The inoculum containing 

consortium of anaerobes from an active food and vegetable waste continuous digester operating at 

mesophilic temperature (37±1oC) at the Mechanical Engineering, University of Johannesburg, South 

Africa were collected, stored at 4oC and further acclimatized at mesophilic temperature before use. 

 

4.2.2 Substrate characterization 

The entire analyses were conducted in triplicates and the mean values are presented in this work. The 

total solids (TS), volatile solids (VS), moisture content and ash content were determined by the 

standard procedures (APHA, 2005). The % VS removal was determined as a percentage between 

initial and final VS. The carbon (C), Hydrogen (H), Nitrogen (N) and Sulfur (S) contents were 

determined using a CHNS elemental analyser. Elemental composition (C, H, N, S) of the samples 

was determined using a LECO CHNS-932 combustion analyser (TruMac, Argon, LECO 
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Corporation) at 1050 °C, with sulfamethazine as a standard substrate in accordance with Raposo et 

al. (2011). Oxygen content was calculated by assuming C + H + O + N + ash = 99.5% (on a VS basis) 

(Rincón et al. 2012). pH was measured using a pH meter (HI 9828 Multi-parameter, Hanna 

Instruments). The volatile fatty acid (VFA) was determined using gas chromatography VFA 

centrifuged at 10 000 rev/min for 10 minutes. The supernatant after centrifuging was filtered off with 

0.45μm filter and directly injected. VFA was determined as described in Liu et al (2018) by gas 

chromatography (Agilent 7890B, USA) equipped with a flame ionization detector and a fused-silica 

capillary column (HP-5, 30 mm x 320 µm x 0.25µm). Nitrogen was used as the carrier gas at a flow 

rate of 1.0mL/min. The injected sample volume for each GC analysis was 1µL and the run time of 

28minutes. The injection port and detector temperatures were 250oC and 270oC respectively. 

  

4.2.3 Theoretical biomethane potential and biodegradability 

Methane production potential and biodegradability of okra were estimated using two theoretical 

biomethane potential (TBMP) approaches – Buswell and modified Dulong formulae – based on 

okra’s elemental composition (Browne and Murphy, 2013; Buswell and Muller, 1952). The energy 

value of feedstock E* (okra) and its theoretical biomethane potential (TBMPE*) were estimated using 

the modified Dulong equation. Boyle’s (modified Buswell) equation was used to determine the 

TBMP (Boyle, 1976) and biodegradability was calculated as shown in Equations 4.1 to 4.5. TBMP 

was predicated based on the following assumptions (Achinas and Euverink, 2016): ideal microbial 

condition and total substrate digestion; complete mixing and constant temperature; substrate 

composition limited to only C, H, O, N, S and output in the form of CH4, CO2, NH3. 
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where E* is the energy value of the substrate (MJ/Kg); methane energy content = 37.78 MJ/m3 at 
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STP; CHONS = carbon, hydrogen, oxygen, nitrogen, sulfur (% TS); TBMP is the theoretical 

biomethane potential at STP (
𝑚𝐿𝐶𝐻4

𝑔𝑉𝑆
); and BDCH4 is the anaerobic biodegradability (%). 

 

4.2.4 Pre-treatment and co-digestion 

The mechanical pretreatment (grinding) was first carried out to achieve substrate size reduction. The 

other pretreatments were conducted thus: the sodium hydroxide and hydrochloric acid used for okra 

waste pre-treatment and pH stabilization were purchased from (Sigma-Aldrich, South Africa). The 

de-ionized water (Milli-Q, Millipore) was used for the pretreatment processes and to complete the 

AMPTS II reactor headspace, flow meter as well as temperature water bath. The alkaline pretreatment 

process was carried out using 500 ml beakers containing 19.25 g total solids (TS) of okra was treated 

to 6% NaOH at room temperature for 15 min, samples already pre-treated with NaOH were further 

subjected to irradiation using a microwave (Russel Hobbs-RHMA20L, 700W, 2450 MHz) for 14.6 

min. 500 ml beakers containing 14.61 g (TS) of okra waste only was also subjected to microwave 

pre-treatment. Different ratios of the sheep slurry (25%, 50% and 100%) were co-digested with okra 

waste. Un-pretreated okra waste samples were used as a control; all samples were in triplicates and 

shown in Table 4.1.  The pre-treated samples were neutralized with hydrochloric acid immediately 

after pre-treatments before the commencement of the biochemical methane potential test. 

 

Table 4. 1 Various pre-treatments on substrates   
S/N Identification Substrate Pre-treatments 

1 O Okra 100% Nil 

2 OA Okra 100% NaOH 

3 OAMW Okra 100% NaOH and Microwave 

4 OMW Okra 100% Microwave 

5 OS25 Okra 75% + Sheep slurry 25% Nil 

6 OS50 Okra 50%+ Sheep slurry 50% Nil 

7 S Sheep 100% Nil 

 

4.2.5 Iron-based enhancement  

Based on our published meta-analysis studies and review paper on the impacts of iron-based on 

anaerobic digestion processes (see attached as annexes), the optimum dosages of some previously 

studied iron-based additives were selected alongside a novel iron-based additive (Polypyrrole 

magnetic nanocomposite (PPy/Fe3O4)) for anaerobic digestion enhancement. The Polypyrrole 

magnetic nanocomposite (PPy/Fe3O4) used in this experiment was synthesized in the Physics and 

Mechanical/Industrial Engineering Laboratory of University of South Africa as described and 

characterized by Aigbe et al. (2018). Because PPy/Fe3O4 had not been previously used for anaerobic 
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digestion, dosages of iron oxide nanoparticles (Fe3O4) from previous studies indicating maximum 

yields were used (Amen et al. 2017; Ali et al. 2017; Abdelsalam et al. 2017; Suanon et al. 2016). 

These four doses of the synthesized PPy/Fe3O4 (20, 75, 750 and 1000 mg/l) as shown in Table 4.2 

were added to the substrate for the enhancement of microbial activities by the freeing-up of Fe ions 

from PPy/Fe3O4 in the anaerobic digestion process. These different doses were dispersed in deionized 

water and then sonicated for 10 min before being introduced into the bioreactors. The control 

experiment was conducted in a bioreactor containing only organic waste (OW) and inoculum, the 

BMP data from different dosages of iron-base additive. 

 

 Table 4. 2 Treatment levels of PPy/Fe3O4 NPs for substrate enhancement 

Notation Treatment Dosage mg/L 

O Okra (control) 0 

Oppy20 Okra + Polypyrrole-magnetic nanocomposite 20 

Oppy75 Okra + Polypyrrole-magnetic nanocomposite 75 

Oppy750 Okra + Polypyrrole-magnetic nanocomposite 750 

Oppy1000 Okra + Polypyrrole-magnetic nanocomposite 1000 

 

After the determination of the optimum dosage of PPy/Fe3O4, it was used alongside other iron-based 

additives to supplement anaerobic digestion processes. The other selected additives and their sources 

are as follows: nano-zero valent iron (nZVI), (mKnano, Canada), iron powder (Sigma-Aldrich, South 

Africa), and Hematite (iron mine, South Africa). The dosages used in this stage of the experiment are 

from previously determined optimum doses as reported in Wang et al. (2018); Abdelsalam et al. 

(2017); Ambuchi et al. (2016). These doses are as shown in Table 4.3. below 

 

 Table 4. 3 Different types of iron-based additives for substrate enhancement 

Notation Treatments Dosage, mg/L 

O Okra (control) 0 

Ppy/Fe3O4 Okra+Polypyrrole-magnetic nanocomposite 20 

Fe2O3 Okra+Hematite  750 

nZVI20 Okra+nano-zero valent iron 20 

nZVI1000 Okra+nano-zero valent iron 1000 

Fe Okra+iron powder 750 

 

4.2.5 Experimental setup 

Four different batches of laboratory-scale anaerobic digestion of okra waste were performed with 

AMPTS II reactors (Bioprocess Control, Sweden) located at the Department of Mechanical and 

Industrial Engineering Lab, University of South Africa (UNISA) for 25, 25, 32 and 19 days of 

hydraulic retention time (HRT) respectively for biomethane and biodegradability, pretreatment and 
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co-digestion, PPy/Fe3O4 supplementation and comparative iron supplementation (nZVI, Fe, Fe2O3 

and PPy/Fe3O4) batch experiments at mesophilic temperature (37 ± 1°C). The bioreactors assay of 

500 ml capacity each were used for the anaerobic digestion processes with 400 ml as the working 

volume. The bioreactor headspace, temperature water bath and flow meter were filled up with de-

ionized water (Milli-Q, Millipore). OW of 14.49 g (1.9 g VS) was added to 382.4 ml of inoculum 

(3.9 g VS) in each reactor at an inoculum to substrate ratio (ISR) of 2:1. Prior to the addition of 

additives, the pH of the mixed liquor in the bioreactor was adjusted to 7.0 with the aid of NaOH and 

HCl. To create an anaerobic environment in the bioreactors, nitrogen gas (N2) from Afrox Gas, South 

Africa was used to purging each reactor before starting the stirrers. The daily and cumulative 

biomethane production of different enhancement options and the control experiment (without 

enhancements) were collected using an in-built data-logger in the AMPTS II. Results were retrieved 

from the data logging platform of the reactors and used for the calculation of daily biogas production, 

production rate and cumulative methane production. The entire process tests were performed as 

stipulated in the AMPTS II standard operational manual. The final pH, VFA and VS of the digestate 

from all reactors were measured. Percentages between the initial and final VS were used to determine 

the %VS removal. The scanning electron microscopy coupled to an energy dispersive spectroscopy 

(SEM-EDS) was used to determine the structural degradation of substrates. All the treatment levels 

were run in triplicates and the setup is shown in Fig. 4.1. 

 (a) 
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(b) 
Fig.4. 1 (a) Picture of AMPTS II Biomethane potential assay with DAQ, (b) Schematic 

representation of Biomethane Potential Assay 

 

4.2.6 Kinetic models for biogas production 

In anaerobic digestion, kinetic modelling is a recognized technique for showing the specific 

performance of the system parameters (Kafle et al. 2013). Some of these models like the first-order 

kinetic are used to simulate the kinetics of anaerobic digestion processes, while others like modified 

Gompertz model assumes that biomethane yield rate is proportional to the growth of methanogens 

during anaerobic digestion (Talha et al. 2018; Mahanty et al. 2014). In this study, non-linear 

regression analysis was performed using the curve-fitting tool in Matlab R2015b with the least square 

method at p < 0.05 significant level to evaluate the growth functions (modified Gompertz, Stannard, 

transference, logistic and first-order kinetic models) shown in Equations 4.6 to 4.10. The average 

measured cumulative methane productions were used to evaluate the models (their parameters and 

fitness).  

 

Modified Gompertz: 𝐵 = 𝐵𝑜𝐸𝑥𝑝 {−𝐸𝑥𝑝 [
𝑅𝑚𝑎𝑥.𝑒

𝐵𝑜
(𝜆 − 𝑡)] + 1}    4.6 

 

Stannard 𝐵 = 𝐵𝑜 {1 + 𝐸𝑥𝑝 [−
(1+𝑘𝑡)

𝑝
]}

−𝑝

      4.7 

 

Transference 𝐵 = 𝐵𝑜 {1 − 𝐸𝑥𝑝 [
𝑅𝑚𝑎𝑥

𝐵𝑜
(𝑡 − 𝜆)]}      4.8 

 

Logistic 𝐵 =
𝐵𝑜

{1+𝐸𝑥𝑝[
4𝑅𝑚𝑎𝑥

𝐵𝑜
(𝜆−𝑡)+2]}

       4.9 

 

First-order 𝐵 = 𝐵𝑜(1 − 𝐸𝑥𝑝(−𝑘𝑡))       4.10 

 

where B is cumulative specific methane production (mL/gVS); Bo is maximum specific methane 

production potential (mL/gVS); Rmax is the maximum specific methane production rate (mL/gVS- d); 

e is Exp(1)=2.718282; 𝜆 is the lag phase in days; k is the methane production rate constant (day-1); t 

is digestion time (days), and p is the slope of growth.  
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The kinetics of biogas production was evaluated using the five growth functions to determine the 

following parameters: Bo, Bp, k, 𝜆 p, R2, adjusted R2, Rmax and root mean square error (RMSE). The 

entire experiment was performed in triplicate and the average of the three values was used. 

STATISTICA 12, Minitab 15 and OriginPro 9.1 were used for all statistical analyses and all 

inferences are at a 95% confidence. 

 

4.2.7 Artificial Neural Network 

In this study, an unperturbed batch lab-scale process was used to maintain a constant anaerobic 

condition in the reactors with the only one outlet for biomethane yield. Out of all the important input 

factors, T and RT were the only measurable input variables. T and RT were the input datasets, daily 

biomethane yield was the output (target) dataset and Artificial Neural Network was used to model 

and predict biomethane yields, just like observed in Najafi and Ardabili (2018), where %VS, %TS, 

temperature (T), C/N and retention time (RT) were noted as the most important variables in biogas 

production processes. The Neural Network Application in MATLAB 2015b (Mathworks Inc.) 

software was deployed for executing the predictive model of intricate non-linear systems with closed-

form (black-box) equation.  

 

The ANN model structure used were trained, tested and validated with an architecture of 10 neurons 

on the hidden layer and displayed in Fig. 4.2 as the best network with the highest performance, the 

best neural network structure and decreased error to the user-specified values were obtained (Najafi 

and Ardabili, 2018). Data percentages of 70 %, 15 % and 15 % respectively for training, testing and 

validating performed best out of other tested percentages. The sigmoid transfer function was used as 

the transfer function, the Levenberg–Marquardt back-propagation algorithm training (trainlm) was 

used for the training task and the Purelin transfer function, which is part of the output layer. It was 

used to calculate layer’s output from its net input (Najafi and Ardabili, 2018). The performance of 

the network is indicated by the performance parameters (R2 and RMSE) and the predicted outputs are 

as shown and discussed in subsequent sections.  
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(a) 

 
(b) 

Fig.4. 2 (a) Artificial Neural Network Model Structure used in this study; (b) Neural network 

architecture for the training of experimental data of simplex-centroid mixture design. 

 

4.3 Results and discussions  

The results of the four different enhancement, biodegradability and kinetic studies on biogas 

production from okra wastes are captured in this section and are discussed separately. This is 

necessary because the substrates were not collected at the same time and the duration of digestion 

varies from each other. 

 

4.3.1 Okra BMP, biodegradability and kinetic studies   

The ultimate and proximate properties of okra waste are shown in Table 4.4. A mass of 27.55 g was 

determined based on 7.8157 %TS and 6.8945 %VS. Although a high substrate VS/TS ratio of 88.36% 

was recorded, 76.06% of it was removed during the anaerobic digestion process. This finding agrees 

with Li et al. (2013) who reported a high VS/TS to be desirable for biogas yield. The waste showed 

a C/N ratio of 12.24, which was outside the ideal range of 15–30, thus necessitating co-digestion or 

nutrient enrichment (Li et al. 2013). 

 

 

 



92 

 

Table 4. 4 Proximate and ultimate analyses of samples 
Properties Inoculum Abelmoschus esculentus  

Initial pH 8.08±0.02 8.13±0.01 

Final pH 7.68±0.01 8.15±0.02 

Moisture content % 98.50±0.01 92.36±4.402 

Ash content % 0.03±0.00 15.87±0.006 

Total solids (TS) % 1.50±0.01 7.82±0.005 

Volatile solids (VS) %  1.02±0.04 6.90±0.001 

VS of TS % 68±0.01 88.36±4.402 

Removed VS of TS % 89.5±0.00 76.06±0.12  

Carbon% TS NT 39.30±0.012 

Hydrogen% TS NT 5.39±0.003 

Oxygen% TS NT 35.74±0.003 

Nitrogen% TS NT 3.21±0.003 

C/N ratio NT 12.24±0.003 

NT, not tested 

 

The result of experimental BMP test of okra waste yielded 270.98 mL/gVS of biomethane as shown 

in Table 4.5, this value concurs with other reports of low biomethane yields from lignocellulosic 

vegetable wastes (Yan et al. 2017; Li et al. 2013). Theoretical biomethane potential (TBMP) and 

biodegradability (BDCH4) calculated with Equations 4.1 to 4.5 using elemental and energy content of 

the substrate are shown in Table 4.5. TBMP based on elemental composition (444.48 mLCH4/gVS) 

was higher than that obtained based on energy content (342.06 mLCH4/gVS). BDCH4 based on 

elemental composition (60.97%) was lower than that based on energy content (79.22). Raposo et al 

(2011) reported that BDCH4<70% is considered an outlier or invalid. In view of this finding, TBMP 

based on energy content satisfied the criterion better. The low BDCH4 seen in elemental TBMP is 

consistent with the biodegradability of lignocellulosic vegetables (Yan et al. 2017; Li et al. 2013). 

 

 Table 4. 5 Summary of key energy production parameters 

Parameter Result 

BMP (mL/gVS) 270.98 

TBMP (mLCH4/gVS) 444.48 

TBMPE* (mLCH4/gVS) 342.06 

E* (MJ/kg) on %TS 14.63 

E* (MJ/kgVS) on 88.36 %VS 12.93 

BD (%) 60.97 

BDE* (%) 79.22 

Substrate formula 𝐶14.3𝐻23.4𝑂9.8𝑁1 

BMP, biomethane potential; TBMP, theoretical biomethane potential; E, energy; BD, biodegradability 
 

The measured and predicted methane production results, as well as the determined parameters, are 
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shown in Fig. 4.3 and Table 4.6. The cumulative measured biogas was 270.8 mL/gVS; the models 

predicted cumulative biogas to be 267.38, 267.99, 270.89, 267.50 and 270.15 mL/gVS, respectively, 

for modified Gompertz, Stannard, transference, logistic and first-order models. These values are 

consistent with the assertion of Raposo et al. (2011), who recommended that the difference between 

Bo and Bt should not be more than 10%, above which this kinetic model is deemed invalid for 

predicting anaerobic digestion processes. 

 

Table 4. 6 Kinetic parameters of average cumulative methane production curves 

  

The lag phase (λ) of the growth functions, which is the time required for bacteria to adapt and start 

biogas production, is given in Table 4.6 and Fig. 4.3. The values are 0.872, 0.143 and 1.24 for 

modified Gompertz, transference and logistic models, respectively. The low λ values found in this 

study are in line with the report of Talha et al. (2018), who stated that lower lag phase is dependent 

on the activeness of the adapted inoculum and biodegradability of the organic part of the okra waste.  

 

Most lignocellulosic substrates have cellulose as their main polymer component (about 68% in the 

case of okra). The hydrolysis rate of cellulose is normally the rate-limiting step, and the biomethane 

production rate is denoted by k (Dudek et al. 2019; Mao et al. 2016). The k-value of substrates can 

be determined via product formation (biomethane production or VFAs) and substrate depletion (VS, 

COD or DOC) methods (Angelidaki and Sanders, 2004). In this study, biomethane production (the 

product formed) was used to compute the k-values of both Stannard and first-order models of 

1.449/day and 0.2994/day, respectively. The k-values obtained were both high and positive, which, 

according to Dudek et al. (2019), could be because of the higher bioavailability of cellulose, which 

results in a faster rate of biogas production (Budiyono and Sumardiono, 2014; Kafle et al. 2013). This 

observation agrees with that of Veeken and Hamelers (1999), namely that biomethane production 

Parameter Modified Gompertz Stannard Transference Logistic First-order  

Measured biogas yield, B(t) (mL/gVS) 270.98 270.98 270.98 270.98 270.98 

Predicted biogas yield, B(P) (mL/gVS) 268.38 267.99 270.89 267.50 270.15 

Difference between B(t) and B(p) (%) 0.95 1.1  0.03 1.28 0.31 

Bo (mL/gVS) 268.4 268.0 271.1 267.5 270.3 

Rmax (mL/gVS) 39.93 – 77.2 34.38 – 

Lag phase, λ (days) 0.872 – 0.143 1.24 – 

Degradation rate, K (per day) – 1.449 – – 0.2994 

P – 3.269 – – – 

R2 0.963 0.957 0.983 0.946 0.982 

Adjusted R2 0.96 0.953 0.982 0.941 0.981 

RMSE 13.67 14.7 9.209 16.54 9.378 
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represents the hydrolysis rate of the bioavailable substrate which decreases with decreasing VS and 

can be best described with first-order kinetics. 

 

 

Fig.4. 3 Cumulative biogas production based on experimental and kinetic modelling results. 

 

Transference and first-order models best-predicted okra waste digestion, with a prediction difference 

of 0.03% and 0.31%, respectively. This finding is consistent with the report of Kafle and Chen 2016), 

who showed that the first-order kinetic model was found to be the best model for predicting BMP. Li 

et al. (2018) reported that the transference model performed better than the modified Gompertz 

model. The statistical indicators of model fitness (as shown in Table 4.6) ranged from 0.946 to 0.983, 

0.941 to 0.982 and 9.209 to 16.54 for R2, adj. R2 and RMSE, respectively. In line with the report of 

Budiyono and Sumardiono (2014), RMSE value <10 shows good model prediction. Based on this 

criterion, only transference and first-order kinetic models were within the accepted limit. 

 

4.3.2 Pretreatment and co-digestion of okra waste 

4.3.2.1 Characteristics of the substrate 

Okra waste and sheep slurry substrates used for anaerobic digestion in this study were analysed for 

TS, VS, and C, pH, N and VFA as shown in Table 4.7. The per cent moisture content for all substrates, 

including inoculum ranged from 66.54 to 98.50.  The TS and VS values of samples were respectively 

between 1.50% to 33.46% and 1.02% to 13.34%. The variation in the composition of substrates is 

dependent on substrate varieties, agronomic practices, soil quality and environmental factors (Talha, 

2018). The carbon to nitrogen ratio as was analysed and calculated ranged from 15.90 to 16.73, which 

was lower than the recommended optimum value between 20-40 for biogas production (Smith and 
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Holtzapple, 2011). This shows that co-digestion of substrate studied with others of higher carbon 

values or nutrient supplementation is required for maximum output. All determined pH values were 

within the recommended values of between 6.5 and 8.5 (Capodaglio et al. 2016).  

 

Table 4. 7 Proximate and Ultimate Analyses of Samples 
Properties Inoculum O OS25 OS50 OA OMW OAMW S 

Initial pH 8.08 8.13 8.18 8.24 8.50 8.20 8.44 8.10 

Final pH 7.68 8.15 7.94 7.83 7.91 8.00 7.76 7.80 

Moisture content % 98.50±0.0 84.85±0.2 81.18±0.2 79.72±0.02 80.55±1.02 80.55±1.02 80.55±1.02 66.54±3.36 

Ash contents % 0.03 0.31 0.29 0.28 0.24 0.24 0.24 0.27 

Total Solids % 1.50±0.01 15.15±0.2 18.5±0.00 20.28±0.00 15.15±0.24 15.15±0.24 15.15±0.24 33.46±0.00 

Volatile Solids % 

(wet basis) 

1.02±0.04 13.34±0.0 13.5±0.05 13.11±0.03 10.09±0.39 13.34±0.02 10.09±0.39 11.85±0.19 

Final VS% of TS 60.86±1.6 64.52±1.0 62.3±0.06 61.76±1.12 47.87±1.28 62.40±1.95 56.99±6.03 59.99±0.00 

Carbon % NT 6.69±0.12 6.64±0.05 6.46±0.09 6.69±0.12 6.69±0.12 6.69±0.12 5.97±0.22 

Nitrogen % NT 0.42±0.02 0.41±0.02 0.39±0.01 0.42±0.02 0.42±0.02 0.42±0.02 0.373±0.00 

C/N ratio NT 15.9±0.35 16.16±0.7 16.73±0.81 15.90±0.35 15.90±0.35 15.90±0.35 16.00±0.44 

Initial VFA g/l 0.19 2.1 1.9 1.7 2.1 2.1 2.1 1.3 

Final VFA g/l 0.18 0.15 0.15 0.15 0.15 0.17 0.23 0.19 

Note: NT = not tested, data expressed as the mean ± standard deviation. 

 

The concentrations of VFA, which is a vital mid-product in the anaerobic digestion process, affect 

the population of methanogens, fluctuate pH and biogas yield (Talha et al. 2018). As shown in Table 

4.7, the initial and final VFAs of substrates were analysed to determine the system’s efficiency to 

reduce VFA. Initial VFA values of okra wastes for acetic, propionic and butyric were 1.0 g/l, 0.4 g/l 

and 0.7 g/l respectively, had the overall highest VFA of 2.1 g/l. The inoculum had the lowest value 

of 0.19 g/l. Contrary to previous works by Wang et al. (2009) and Talha et al. (2018) where higher 

propionic acid negatively impacted biogas yield and significantly inhibited the activities of 

methanogenic microbes, this study consistently recorded lower propionic acid. 

 

4.3.2.2 Digestate characteristics 

After 25 days of anaerobic digestion, digestates from each reactor were characterised to determine 

the VS based on TS, pH and VFA as shown in Table 4.7.  The digestate VS/TS % value ranged from 

47.87% to 64.52%, resulting in VS (TS%) reduction of 27.22, 77.15, 34.99, 11.68, 88.46, 79.16, 

83.36 and 10.46% respectively for inoculum, O, OS25, OS50, OA, OMW, OAMW and S in the 

reactors. All the pre-treatments showed VS (TS%) reduction with OA achieving the highest 

reduction, this is in line with Wang et al. (2016), whose studies on alkaline pre-treated waste activated 

sludge (WAS) gave the highest removal of 45.6%. Zhang et al (2014b) also reported that the largest 



96 

 

reduction of about 60% substrate mass (VS) was noticed in the alkaline-pre-treated samples. The 

digestate pH values were generally lower than that of the pre-treated/co-digested substrates, which 

was between 7.76 and 8.15. This noticeable reduction, which according to Talha et al (2018) is due 

to a high removal of VFAs from the reactors. All samples in Table 4.7 showed high VFA reduction 

except for samples OMW, OAMW, S, which recorded lower VFAs. These lower VFA reduction in 

identified samples when compared to the control sample (O), may be responsible for the lower 

biomethane yield resulting from inhibition of methanogenic activities (Talha et al, 2018; Wang et al, 

2009). 

 

4.3.2.3 Methane production 

The mean methane yield of all samples used in this study was statistically compared and their 

differences determined at the 95% probability level. The daily methane production and cumulative 

methane yield as can be seen in Fig. 4.4 and 4.5 respectively, showed that methane yield of OA was 

the most enhanced by 45.87% and was statistically different. Although OAMW was slightly increased 

by 0.95%, means of both OMW and OAMW were statistically the same with biogas yield of O. All 

samples co-digested with 25%, 50% and 100% sheep slurry respectively recorded decline in biogas 

yield by 9.92 %, 34.11% and 69.5% and were statistically different at P<0.05. The low biogas yield 

of the sheep slurry suggested the presence of inhibitors or low VS composition (Table 4.7), this was 

in line with Bharathiraja et al (2018), that operational parameters or feedstock and presence of 

inhibitors can reduce the activities of methanogens. 

 

Although pre-treatment or co-digestion of okra waste within the reach of the researchers has not been 

studied, the enhancement of OA was in line with previous studies, Fu et al (2018) reported that pre-

treatment of Miscanthus with NaOH resulted in 25.5% increase in yield. Unlike in this study, 

prolonged pre-treatment of water hyacinth by microwave resulted in 38% rise in yield (Zhao et al, 

2017b), Tao et al. (2017) also observed that alkaline-microwave pre-treated swine manure at 54 J/g 

and pH 12, achieved 63.9% rise.  
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Fig.4. 4 Plot of treatment means and cumulative biomethane yield 

 

From the graph of daily biogas production in Fig.4.5, the daily biogas flow from reactors O, OS25, 

OS50, OA, OMW, OAMW and S respectively can be seen and their time of flow terminations. 
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            Fig.4. 5  Daily Biogas Production of pretreated and co-digested substrates 

 

4.3.2.4 Kinetic study using first-order kinetic and modified Gompertz models 

The experimental cumulative biomethane yield obtained from anaerobic digestion of pretreated and 

untreated okra waste was modelled based on first-order kinetic and modified Gompertz equation. 

Kinetic constants Ym (biogas production potential), Rmax, λ and k resulting from the model-fitting 

based on non-linear regression were determined and presented in Tables 4.8 and 4.9. In evaluating 

the model, predicted and measured mean yields were plotted against each other as shown in Fig. 4.6 

and 4.7. 
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 Table 4. 8 Results from using a modified Gompertz model 

 

The lag phase λ is the time required for bacteria to adapt and start biogas production. λ in the modified 

Gompertz model in Table 4.8 and plotted in Fig. 4.6 was computed, the values were all between 0.09 

day and 2.70 days, with higher lag phase noticed in the samples co-digested with sheep slurry. Lower 

λ values were suggested in Talha et al. (2018) to be dependent on the activeness of the adapted 

inoculum and biodegradable organic part of the okra waste. Ym (biogas production potential) was the 

highest and was recorded by OA at 402.5 mL/gVS.  

 
Fig.4. 6 Cumulative biogas production – experimental and modified Gompertz model 

 

The root mean square (RMSE) value, which depicts the fitness of the model fell within the range of 

2.92-28.48, All other samples expect OS50, OMW and S (9.55, 6.82 and 2.92 respectively) were 

outside the recommended value of 10 (Raposo et al, 2011), while others were outside the range. The 

R2 value was within the range of 0.9265-0.992, this agreed with the R2 of 0.92, which was adjudged 

a good fit and reported in anaerobic digestion of water hyacinth by Barua, et al. (2018). The difference 

between the modified Gompertz model-predicted and measured methane yields was in the range of 

0.66%-2.48%. Budiyono, and Sumardiono (2014) and Talha et al. (2018) reported the differences in 

Parameter O OS25 OS50 OA OMW OAMW S 

Measured Biogas Yield- Y(t) (mL/gVS) 297.23 245.25 179.70 369.09 278.02 280.05 85.83 

Predicted Biogas Yield -Y(P) (mL/gVS) 293.46 242.98 177.77 378.23 276.20 278.16 84.78 

Difference between Y(t) and Y(p) (%) 1.27 0.93 1.07 2.48 0.66 0.68 1.22 

Ym (mL/gVS) 293.5 243 177.8 394.7 276.2 278.3 84.88 

Rmax  (mL/gVS) 112.3 99.08 65.4 57.44 160.4 91.94 29.32 

λ (d) 1.05 0.96 1.08 3.55 0.14 1.10 2.67 

R2 0.954 0.956 0.959 0.9265 0.9913 0.9575 0.992 

RMSE 16.53 13.26 9.55 28.48 6.82 15.75 2.92 
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the measured and predicted biogas yield to be 0.76-3.14 and 0.67- 10.86%, predicting this study to 

have performed well. 

 

 Table 4. 9 Results of using first-order Kinetic Model 

 

The non-linear regression was used in fitting the first-order kinetic model and the results of 

parameters (k and Ym) determined were presented in Table 4.9. The term k is a measure of the 

biomethane production rate per time in this study ranged between 0.0927 and 0.3653. Ym calculated 

for all samples, ranging from 376.4 to 101.2 mL/gVS, with OA recording the highest Ym value. 

Results of both k and Ym computed were used in predicting yield. The measured and predicted yields 

were plotted as shown in Fig. 4.7. The positive k values seen in this study agrees with the reports of 

Budiyono and Sumardiono (2014) and Kafle et al. (2012) that positive values of k indicate, a faster 

rate of biogas production. Fitness errors (RMSE) for all samples ranging from 5.298 to 27.82 were 

all within the acceptable value of 10 except for OA at 27.82. The R2 was between 0.923 and 0.9945. 

The model prediction difference between the measured and the predicted which is shown in Fig. 4.7 

ranged from 0.01-6.65%. 

 

 

Fig.4. 7 Cumulative biogas production – experimental and first-order kinetic model 

Parameter O OS25 OS50 OA OMW OAMW S 

Measured Biogas Yield- Y(t) (mL/gVS) 297.23 245.26 179.70 369.09 278.02 280.05 85.83 

Predicted Biogas Yield -Y(P) (mL/gVS) 294.82 244.10 178.74 370.33 279.16 280.01 91.54 

Difference between Y(t) and Y(p) (%) 0.81 0.47 0.53 0.34 0.41 0.01 6.65 

Ym (mL/gVS) 295 244.2 178.9 384.4 279.2 280.0 102.1 

k (d-1) 0.2957 0.3124 0.2819 0.1323 0.3543 0.2464 0.0927 

R2 0.9753 0.9768 0.9792 0.923 0.9945 0.9684 0.931 

RMSE 9.88 9.416 6.647 27.82 5.298 10.04 8.383 
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In comparing the predicted biomethane production from both models in Tables 4.8 and 4.9, the 

difference between measured and predicted gas yield was lower in the first-order kinetic model (0.01-

6.65%) than with modified Gompertz model first-order kinetic model (0.66%-2.48%), this result was 

consistent with model comparisons made by Budiyono and Sumardiono (2014) and Deepanraj et al. 

(2015). The first-order kinetic model was better than the modified Gompertz model. Although 

modified Gompertz model predicted satisfactorily biogas production, the First-order kinetic model 

with higher R2 and lower fitting errors (less than 10% for most samples) is better suited for predicting 

anaerobic digestion of okra waste. 

 

4.3.2.5 ANN modelling and comparison with kinetic models 

The neural network was trained to achieve a network with the capability to predict using dependent 

variables (RT and T), the independent variable (biomethane yield). The training stage, which is the 

most important process in determining the optimum neuron numbers of the hidden layer when the 

minimal performance factor (MSE) is attained. As described in Kipli et al (2012) and Najafi and 

Ardabili (2018), since MSE is the difference in factor between the estimator and the estimated, then 

smaller MSE value indicates higher prediction network accuracy. 70% of the dataset was used for 

training and the optimized training with smallest MSE values for O, OS25, OS50, OA, OMW OAMW 

and S at 10 hidden neuron layers were 0.0476, 0.0755, 0.0757, 0.0049, 0.6734 and 0.0310 

respectively after several trainings were selected.  

 

 Table 4. 10 Results of using Artificial Neural Network 
 

 

On completion of network training, the developed network was tested. The network testing, which is 

a conventional way of comparing obtained output value with target values can be identified with the 

linearity of the coefficient of determination (R2) as the indicator. In the network test results, the output 

values of O, OS25, OS50, OA, OMW OAMW and S respectively have 99.98%, 99.998%, 99.983%, 

99.979%, 99.996%, 99.983% and 99.992% of linearity with target values. The R2 and RMSE values 

between the output and target of the total result of the ANN process are shown in Table 4.10. Fig. 4.8 

Parameter O OS25 OS50 OA OMW OAMW S 

Measured Biogas Yield- Y(t) (mL/gVS) 297.23 245.25 179.70 369.09 278.02 280.05 85.83 

Predicted Biogas Yield -Y(P) (mL/gVS) 298.96 245.28 179.65 368.42 284.90 281.41 82.75 

Difference between Y(t) and Y(p) (%) 0.00582 0.00013 0.0003 0.00182 0.02475 0.00486 0.03589 

R2 0.9998 0.99994 0.99986 0.99994 0.99994 0.99994 0.99997 

RMSE 0.2182 0.2748 0.2752 0.7715 0.8206 0.4627 0.1762 
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shows a plot of the overall coefficient of determination between the output and target from the input 

dataset. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4. 8 Correlation of experimental Biomethane yields and ANN Predicted yields  

 

In accordance with Raposo et al. (2011), which recommended that the % prediction between 

experimented and estimated data must not be more than 10% and the R2 must be <70% for models to 

be deemed valid for in anaerobic digestion processes. Based on the results in Tables 4.8-4.10, 

comparing the R2 of the three models, it can be observed that the ANN has higher linearity between 

target and output values (R2 range of 0.9998 -0.99997), both the modified Gompertz and First-order 

kinetic models (with R2 range of 0.9265-0.992 and 0.923-0.9945 respectively) have lower linearity 

between target and output values.  

 

 

Fig.4. 9 Cumulative biogas production – Experimental and Artificial Neural Network 
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Prediction 

 

The prediction difference between experimental and predicted biomethane yields, as well as the 

RMSE, showed the lowest values (Table 4.10) when compared to both the modified Gompertz model 

(Table 4.8) and first-order kinetic model (Table 4.9). This is in line with the results of Najafi and 

Ardabili (2018), which reported that ANN performed better than other regression model used in the 

study. Figs 4.6-4.9 showing the graph of both experimental and predicted cumulative biomethane 

yields over the digestion period of 25 days indicates that ANN fitted better than both modified 

Gompertz and first-order kinetic models. 

  

4.3.3 Enhancement with PPy/Fe3O4 

4.3.3.1 Substrate and digestate characteristics 

The substrate (okra waste) pH, C, H, N and solid analysis (VS, VS/TS, TS, MC and AC) were 

determined as shown in Table 4.11. The initial and final pH values are between 7.00 and 7.90, the 

digestate pH values were lower than that of the substrates with iron-based additives ranging from 

6.95 and 7.40, these values according to Kigozi et al. (2014) were within the recommended values 

(6.5 - 8.5). The determined carbon to nitrogen ratio (C:N) was 12.24, this according to Smith and 

Holtzapple (2011) the C:N value was below the recommend optimum ranges of 20 and 40 for 

maximum biomethane yield. This is suggesting that for the attainment of higher C:N values, co-

digestion or nutrient supplementation is required. The oxygen and hydrogen contents (%) were 35.74 

and 5.39 respectively. The substrate VS, TS and ash values of samples were between 13.11% to 

13.74%, 15.15 % to 15.35% and 0.2329% to 0.2625% respectively. After 32 days of the anaerobic 

digestion process, the digestates were characterized and the VS/TS% reduction of 60.59, 61.52, 65.34, 

62.76, 57.87 and 42.40% respectively recorded in reactors O, Oppy20, Oppy75, Oppy750 and 

Oppy1000. The highest removal of VS/TS% was observed in the Oppy20 reactor and the least 

reduction noticed in the Oppy1000 reactor. This may be attributable to inhibition effect of the higher 

dose of iron-based additives (Casals et al. 2014). The higher removal noticed in both Oppy20 and 

Oppy75 is in line with the report of Abdelsalam et al. (2017) and Ambuchi et al. (2016), that 

degradation of substrates was quicker in reactors containing optimum dosages iron additives. 
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Table 4. 11 Proximate and ultimate analyzes of samples 
Parameter Inoculum O Oppy20 Oppy75 Oppy750 Oppy1000 

Initial pH 8.08 7.00 7.20 7.31 7.44 7.90 

Final pH 7.68 6.90 7.05 7.16 7.15 7.40 

Ash content (g) 0.03 0.2329 0.2452 0.2625 0.2401 0.2365 

Total Solid (%) 1.50±0.01 15.15±0.2 15.48±0.00 15.28±0.00 15.25±0.24 15.35±0.24 

Volatile Solid (%) 1.02±0.04 13.11±0.0 13.31±0.05 13.51±0.03 13.69±0.39 13.74±0.02 

Final VS of TS % 60.86±1.6 61.52±1.0 65.34±0.06 62.76±1.12 57.87±1.28 42.40±1.95 

Carbon % TS NT 39.30±0.012 39.30±0.012 39.30±0.012 39.30±0.012 39.30±0.012 

Hydrogen% TS NT 5.39±0.003 5.39±0.003 5.39±0.003 5.39±0.003 5.39±0.003 

Oxygen% TS NT 35.74±0.003 35.74±0.003 35.74±0.003 35.74±0.003 35.74±0.003 

NT = not detected, data expressed as the mean ± standard deviation 

 

The morphology of the OW and the digestate were determined with SEM-EDS and the results are 

shown in Fig. 4.10. Although with visible observation, the morphological differences may be hard to 

estimate, the undigested OW appeared loose and rough, while morphologies of O, Oppy20 and 

Oppy75, Oppy750 and Oppy1000 digestates were densely packed, smoother and rigid. This is in line 

with Ambuchi et al. (2016).  Digestates of Oppy750 and Oppy1000 showed more densely packed 

aggregates than O, Oppy20 and Oppy75. Xu et al. (2015) suggested that the more compact images 

connote tightly coated bacteria and EPS that inhibits Fe2+ penetration, hence resulting in lower 

biomethane production, this is true for samples for Oppy750 and Oppy1000.    

 

Table 4. 12 Elemental compositions of undigested OW and digestates 
Element Undigested OW O Oppy20 Oppy75 Oppy750 Oppy1000 

Fe (%wt) 0.1 0.3 0.5 0.6 0.9 3.9 

Mg (%wt) 0.5 0.3 0.8 0.5 0.6 0.3 

Ca (%wt) 1.5 1.4 1.7 1.8 1.7 1.3 

C (%wt) 55.1 57.7 55.0 57.9 56.6 58.6 

O (%wt) 38.3 31.2 30.8 30.6 30.5 28.4 

K (%wt) 2.6 3.9 4.1 3.4 3.4 3.9 

P (%wt) 0.4 0.4 1.1 0.8 0.9 0.3 

 

The iron and other chemical composition were revealed through EDS analysis and shown in Table 

4.12. The iron content in the digestate increased with the addition of Ppy/Fe3O4 NPs, which according 

to Zhao et al. (2018) was due to the activities of dissimilatory iron reduction with capabilities of 

utilizing recalcitrant substrate-types. Akin to the report of Suanon et al. (2016), the coexistence of C, 

O, Mg, P, Ca, K, etc. in the digestate was revealed by the elemental composition profile summarized 

in Table 4.12.  
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Oppy750        Oppy1000 

Fig.4. 10 SEM-EDS images of Undigested and Digested Okra Waste Exposed to Different 

Doses of Ppy/Fe3O4 Nanoparticles.  

 

4.3.3.2 Methane production 

The effect of Ppy/Fe3O4 NPs on the cumulative biomethane yield and daily biomethane production at 

different dosages (Oppy20, Oppy75, Oppy750 and Oppy1000) were studied. The Ppy/Fe3O4 NPs has 

iron as the predominant element, which enhances methanogenic activities due to its Fe2+/Fe3+ ionization 

capability and direct interspecies electron transfer (DIET) in syntrophic methanogenesis facilitation 

(Casals et al. 2014; Ali et al. 2017). In both Figs 4.11 and 4.12, it is indicated that when compared with 

the yields of the control sample (O), biomethane yield of Oppy20 was the most enhanced by 2.74%, 

followed by 0.8% enhancement by Oppy75. This result is akin to the stance of Abdelsalam et al. (2017), 

which reported an increased yield of 1.45% with the addition of 20 mg/l magnetic nanoparticles. More 

so, the noticeable increment achieved with the addition of 75mg/l of magnetic-Fe3O4 nanoparticles 

agrees with the results of Ali et al. (2017). The better results in both Oppy20 and Oppy75 may have 

been due to the enhancement of methanogenic activities and AD performance arising from the electron 

donor properties of reducing CO2 into CH4 as shown in equations 4.11 and 4.12 and low oxidation-

reduction potential (ORP) (Ali et al. 2017; Abdelsalam et al. 2017). These resulted in the promotion of 

substrate solubilization, hydrolysis and acidification. 
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𝐶𝑂2 + 4𝐹𝑒𝑜 + 8𝐻+ → 𝐶𝐻4 + 4𝐹𝑒2+ + 2𝐻2𝑂        4.11 

CO2  +  4H2 → CH4  +  2H2O        4.12 

 

The above-stated process in equations 4.11 and 4.12 has a balance of pH between hydrogen ion (H+) 

and H2CO3 formed from CO2, hence controlling the pH of the mixed liquor, which is key to the 

operations of methanogens. Statistically, biomethane potential of a substrate treated with 75 mg/l 

(Oppy75) and the control (O) is the same at the mean values of 887 mL/gVS and 880.3 mL/gVS and 

denoted with the same letter ‘a’ as shown in Fig.4.11, while others (Oppy20,750 and 1000) that are 

statistically different were denoted with different letters (b, c and d). The reactors with 750mg/l and 

1000mg/l doses of Ppy/Fe3O4 recorded the least performance with a decrease of 5.99% and 21%. The 

lower yield at increased dosages may be as a result of inhibition and toxicity, which may arise from 

the electron acceptance contest between the Fe3O4 and the methanogens (Noonari et al. 2019; Zhao 

et al. 2018).    

   
Fig.4. 11 Plot of Cumulative Biomethane Yield Indicating Significant Levels of Treatments @ 

p<0.05 (means with the same letter are statistically the same, while other shows difference in mean) 

 

The graph of daily biomethane production in Fig.4.12. shows the daily biomethane flow from reactors 

O, Oppy20, Oppy75, Oppy750 and Oppy1000 and their time of flow terminations. The higher daily 

flow was observed within the first 5days, then daily decreased until termination at the 32nd day. 
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Fig.4. 12 Daily Biomethane Yields of Substrates With/Without Ppy/Fe3O4 Nanoparticles 

 

4.3.3.3 Kinetic Models (First-order Kinetic Model and Gompertz Model) and ANN Model 

Table 4.13 summarizes the predicted parameters of the two kinetic and ANN models studied. Among 

the three predictive models used in this study, the ANN model exhibited lowest difference (0-1.057%) 

between the measured and estimated biomethane production, then followed by the First order kinetic 

model modified (0.391-2.691%). Between the measured and the predicted biomethane yield, the 

modified Gompertz model showed the highest difference (0.508–4.753%). All the models showed 

low deviations between the estimated and experimental values (below 10%), signifying the accuracy 

of the models in predicting the reactor behaviour (Raposo et al. 2009). 

 

The value of the kinetic constant (k) according to Kafle and Kim (2012) is used in determining the 

rate of biomethane production per time. In this study, k value ranged between 0.215 to 0.267 d-1 as 

shown in Table 4.13. These k values are higher than the previously reported ranges of 0.087-0.210 d-

1 (Budiyono and Sumardiono, 2014), and 0.017-0.040 d-1 (Kafle and Kim, 2012) respectively for 

pretreated okra waste, vinasse with rumen and fish waste. The higher and positive k value obtained 

in this study concurs with observations of Kafle and Kim (2012) and Budiyono and Sumardiono 

(2014) that higher positive values of k are related to faster biomethane production rate. 

 

The minimum time required for biomethane to be produced or for methanogens to acclimatize in the 

digester is lag phase λ (Kafle and Chen, 2016). The λ of all samples from the evaluated modified 

Gompertz model shown in Table 4.13 ranged from 2.328 to 2.505 days. The lack of swiftness 

observed in all samples resulting in high lag phase according to Talha et al. (2018), may be attributed 
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to inactiveness of the inoculum, other inhibitions to microbial activities on the biodegradable organic 

part of the okra waste, hence microbial enrichment of inoculum or microbial analysis of the mixed 

liquor is suggested. The maximum methane production rate (Rmax) ranged from 59.74 to 63.75 

mL/gVS.d, this describes the growth rate of methanogens specifically (Kafle and Chen, 2016). 

 

Table 4. 13 Summary of results of two kinetic models and the ANN predictive model 
First-order kinetic model  O Oppy20 Oppy75 Oppy750 Oppy1000 

Measured Methane Yield- Y(t) (mL/gVS) 880.3 904.45 887 830.55 727.3 

Predicted Methane Yield -Y(P )mL/gVS) 870.667 883.99 863.128 827.307 734.355 

Difference between Y(t) and Y(p) (%) 1.094 2.262 2.691 0.391 0.970 

Ym (mL/gVS) 191.7 209 141.9 221.4 164.6 

k (d-1) 0.231 0.215 0.224 0.239 0.267 

R2 0.988 0.988 0.986 0.987 0.977 

RMSE 24.39 25.96 26.55 24.47 28.82 

Modified Gompertz model       

Measured Methane Yield- Y(t) (mL/gVS) 880.3 904.45 887 830.55 727.3 

Predicted Methane Yield -Y(P )mL/gVS) 853.536 864.677 844.838 811.406 723.607 

Difference between Y(t) and Y(p) (%) 3.0403 4.398 4.753 2.305 0.508 

Ym (mL/gVS) 314 318.1 310.8 298.5 266.2 

Rmax  (mL/gVS.d) 59.74 56.98 59.01 61.43 63.75 

λ (d) 2.332 2.506 2.456 2.366 2.328 

R2 0.981 0.981 0.983 0.988 0.996 

RMSE 32.12 32.65 30.13 23.79 12.74 

ANN Predictive model       

Measured Methane Yield- Y(t) (mL/gVS) 880.3 904.45 887 830.55 727.3 

Predicted Methane Yield -Y(P )mL/gVS) 880.824 904.45 885.49 839.330 727.739 

Difference between Y(t) and Y(p) (%) 0.060 0 0.170 1.057 0.060 

R2 0.99999 0.99999 0.99994 0.99999 0.99999 

RMSE 0.168 0.02 1.766 1.579 0.119 

 

After evaluation of the kinetic models (first-order kinetic model and modified Gompertz model) via 

non-linear regression, the ANN achieved predictive capacity by training the network using a smaller 

value of MSE, higher value of R2 and optimum neuron numbers are attained using dependent 

variables (RT and T) and biomethane yield (independent variables) to predict yields (Najafi and 

Ardabili, 2018). The first-order kinetic model, modified Gompertz model and ANN predictive model 

were plotted in Figs. 4.13-4.15 respectively.  
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Fig.4. 13 Cumulative Biomethane Production-First-Order Kinetic Model and Measured Data 

 

The model fitness indicators (RMSE and R2) were reported in Table 4.13, RMSE and R2 of the first-

order kinetic model ranged from 24.39-28.82 and 0.977-0.988 respectively. For the modified 

Gompertz model, RMSE and R2 have the ranges of 12.74-32.62 and 0.981-0.996 respectively. The 

best model fitness was observed from the ANN predictive model with the lowest RMSE (0.02-1.766) 

and Highest R2 (0.99994-0.99999). However, based on the result, the ANN predictive model has the 

best performance followed by the First-order kinetic model. 

 

 
Fig.4. 14 Cumulative Biomethane Production-Modified Gompertz Model and Measured Data 
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Fig.4. 15 Cumulative Biomethane Production- Artificial Neural Network Prediction and 

Measured Data 

 

In comparing all the models (first-order kinetic model, Modified Gompertz and ANN), it can be 

observed that the ANN performed better than the kinetic models used in this study on all indexes (of 

the model fitness indicators and the difference between predicted and measured methane yield). 

Higher linearity of the ANN R2 (0.99994 – 0.99999) when compared with R2 of kinetic models, lower 

prediction differences and RMSE were observed in ANN model unlike in the kinetic models with 

higher differences and RMSE values, this is in line with previous studies of Najafi and Ardabili, 

(2018). The performance of the First-order kinetic model, which was the second-best agrees with the 

report of Kafle and Chen (2016); Kafle et al. (2013); Budiyono and Sumardiono (2014). As stated in 

Raposo et al. (2009), the difference between Ym and Yt must not be more than 10 %, above which 

such kinetic model is deemed not valid for predicting anaerobic digestion processes, all models 

predicted within the recommendation 10%. 

4.3.4 Comparative studies on the effect of selected iron-based additives  

4.3.4.1 Substrate and digestate characteristics 

Solid analysis (VS, TS, VS/TS, etc.), C, H, N and pH were determined from the substrate (okra) as 

shown in Table 4.14. The VS, TS, VS of TS and ash values of samples were respectively between 

1.50 % to 15.16 %, 1.02 % to 13.37 %, 68 % to 91.0347 % and 0.03 to 0.2625 %. The ratio of carbon 

to nitrogen calculated was 12.24; this is below the optimum recommended value of between 20 and 

40 for biogas production, necessitating the need for co-digestion in subsequent operation with 

substrates of higher C: N value or nutrient supplementation (Smith and Holtzapple, 2011). The 
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hydrogen and oxygen contents (%) were 5.39 and 35.74 respectively. Both the initial and final pH 

values ranged between 7.68 and 8.44, which were within the recommended values of between 6.5 

and 8.5 (Kigozi et al. 2014).  

 

Table 4. 14 Proximate and ultimate analyzes of samples 
Parameter Inoculum O Ppy-Fe3O4 nZVI-20 nZVI-1000 Fe2O3 Fe 

Initial pH 8.08 8.15 8.44 8.13 8.20 8.10 8.12 

Final pH 7.68 8.20 7.76 8.15 7.91 7.80 8.00 

Ash content (g) 0.03 0.23 0.25 0.263 0.240 0.237 0.237 

Total Solid (%) 1.50±0.01 1.68±0.026 1.75±0.08 1.866±0.024 1.611±0.2 1.54±0.15 1.30±0.035 

Volatile Solid (%) 1.02±0.04 1.17±0.027 1.225±0.06 1.31±0.066 1.201±0.1 1.182±0.07 1.182±0.005 

VS of TS % 68±0.08 69.35±0.55 70.22±0.29 70.220±2.65 74.716±3.04 77.267±1.25 91.035±2.86 

Carbon % TS NT 39.30±0.01 39.30±0.01 39.30±0.012 39.30±0.01 39.30±0.01 39.30±0.01 

Hydrogen% TS NT 5.39±0.003 5.39±0.003 5.39±0.003 5.39±0.003 5.39±0.003 5.39±0.003 

Oxygen% TS NT 35.74±0.003 35.74±0.003 35.74±0.003 35.74±0.003 35.74±0.003 35.74±0.003 

NT = not tested, data expressed as the mean ± standard deviation 

 

At the end of 19 days’ digestion process, the solid analysis of the digestates was conducted and 

characterized. The VS (TS %) reduction of 56.493, 60.59, 57.84, 58.599, 56.85 and 55.22 % 

respectively for O, Ppy-Fe3O4, nZVI-20, nZVI-1000, Fe2O3 and Fe reactors were recorded. All the 

highest VS (TS %) reduction was seen in the reactor containing 20 mg/L of Ppy-Fe3O4 additive, the 

least reduction was recorded in the reactor with 750 mg/L of Fe. It could be observed that all the 

nano-iron additives achieved higher solid reduction. This is in line with the assertion in Ambuchi et 

al. (2016), that microbes degrade swiftly the substrates in reactors containing nano-iron additives. 

The digestate pH values were generally lower than that of the pre-treated/co-digested substrates, 

which was between 7.76 and 8.15.  
 

4.3.4.2 Methane production 

The cumulative biogas yield with methane content and daily methane production as shown in 

Fig.4.16a, and 4.17 respectively, indicated that both biogas yield and methane content of Ppy-Fe3O4 

were the most enhanced by 10.32 % and 25 % when compared with the yields of the control sample. 

Biogas yields from reactors with Fe2O3 and nZVI-1000 additives are statistically the same at the mean 

values of 429.35 mL/gVS and 424.2 mL/gVS. Least performance was seen in the nZVI-20 and Fe 

respectively with the yield of 377.55 mL/gVS and 373.85 mL/gVS, which are also statistically the 

same at p < 0.05, but with different methane compositions as seen in Fig 4.16b. The variations and 

low biogas yield was seen in most iron-based enhanced reactors suggested inhibition which, 

according to Bharathiraja et al. (2018) stated that feedstock or presence of inhibitors or operational 
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parameters can reduce the activities of methanogens and may be responsible for the variations in the 

daily production peaks. 

 

 
(A)          (B) 

Fig.4. 16 (a) Cumulative biogas yield and methane composition (b) Plot of treatment means 

indicating the level of significance @ p<0.05 
         

Although the enhancement of okra waste with iron-based additives has not been previously studied 

(to the best of our knowledge), the result of the magnetic-Fe3O4 nanoparticles (Ppy-Fe3O4) used in 

this research was in line with other studies. Abdelsalam et al. (2017) reported that the use of 20 mg/L 

of nZVI and 20mg/L magnetic-Fe3O4 nanoparticles in anaerobic digestion of manure, achieved 

respectively 1.45 and 1.66 times increase in biogas volume. Wang et al. (2018) reported that 

1000mg/L of nZVI gave the highest yield with 31 days of digestion of sludge, although the same 

dosage in our report underperformed, elongation of retention time is suggested. 

 

The graph of daily biogas production in Fig.4.17 shows the daily biogas flow from reactors O, Ppy-

Fe3O4, nZVI-20, nZVI-1000, Fe2O3 and Fe and their time of flow terminations. 
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Fig.4. 17 Daily Biogas Yields of Substrates With/Without Iron-Based Additives 
 

 

4.3.4.3 Impacts on substrate and digestate characteristics 

After 19 days’ digestion period, representative digestates from some reactors (O, Ppy-Fe3O4, Fe) were 

collected based on biogas yields, observed under SEM-EDS and compared with the undigested 

sample. The structural images of substrate and digestates from SEM-EDS in Fig 4.18 shows that the 

undigested okra waste (Fig 4.18a) appeared loose and rough, while digested samples showed a rigid 

and compact appearance. This in line with the reports in Zhang et al. (2018) and Ambuchi et al. 

(2018). Fig (4.18c and d) shows more densely packed aggregates. This according to Xu et al. (2015) 

suggests that those densely packed aggregates visible in all digestates are tightly coated bacteria and 

EPS that prevent penetration of iron additives, hence the low biogas yields in from them. More 

micropores were seen in Fig (4.18c), this goes to show that the addition of iron-additives aids the 

creation of micropores structures, which according to Zhang et al. (2018) aids the growth of acidogens 

and methanogens to grow, enhancing the interspecies mass and electron transfer. 
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(A)        (B) 

  

  
 (C)     (D) 

Fig.4. 18 SEM and EDS of (A) Undigested okra, (b) O (control digestate), (c) PPy/Fe3O4, and 

(d) Fe. The size bar corresponds to 5𝜇𝑚 

 

4.3.4.4 Kinetic study (Gompertz Models) and ANN Model 
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From the model-fitting of a non-linear regression and the network training, testing and validation of 

the experimental cumulative biomethane yield obtained from the anaerobic digestion process of okra 

waste enhanced with iron-based additives, model parameters (Ym, Rmax and λ) and model fitness 

indicators (RMSE and R2) were determined and presented in Table 4.15 and Table 4.16. The plots of 

predicted and experimental mean yields were plotted together and shown Figs. 4.19 and Fig 4.20. 

 

  Table 4. 15 Results of using Artificial Neural Network 
Parameter O Ppy/Fe3O4 nZVI-20 nZVI-1000 Fe2O3 Fe 

Measured Biogas Yield- Y(t) (mL/gVS) 493.90 544.90 377.55 424.2 429.35 373.85 

Predicted Biogas Yield -Y(P) (mL/gVS) 494.41 544.91 377.59 424.16 429.35 374.18 

Difference between Y(t) and Y(p) (%) 0.10326 0.00184 0.01059 0.00943 0.000 0.08827 

R2 0.99914 0.99914 0.99986 0.99994 0.9989 0.99964 

RMSE 9.2 3.3 0.2752 0.7715 3.6 0.25 

 

The lag phase λ is the duration needed for the adaptation of bacteria before the commencement of 

biogas production. In the modified Gompertz model, λ of all the samples as were computed and 

shown in Table 4.16 and Fig. 4.19 ranged between 0.41 and 3.55 days, the higher lag phase observed 

in sample Fe and Fe2O3 shows lack of swiftness unlike in all the nanoparticles (Ambuchi et al. 2016). 

According to Talha et al. (2018), lower λ values suggest the activeness of the inoculum and that of 

the microbes on the biodegradable organic part of the okra waste.  

 

Table 4. 16 Results from using a modified Gompertz model 
Parameter O Ppy-Fe3O4 nZVI-20 nZVI-1000 Fe2O3 Fe 

Measured Biogas Yield- Y(t) (mL/gVS) 493.9 544.9 377.55 424.2 429.35 373.85 

Predicted Biogas Yield -Y(P )mL/gVS) 521 534.3 385.7 445.8 447.4 381.2 

Difference between Y(t) and Y(p) (%) 5.202 1.984 2.113 4.845 4.034 1.928 

Ym (mL/gVS) 191.7 209 141.9 221.4 164.6 140.3 

Rmax  (mL/gVS) 22.07 30.44 31.65 10.87 25.77 31.5 

λ (d) 1.05 0.41 0.81 0.75 1.43 3.55 

R2 0.967 0.976 0.991 0.976 0.973 0.992 

RMSE 34.33 34.11 16.36 24.52 30.16 15.4 

 

The highest value of Ym (biogas production potential) was obtained in the sample enhanced with 

nZVI-1000, the value is 221.4 mL/gVS. The model difference between the experimental biogas yield 

and model predicted ranged from 1.928 % to 5.202 %. This is in the ranges of previously reported 

differences of 0.67- 10.86 % (Talha et al. 2018). The fitness of models is dependent on the values of 

root mean square (RMSE) and in this study, it ranged between 16.36 and 34.11 for the modified 

Gompertz model and are all above the recommended value of 10. The R2 value of between 0.967 and 

0.992, agreeing with R2 of 0.92 reported in Barua et al. (2018).  
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Fig.4. 19 Cumulative Biogas Production-Modified Gompertz Model and Measured Data 

 

After attaining the capacity to predict by training the network, dependent variables (retention time 

(RT) and temperature (T)) and biogas yield (independent variables) were used to perform ANN tasks. 

According to Najafi and Ardabili (2018), the smaller value of MSE (minimal performance indicator) 

shows high prediction accuracy, low MSE and the optimum neuron numbers, is achieved during the 

training stage, since MSE is the difference in factor between the estimator and the estimated, then 

smaller MSE value indicates higher prediction network accuracy. At 10 hidden neuron layers, 70% 

of the input dataset (RT and T) was used to train the networks till optimized training with the smallest 

MSE values is attained. As shown in Table 4.15 and Fig. 4.20, these MSE values for O, Ppy-Fe3O4, 

nZVI-20, nZVI-1000, Fe2O3 and Fe respectively at 9.2, 3.3, 0.2752, 0.7715, 3.6 and 0.25 were 

selected after several trainings. 
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Fig.4. 20 Cumulative Biogas Production-Experimental and Artificial Neural Network 

Prediction 

 

After the training stage, the network testing, which is a way of comparing obtained output value with 

target values, was performed. The testing indicator is identified with the linearity of the coefficient 

of determination (R2). The values of O, Ppy-Fe3O4, nZVI-20, nZVI-1000, Fe2O3 and Fe output 

network test results respectively have 99.914 %, 99.914 %, 99.986 %, 99.994 %, 99.89, and 99.964 

% of target linearity values as reported in Table 4.15 and Fig. 4.20. Low prediction differences were 

achieved with ANN ranged between 0.000 and 0.10326, it is evident that all enhanced samples were 

predicted better than the control sample. 

 

In comparing both models (Modified Gompertz and ANN), it can be observed that the ANN 

performed better than the kinetic model used in this study on all indexes. Higher linearity of the ANN 

R2 (99.89 – 99.994) when compared with R2 of Modified Gompertz model (0.967 - 0.992), lower 

prediction differences and RMSE were observed in ANN model unlike in the kinetic model with 

higher differences and RMSE values. The result of this study is supported by previous works of Najafi 

and Ardabili (2018) where it was reported that the ANN model outperformed all the kinetic models 

studied. All models predicted within the recommendation of Raposo et al. (2011), which stated that 

the difference between Ym and Yt must not be more than 10 %, above which such kinetic model is 

deemed not valid for predicting anaerobic digestion processes. 
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4.4 Summary 

Based on the different experiments conducted, the following conclusions were arrived at: 

i. Okra waste was found to be a viable feedstock for biogas production. It also shows that both 

energy content and elemental composition evaluation methods could be reasonably used to 

calculate TBMP and BDCH4 of okra waste. The goodness of fit, good methane yield prediction 

and lowest percentage prediction difference showed that both transference and first-order 

models performed better than the other models evaluated. The positive kinetic constant and 

lower lag phase confirmed the high rate of degradation. Based on the goodness of fit, the logistic 

model had the worst performance. 

  

ii. Due to the commendable BMP of okra and the need to increase its biodegradability in this study, 

pretreatment of okra waste with alkaline (NaOH) was found to have enhanced the anaerobic 

biodegradability of okra wastes by 45.87%. Other pretreatments were not statistically different 

from untreated okra wastes, the samples co-digested at varying ratios showed a decline in biogas 

yield. Initial and final results of parameters like VS and VFA were monitored during the 

digestion period. All samples recorded high VS and VFA concentrations removal. Results 

obtained from the experiment were used to fit modified Gompertz, First-order kinetic models 

and perform ANN. The ANN was observed to have “learned” the experimental data and to have 

most described cumulative biogas production with the better goodness of fit (R2) and RMSE 

values compared to the first-order kinetic model and modified Gompertz models. Effects of 

prolonged pretreatment of okra with microwave and the declining biomethane yield noticed in 

the co-digested samples need to be further investigated.  

 

iii. In order to achieve improved biogas yield, the study on the impact of adding iron magnetic 

nanoparticles (Ppy/Fe3O4) for enhancement of okra waste was successfully carried out. The 

bioreactor enhanced with 20mg/l of iron additives (Oppy20) gave the highest result of 2.74% 

rise in biomethane production when compared to the control sample. The lowest yield was 

recorded in the bioreactor enhanced with 1000mg/l of Ppy/Fe3O4 (Oppy1000).  From the SEM 

images, higher disintegration was noticed in the structures of samples with additives, with 

higher availability of Fe ions (wt%) in the analyzed digestates. The prediction of biomethane 

from the experimental data using the kinetic models (first-order kinetic model and modified 

Gompertz model) and ANN predictive model, were all within acceptable limits, but ANN 

performed outclassed the other models. It can be concluded that Ppy/Fe3O4 nanoparticles 
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which are often used for water treatment can enhance the anaerobic digestion process. The high 

lag phase noticed should necessitate studies on the activeness of the methanogens or possible 

toxicity/ inhibition.  

 

iv. Based on the results of previous enhancement processes by this author and other studies on the 

influence of iron-based enhancement on anaerobic digestion of wastes, the comparative 

assessment of the effect of iron-based additives on okra waste was successfully carried out. In 

Enhancement of okra waste with iron additives (Ppy-Fe3O4, nZVI-20, nZVI-1000, Fe2O3 and 

Fe), the best result of 10.32% and 25% rise in both biogas yield and methane content 

respectively was achieved from the sample with 20mg/mL of Ppy-Fe3O4. The yields from other 

additives were lower than that of the control sample. High solid (VS of TS%) removal was 

recorded, especially in samples enhanced with iron-based additives. From the SEM images, 

higher degradation took place in the structures of samples with additives. Both modified 

Gompertz model and ANN network, using the experimental data, predicted within acceptable 

recommendations, but ANN outclassed the other with better goodness of fit (R2 and RMSE). 

Long retention time and other cause of a decline in the biogas yield of other additives are to be 

studied. 
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Chapter Five 

Optimization of iron enhanced anaerobic digestion of agro-wastes for 

biomethane production and phosphate release 

 
5.1 Introduction 

The global waste generation is on the rise due to increasing population growth, just like agro-

industrial wastes, municipal wastes are estimated to generate above 3.40 billion tonnes by 2050 with 

organic waste constituting above 50 per cent of the total global wastes and more than 33 per cent of 

these are improperly disposed of (World Bank, 2020). Anaerobic digestion is an established 

technology with dual capabilities of waste treatment and bioenergy production is most suited for 

handling the enormous organic wastes being generated annually while closing the widening global 

energy-supply gap (Puyol et al. 2018). In the absence of oxygen, complex polymeric biodegradable 

organics are broken down by microorganisms and enzymes to monomers and simple molecules via a 

four-stage process of hydrolysis, acidogenesis, acetogenesis and methanogenesis (Siami et al. 2020; 

Dobre et al. 2014). Hydrolysis phase which is known as the rate-limiting step in anaerobic digestion 

process aids substrate solubilization but is restricted by nature of substrate, presence of inhibitors, 

etc. (Choi et al. 2018; Bharathiraja et al. 2018). Generally, the efficiency of all anaerobic digestion 

stages and processes are influenced by factors such as digestion temperature, C/N ratio, pH, loading 

rates, hydraulic retention time, microbial biomass, etc. (Kumar et al. 2020; Dobre et al. 2014).  

 

However, due to low biodegradability associated with substrates (especially lignocellulosic and most 

4th generation bioenergy feedstocks), there have been notable efforts toward the achievement of high 

substrate degradability and ultimately increased biogas yield. Some of these intensification strategies 

include improvement of bioreactor operational conditions, types and configurations, advancements 

in alternative substrate usage, co-digestion, substrate pretreatment and nutrient or additive 

supplementation (Puyol et al. 2018; Bharathiraja et al. 2018). Anaerobic co-digestion is vital for the 

maintenance of digestion pH and C/N ratio, etc. as well as amelioration of adverse impacts of toxic 

substrates with the addition of non-toxic ones for improved biogas production (Ghaleb et al. 2020). 

It also increases the organic loading rate of the biodigester. Several pretreatment options for increased 

substrates degradability and hydrolysis rate through the disruption of extracellular polymeric 

substance (EPS), sludge flocs, intercellular organic matter, the cell wall of organisms and polyvalent 

cations (Siami et al. 2020). Any of these pretreatment methods, which are selected based on economic 

feasibility and effectiveness include physical (microwave, ultrasound or milling), thermal, enzymatic 
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or biological, chemical (alkali or acid) and combined methods (Zaidi et al. 2020). It has also been 

reported in Ding et al. (2017) the combined pretreatments like steam/microwave heating and 

enzymolysis assisted by acid/alkali assisted pretreatment achieved an increase in biomethane yield.  

Although the afore-mentioned enhancement techniques recorded a remarkable improvement in 

biomethane production, according to Zhao et al. (2018), the additional input (energy and chemical) 

cost may not be compensated for by the resulting yield increase. Similarly, extreme pH, salt 

formations and overall toxicity are serious concerns bedevilling the choice of chemical pretreatments 

(Zhang et al. 2014b; Hashimoto, 2004). 

 

On the other hand, the use of other efficient, cheaper and environmentally friendly enhancement 

options such as additives are vital for cost-effective biogas production (Abdelsalam et al. 2016; Wang 

et al. 2018). Additives such as iron (Fe), selenium (Se), nickel (Ni), cobalt (Co), molybdenum (Mo), 

etc. are vital for nutrient augmentation, microbial growth and general biochemistry of anaerobic 

digestion (cell lysis, VFA usage and biogas production) as well as being important makeup of 

enzymes and cofactors needed to stimulate anaerobic digestion (Menon et al. 2017; Linville et al. 

2016). These additives trigger higher organic loading rate by improving feedstock utilization and 

process stability (Zaidi et al. 2020; Zaidi et al. 2019). According to Menon et al. (2017), nutrient 

availability or additive supplementation (when scarce in substrates) eliminates the inhibitory 

influences of VFAs, ammonia, humic substances, among others. When compared to other additives, 

iron-based additives (nanoparticles, scraps, powder, liquid, etc.) have gained more prominence 

because they are mostly cheap, easy to apply and its ability to reduce oxidative reductive potential 

(ORP) of anaerobic digestion and cofactor capabilities with lots of proteins due to their role as 

electron donor and acceptor (Casals et al. 2014; Emerson et al. 2010). Studies on the viability of iron 

additives as a stabilizing agent for anaerobic digestion of waste confirmed its positive effects on 

improving the entire anaerobic digestion environment and its capability to enhance hydrolysis-

acidification enzymes activities (Zhang et al. 2015; Feng et al. 2014).  

 

Although iron supplementation enhances anaerobic digestion when in excess, the reactive oxygen 

can initiate Fenton reaction and create toxic environments capable of inhibiting microbial activities. 

However, when in low supply, it is easily used up by methanogens, thereby reducing the activities of 

microbes in the biodigester. Against this backdrop, optimum dosage supplementation is needed to 

maintain bacteria activities and stability (Casals et al.2014). Iron additives (eg. Fe3O4) with 

conductive properties aid methanogenic growth, direct interspecies transfer, degradation of polymeric 
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substrates and ultimately improve biomethane production (Tan et al. 2015; Zhuang et al. 2015). 

According to Zhang et al. (2015), the addition of 100 mg/L of trace iron to anaerobic digestion of 

food waste significantly enhanced biogas production. Puyol et al. (2018) reported that the addition of 

adding 2.5 kg ZVI m-3 resulted in a significant increase of the biomethane yield. Using nanoparticle 

of Fe3O4 to enhance anaerobic digestion of green microalgae Enteromorpha, Zaidi et al. (2018) 

reported the highest enhancement of 28% cumulative biogas yield. Similarly, the supplementation 

with 20 mg/L Fe3O4 nanoparticles gave the highest yield of 584 mL/gVS and 351.8 mL CH4 g/VS 

for specific biogas and methane yield respectively (Abdelsalam et al. 2017). Casals et al. (2014) 

reported that the optimum application of Fe3O4 nanoparticle on a continuous release basis enhanced 

biogas yield by 180%. In our previous work on biogas production from the enhancement impact of 

anaerobic digestion of okra waste with 20 mg/L PPy/Fe3O4, 2.74% biomethane increase was reported 

(Ugwu and Enweremadu, 2020). 

 

More so, iron additives release Fe2+/Fe3+ in the course of the digestion processes which according to 

Jia et al. (2017) impacts the dynamics (physicochemical) of the bioreaction. These iron ions react 

with dissolved anions such as phosphate (P), carbonate, respectively to vivianite (Fe3(PO4)2·8H2O), 

siderite (FeCO3) and reducing biogenic sulfide to form pyrite (FeS2) (Puyol et al. 2018; An et al. 

2014). Phosphates released to the mixed liquor or digestate during the anaerobic digestion process 

are entrapped, reducing P availability and increasing cost of recoverability due to the formation of 

non-easily degradable vivianite (Heiberg et al. 2012). P is vital to both human beings and plants 

globally, it is a non-renewable resource that is estimated to be used up in the next few years, hence 

the need for alternative P recovery plans to ensure its sustainability (Sikosana et al., 2016). Due to 

the relevance of P to life on earth, the achievement of enhanced energy recovery from biodegradable 

organics with iron additives without sacrificing P release or recoverability is the focus of this study.  

 

Furthermore, to achieve P release in an iron enhanced anaerobic digestion, Tian and Yu (2020) 

suggested the need to interrupt the interaction between Fe and P to avert Fe-P production. In line with 

this Takashima (2019) reported that the introduction of sulfate to iron enhanced anaerobic digestion 

improves phosphate release via sulfate to sulfide reduction. Although this method improved P release, 

methane loss and additional scrubbing cost pose valid concerns, hence the need for a new approach 

(Tian and Yu, 2020; Takashima, 2019).  P shares similar properties with arsenic compounds (As) 

properties and an antagonistic relationship with humic acid (HA) (Lenoble et al. 2005). In line with 

this, Jeong (2017) reported that the reaction of HA, As and P with iron ions formed stable As-Fe-HA 
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colloid and released P into the solution. Similarly, Azman et al. (2015) and Wilfert et al. (2015) 

revealed that iron addition on HA and As ultimately results in phosphate release. In previous studies 

on HA addition to anaerobic digestion, Yap et al. (2018) observed that HA addition below 5 g/L did 

not decrease the hydrolysis rate of cellulose, but higher dosage inhibited hydrolysis. On the influence 

of arsenic compound on anaerobic digestion, Zhai et al. (2017), revealed that between 33 and 71% of 

As from swine wastewater and total As were removed without adversely affecting anaerobic 

digestion.  

 

However, as stated in Zaidi et al. (2020), optimum concentrations of additives (accelerants and/or 

antagonists) are needed to avert ecotoxicity, inhibition and additional cost due to overdose. Therefore, 

the design of experiment aimed at achieving optimal biogas yield and P release from the 

supplementation of anaerobic digestion with iron additives (an accelerant) and P-antagonists (HA and 

As) can be achieved with response surface methodology (RSM). According to Box and Draper 

(1987), RSM involves sets of mathematical and statistical techniques used for evaluating the effects 

of independent variables and optimizing their effects on each response. RSM is generally aimed at 

determining the optimal conditions of operations to achieve expected output. Previously, RSM has 

been used for the optimization of enhanced anaerobic digestion with co-digestion, trace elements and 

nanoparticles (Zaidi et al. 2020; Dar et al. 2019; Menon et al. 2017; Linville et al. 2016; Liu et al. 

2015b), however, no study has previously reported on the optimization of additives for simultaneous 

enhancement of biogas yield and P release/recovery. 

 

In this study, the influence of variables such as co-digestion, iron nanocomposite (PPy/Fe3O4), humic 

acid and arsenic oxide on biomethane yield and phosphorus release from okra waste and pig manure 

was investigated using response surface methodology. The optimized variables for the attainment of 

maximum biomethane yield and P release with minimal additive input were arrived at. 

 

5.2 Materials and methods  

5.2.1 Substrates and Inoculum 

For the enhanced co-digestion and optimization process, pig and okra waste used as substrates were 

respectively collected from Organic Farms and Agricultural Research Council in Centurion, Gauteng, 

South Africa. The particle size of these wastes were reduced, homogenized and then individually 

preserved in a cold room at a temperature of 4oC within a short time before usage and characterization. 

The ultimate and proximate analysis of the processed wastes were conducted. The inoculum 
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containing microbial biomass from an active food and vegetable waste biodigester located at the 

Mechanical Engineering, University of Johannesburg, South Africa. Obtained inoculum from a 

continuous anaerobic digester operates at the mesophilic condition and was kept in the cold room 

with a working temperature of 4oC before use. 

  

5.2.2 Additive supplementation  

The humic acid, Arsenic (V) oxide, hydrochloric acid (HCl) and sodium hydroxide were purchased 

from Sigma-Aldrich (South Africa). The polypyrrole magnetic nanocomposite (PPy/Fe3O4) used in 

this experiment was synthesized in the Physics and Mechanical/Industrial Engineering Laboratory of 

University of South Africa as described and characterized by Aigbe et al. (2018). The concentrations 

of these additives used were based on recommendations of previous studies. In our earlier study 

(Ugwu and Enweremadu 2020), we determine that 20 mg/L of PPy/Fe3O4 gave the highest 

biomethane. Ali et al. (2017) observed that the use of 75 mg/L of Fe3O4 nanoparticles resulted in the 

maximum biogas production. Yap et al. (2018) and Azman et al. (2015) demonstrated that humic acid 

concentration less than 500 mg/L does neither inhibit hydrolysis nor methanogenesis. Webster et al. 

(2016) and Banerjee (2010) suggested that Arsenic (V) dosage of less than 1% did not significantly 

inhibit the anaerobic digestion process. The different doses were dispersed in deionized water and 

then sonicated for 10 min before being introduced into the bioreactors. 

 

5.2.3 Analytical method 

Based on APHA (2005) standard methods, the results of the proximate analysis which are total solids 

(TS), moisture content (MC), volatile solids (VS) and ash content (AC) were obtained and the 

%VS/TS was calculated. Using the Thermo Scientific Flash 2000 Organic Elemental Analyzer, the 

ultimate analysis (CHNS) of the substrates were conducted. The analyzer with oxygen combusting at 

250 ml/min and helium as carrier gas flowing at 140 ml/min, had its maximum temperature set at 

950oC and retention time of 610 sec. The oxygen content of the substrates was determined thus based 

on VS %: C+H+N+S+ Ash = 99.5 (Rincón et al. 2012). The pH was quantified with the use of pH 

meter (HI 9828 Multi-parameter, Hanna Instruments). For P determination, 25mg of organic waste 

was digested with digestion reagent (4M HNO3 + 1M H2O2) in a microwave-assisted oven for total 

digestion time 50 minutes (20 mins for heating and 30 mins for cooling) and maximum temperature 

of 180oC. The digested sample and digestates for chemical compositional analysis were filtered with 

0.45 µm x 28mm syringe filters membranes (Glassworld, South Africa). Total P and others were 

determined by directly introducing the sample into the Inductively Coupled Plasma Mass 
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Spectrometry (ICP-MS) (NeXION 350D, PerkinElmer, USA) in triplicates. Analytes were 

determined under the following conditions: Cyclonic spray chamber, RF power of 1400 kW, 

1.2 L/min auxiliary gas flow rate, 15.5 L/min plasma gas flow rate, 6 mL/min sample uptake and 

50 mins dwell time. Standard solution for Perkin Elmer NeXION set up was used for checking 

standard performance. The mass used for analyzing the analyte was P (31) atomic mass unit. 1 mg/L 

of P standard solution was prepared from KH2PO4 in 1% HNO3 and serially diluted from 0.1mg/L to 

1mg/L. It was later used to obtain the calibration curve for quantification. ICP-MS Syngistix software 

was used for acquisition and analysis of data. 

   

The volatile fatty acids were determined using a Gas Chromatograph (Agilent 7890) incorporated 

with a mass spectrometer (LECO Pegasus 4D Time of Flight) detection and a multipurpose (Gerstel) 

sampler as described in Moreroa et al. (2020). The column used was a 30 m × 0.25 mm × 0.25 µm 

Stabilwax-DA (Restek, USA). These system operational parameters include Helium operating a flow 

rate of 1.4 mL/min was the carrier gas, the initial oven temperature was set at 50 °C and held at the 

same temperature for 0.5 min before raising it to 240 °C by 10 °C/min and maintained for 2.5 min. 

With the aid of the autosampler, 1 µL of sample volume was injected at a split of 1:10 and the run 

time for each analysis was 22 min. The secondary oven and modulator temperature offset were set at 

10 °C. The settings for the mass spectrometry are thus: Electron ionization at −70 eV, solvent delay 

of 0 min, the auxiliary temperature at the interface was 240 °C, the source temperature was 250 °C, 

stored mass range from 30 to 300 µ, acquisition rate of 8 spectra/second and a detector voltage offset 

of plus 250 V to the optimized detector voltage. Conclusively, all tests results were expressed as the 

mean of triplicate tests at 95% probability level. 

 

5.2.4 Experimental design and statistical model 

The batch experiments were carried out based on the two level-four factors central composite design 

(CCD) RSM (n = 4, ± α = 2.0) to analyze the relationship between independent variables and 

responses as well as to optimize both biomethane yield and P release. The independent variables and 

the responses are as shown in Table 5.1. The design of the experiment had a total of 30 runs including 

six centre points replications and twenty-four non-centre points. The CCD RSM was coded based on 

minimum (-1), central (0) and maximum (+1) levels as shown in Table 5.1. 
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Table 5. 1 Levels of variables and experimental design matrix for RSM 
Independent 

variable codes 

          Parameters Levels 

-1 (Min)        0      +1 (Max) 

    A    Ppy/Fe3O4 (mg/L)    20      47.5          75 

    B    Humic acid (HA) (mg/L)    5      27.5          50 

    C    Arsenic (V) (As) (mg/L)    1        3           5 

    D    Co-digestion (%)   25      50          75 

Run A B C D 

1 47.5(0) 17.5(-2) 3(0) 50(0) 

2 75(+1) 50(+1) 5(+1) 75(+1) 

3 20(-1) 50(+1) 1(-1) 25(-1) 

4 47.5(0) 27.5(0) 3(0) 50(0) 

5 47.5(0) 27.5(0) 3(0) 50(0) 

6 47.5(0) 27.5(0) 3(0) 100(+2) 

7 47.5(0) 27.5(0) 3(0) 50(0) 

8 75(+1) 50(+1) 1(-1) 25(-1) 

9 75(+1) 5(-1) 1(-1) 25(-1) 

10 47.5(0) 27.5(0) 3(0) 50(0) 

11 47.5(0) 27.5(0) 7(+2) 50(0) 

12 75(+1) 50(1) 5(1) 25(-1) 

13 75(+1) 5(-1) 5(+1) 25(-1) 

14 47.5(0) 27.5(0) 3(0) 50(0) 

15 20(-1) 50(+1) 1(-1) 75(+1) 

16 75(+1) 5(-1) 5(+1) 75(+1) 

17 20(-1) 50(+1) 5(+1) 25(-1) 

18 20(-1) 5(-1) 5(+1) 25(-1) 

19 75(+1) 5(-1) 1(-1) 75(+1) 

20 20(-1) 5(-1) 1(-1) 75(+1) 

21 20(-1) 5(-1) 1(-1) 25(-1) 

22 20(-1) 50(+1) 5(+1) 75(+1) 

23 20(-1) 5(-1) 5(+1) 75(+1) 

24 102.5(+2) 27.5(0) 3(0) 50(0) 

25 7.5(-2) 27.5(0) 3(0) 50(0) 

26 75(+1) 50(+1) 1(-1) 75(+1) 

27 47.5(0) 27.5(0) 3(0) 13.64(-2) 

28 47.5(0) 27.5(0) 3(0) 50(0) 

29 47.5(0) 27.5(0) 3(0)       50(0) 

30 47.5(0) 27.5(0) 1(-2)       50(0) 

  

The data from the CCD RSM experimental were used to generate suitable second-order polynomial 

regression that describes system pattern as follows in Equation 5.1: 

 

𝑌 =  𝛽𝑜 + ∑ 𝛽𝑖𝑋𝑖
4
𝑖=1 + ∑ 𝛽𝑖𝑖𝑋2

𝑖
4
𝑖=𝑗 + ∑ .4

𝑖=𝑗 ∑ 𝛽𝑖𝑗𝑋𝑖
4
𝑗=𝑖+1 𝑋𝑗 + ε    5.1 

 

Where Y represents the expected response of the variable (mL CH4/g VS); β0, βi, βii and βij signifies 

regression coefficients of intercept, linear, quadratic and interaction respectively; Xi and Xj represent 

the independent variables; ε is used to express the prediction error and k which in this study depicts 



127 

 

the number of variables (Ppy/Fe3O4, HA, As and co-digestion) used in the analysis (Yılmaz and 

Şahan, 2020). The statistical significance of the quadratic models, interactions and the process 

parameters were determined through analysis of variance (ANOVA) at the 95% probability level. 

Coefficient of determination (R2) and other fitness indices were used to evaluate the suitability of the 

entire statistics. The Design-Expert® software (version 12.0.11.0) was used for RSM design of 

experiment, analysis of parameters and optimization of variables.  

 

5.2.5 Experimental setup  

Batch laboratory-scale anaerobic digestions based on the CCD RSM shown in Table 5.1 were 

conducted with AMPTS II bioreactors (Bioprocess Control, Sweden) situated at Mechanical and 

Industrial Engineering Laboratory, the University of South Africa for 28 days digestion period at 

mesophilic temperature (37 ± 1°C). The bioreactors assay with working volume 500 mL capacity 

each were used for the biochemical methane potential tests (anaerobic digestion process). Okra waste 

of 40.06 g based on 6.90% VS was co-digested with pig manure of 11.4 g based on 25.72% VS at 

various combining percentages as shown in Table 5.1 and was respectively added to each bioreactor 

containing 460.56 mL inoculum (1.2% VS) at an inoculum to substrate ratio (ISR) of 2:1. Thereafter 

the mixed liquor (inoculum and substrates) were supplemented with different dosages of additives as 

shown in Table 5.1. De-ionized water (Milli-Q, Millipore) was used to top up the headspace of the 

bioreactors, temperature water bath, flow meter and for substrate dilution. The mixed liquor in each 

bioreactor was adjusted to pH of 7.0 with the aid of NaOH and HCl and absence of oxygen in the 

reactors was ensured by purging each bioreactor with nitrogen gas (from Afrox South Africa) before 

digestion process commenced. The biomethane production (daily and cumulative) of different 

additive doses as designed with CCD RSM and shown in Table 5.1 were measured and recorded with 

a data-logging platform of the AMPTS II as shown in Fig. 5.1.  
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Fig.5. 1 Schematic diagram of additives enhanced anaerobic digestion with AMPTS II BMP 

assay  

 

All the treatment levels and analysis were run in triplicates. The entire statistical analyses and plots 

in this study were done with STATISTICA 12 software and Microsoft Excel (version 2016). The 

statistical significance of all analysis was established at p < 0.05 level. 
 

5.3 Results and discussions 

5.3.1 Substrate characterization 

The pH, proximate and ultimate contents of substrates (okra and pig wastes) were determined as listed 

in Table 5.2. The pH of okra and pig wastes were 7.20 and 7.57 respectively. These values were 

within tolerable limits (6.5-8.5) recommended in Kigozi et al. 2014 for optimum anaerobic digestion 

performance. However, based on evaluated carbon-to-nitrogen (C:N) ratio of substrates, okra waste 

has C:N ratio of 12.24. This low C:N value justifies the choice of co-digestion with a substrate of 

higher C:N ratio (pig waste with C:N of 20.50) in order to attain optimum C:N range (20-40) for 

enhanced biogas yield (Smith and Holtzapple, 2011). P (total P and soluble P) contents of the pig 

waste were higher than that of okra waste, this result agreed with the high P content reported in 

Campos (2014). Similarly, oxygen (45.53 %), arsenic (4.62 mg/L) and iron (1774.41 mg/L) contents 

were higher in pig manure than in okra waste. Consistent with vegetables, the moisture content 

(92.18) and volatile solid (88.36 %) of okra waste were higher than that of pig manure. 
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Table 5. 2 Characteristics of substrates studies 
Parameters Okra waste Pig waste 

Moisture content % 92.18 68.44 

pH 7.20 7.57 

TS % 7.82 31.56 

VS % 88.36 81.54 

C % 39.30 40.39 

N % 3.21 1.97 

H % 5.39 5.29 

O % 35.74 45.53 

C/N 12.24 20.50 

Total P mg/L 213.08 1007.64 

Soluble P 54.53 167.36 

Fe mg/L 95.30 1774.41 

As mg/L 2.08 4.62 

 

5.3.2 Influence of different enhancement levels on volatile fatty acid 

Volatile fatty acid which is an intermediate product influences pH and alkalinity levels. Its availability 

maintains digester performance and adversely impact digestion process when concentration is high 

(Wang et al. 2020). The VFA results of samples collected at intervals from different enhanced 

digestion runs are shown in Fig. 5.2a. The VFA concentrations of runs 1 to 30 showed a gradual rise 

in the first 6 days. This signifies that entire anaerobic digestion parameters and processes were 

performing well at this stage. However, digester 5 maintained the rise, but VFAs in the other digesters 

recorded substantial decline after the 12th day and continued till the 28th day. This trend was akin to 

what was reported in Liu et al. (2015b) that the peak VFA increase was recorded on the 5th day and 

declined thereafter. The rapid consumption of VFA at the inception stage (hydrolysis and 

acidogenesis) where according to Liu et al. (2015b), produced VFAs like butyric and propionic are 

consumed quickly during the process of methanization. More so, the sustained total VFA reduction 

may be attributable to the low total solid (TS%) content, which is in line with the findings of Wang 

et al. (2020) that high TS content of 20% and above is responsible for VFA (acetic and propionic 

acid) accumulation in the digester. The VFAs in samples were quantified based on their compositions 

from C2-C6 and retention time as shown in Fig. 5.2b. 
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(a) 

 
(b) 

Fig.5. 2 (a)Volatile fatty acids of digestion runs on different days, (b) GC-MS chromatograms 

of the standard solution of each VFA (C2 to C6) in mmol  

 

5.3.3 Biomethane production from enhanced anaerobic digestion 

Biomethane yield maximization as a response parameter was part of the study objectives. The 

influence on cumulative biomethane yields of different enhanced digester runs was measured and 

shown in Table 5.3 and Fig. 5.3. When compared to the control run, the highest combined 

enhancement in biomethane yield of 53.35% was from digester run 21. This is a significant 

7:30.00 8:20.00 9:10.00 10:00.00 10:50.00 11:40.00 12:30.00 13:20.00

0

5e+006

1e+007

1.5e+007

2e+007

2.5e+007

Time (min:sec)

A
ce

ti
c 

ac
id

Fo
rm

ic
 a

ci
d

Is
o
b
u
ty

ri
c 

ac
id

B
u
ty

ri
c 

ac
id

Is
o
va

le
ri
c 

ac
id

P
en

ta
n
o
ic

 a
ci

d

4
-M

et
hy

lv
al

er
ic

 a
ci

d

H
ex

an
o
ic

 a
ci

d

H
ep

ta
n
o
ic

 a
ci

d

TIC



131 

 

improvement in biomethane production over previously reported single enhancement efforts (Ugwu 

and Enweremadu, 2020; Abdelsalam et al. 2017; Ali et al. 2017).  

 
Fig.5. 3 Plot of cumulative biomethane yield of different enhancement processes 

 

Table 5. 3 Experimental design with response surface methodology and the results 
Std 

order 

Run 

order 

Input variables Output responses 

Ppy/Fe3O4 

(mg/L) 

HA 

(mg/L) 

As (mg/L) Co-digestion 

(%) 

Biomethane Yield 

(mLCH4/g.Vs) 

P Release 

(mg/L) 

19 1 47.5 17.5 3 50 376.117 235.813 

16 2 75 50 5 75 423.563 181.662 

3 3 20 50 1 25 461.278 138.013 

28 4 47.5 27.5 3 50 364.741 241.188 

29 5 47.5 27.5 3 50 376.733 240.188 

24 6 47.5 27.5 3 100 409.027 160.691 

30 7 47.5 27.5 3 50 384.729 242.188 

4 8 75 50 1 25 347.603 93.9933 

2 9 75 5 1 25 446.97 102.304 

27 10 47.5 27.5 3 50 363.928 252.425 

22 11 47.5 27.5 7 50 320.171 143.463 

8 12 75 50 5 25 357.89 114.803 

6 13 75 5 5 25 451.679 107.865 

26 14 47.5 27.5 3 50 368.723 246.11 

11 15 20 50 1 75 485.62 122.268 

14 16 75 5 5 75 402.709 153.003 

7 17 20 50 5 25 397.034 145.641 

5 18 20 5 5 25 477.31 146.116 

10 19 75 5 1 75 386.074 125.631 
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9 20 20 5 1 75 456.831 116.273 

1 21 20 5 1 25 528.632 153.737 

15 22 20 50 5 75 433.301 151.708 

13 23 20 5 5 75 398.934 130.463 

18 24 102.5 27.5 3 50 449.309 110.286 

17 25 7.5 27.5 3 50 478.49 186.025 

12 26 75 50 1 75 401.351 139.04 

23 27 47.5 27.5 3 13.6364 403.625 180.731 

25 28 47.5 27.5 3 50 366.731 242.425 

20 29 47.5 72.5 3 50 416.744 144.114 

21 30 47.5 27.5 1 50 371.437 204.559 

 

Using RSM to further analyze the cumulative biomethane yield in Table 5.3, a quadratic model was 

suggested, and the second-order equation of selected parameters was chosen. From the statistical 

analysis in Table 5.4, F-value of the model was significant at 150.16 and the p-value was less than 

0.0001, indicating that the model is significant (Anderson and Whitcomb, 2017). Based on the 

established criteria, the significant model terms include A, B, C, D, AB, AC, AD, BD, A², B², C², D².  

The F-value of this model’s lack of fit is not significant at 0.21 relative to the pure error, this implies 

that the model is good (Anderson and Whitcomb, 2017). The model fitness indicator showed that the 

R2 is 0.9929 and that the predicted R² of 0.9795 reasonably agrees with the Adjusted R² of 0.9863 

since the difference between both is less than 0.2, indicating the suitability of the model. Low 

coefficient of variation (CV %) of the model was 1.37 %, which implies that the experimental data is 

highly reliable, reproducible and accurate (Lu et al. 2019). 

  

Table 5. 4 ANOVA for the quadratic model of biomethane yield  

Source Sum of Squares DF Mean Square F-value p-value 
 

Model 66618.73 14 4758.48 150.16 < 0.0001 significant 

A-Ppy/Fe3O4 14680.24 1 14680.24 463.24 < 0.0001 
 

B-HA 3892.67 1 3892.67 122.84 < 0.0001 
 

C-As 2120.00 1 2120.00 66.90 < 0.0001 
 

D-Co-digestion 546.03 1 546.03 17.23 0.0009 
 

AB 328.97 1 328.97 10.38 0.0057 
 

AC 4886.91 1 4886.91 154.21 < 0.0001 
 

AD 614.07 1 614.07 19.38 0.0005 
 

BC 0.9071 1 0.9071 0.0286 0.8679 
 

BD 12104.05 1 12104.05 381.95 < 0.0001 
 

CD 53.30 1 53.30 1.68 0.2143 
 

A² 21029.59 1 21029.59 663.60 < 0.0001 
 

B² 5870.07 1 5870.07 185.23 < 0.0001 
 

C² 773.08 1 773.08 24.40 0.0002 
 

D² 2993.60 1 2993.60 94.46 < 0.0001 
 

Residual 475.35 15 31.69 
   

Lack of Fit 141.43 10 14.14 0.2118 0.9821 not significant 

Pure Error 333.92 5 66.78 
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Cor Total 67094.08 29 
    

Std. Dev. 5.63  R² 0.9929   

Mean 410.24  Adjusted R² 0.9863   

C.V. % 1.37  Predicted R² 0.9795   

   Adequate 

Precision 

53.6428   

 

In Fig. 5.4, the normality probability plot is shown indicating the compliance of residuals to a normal 

distribution, that is having points in a straight line and scattered on both sides. The biomethane yield 

residual plot showed less dispersion of data, which according to Siami et al. (2020) justifies the 

closeness of the results to the normal line. Similarly, another residual plot (residual versus 

experimental runs) which showed random scatter in Fig. 5.4 is used according to Deepanraj et al. 

(2020) to check lurking variables capable of influencing response during the experiment. The plot of 

predicted vs actual data (Fig 5.4) indicates that there is less difference between both as numerically 

estimated as R2 in Table 5.4. 
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Fig.5. 4 Plot of Residuals and Predicted vs Actual of enhanced biomethane yield 

 

The multi-regression of input variables analysed through RSM and showed in the ANOVA table 

(Table 5.4) resulted in an empirical model for biomethane yield represented by Equation 5.2. 

However, non-significant terms of the regression equation are considered irrelevant and discarded to 

achieve Equation 5.2 below. 

 

Biomethane Yield (mL CH4 g VS⁄ ) = 369.92 − 26.41A − 15.08B − 5.09D − 4.53AB +
17.48AC + 6.20AD + 27.50BD + 33.29A2 + 19.47B2 − 6.96C2 + 12.56D2       5.2 

 

From the model coefficients (Equation 5.2), the linear effect of A, B, C and D, the quadratic effect of 

A2, B2, C2 and D2 as well as interaction effects AB, AC, AD, BD are significant, BC and DC were 

removed because they are non-significant (p-value > 0.05). All the linear terms are negatively 

correlated with biomethane yield, this implies that if any input variable is held constant and the other 

increases, biomethane yield decreases (Lu et al. 2019). Except for term C2, other second-order 

coefficients A2, B2 and D2 had a positive correlation with biomethane. This shows that the parabola 

of the surface plot opens upward and, in this study, the vertex had the highest biomethane yield on 

the surface plots (Fig. 5.5). Similarly, the significant interaction effect at p ˂ 0.05 indicates that 

selected variables synergistically influenced biomethane yield (Lu et al. 2019). The influence of the 

four independent variables on biomethane yield is described using both surface and contour plots as 

shown in Fig. 5.5. These plots represent the influence of two variables on one response (biomethane 

yield) while keeping the other two variables constant (Pei et al. 2014). Fig 5.5 showed that 

biomethane yield increased with decreasing additives concentration. 
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According to the model result Ppy/Fe3O4 additive had the most impact at both linear (F= 463.24) and 

quadratic level (F= 663.60) and are highly significant at p < 0.0001. This agrees with the fact that 

supplementation of anaerobic digestion with iron-based additive (Ppy/Fe3O4) aid substrate 

solubilization, increases methanogenesis and ultimately enhances biomethane yield (Ugwu and 

Enweremadu, 2020; Bharathiraja et al. 2018; Ali et al. 2017). In this study, the highest biomethane 

yield (528.632 mLCH4/gVS), was obtained when 20 mg/L of Ppy/Fe3O4 was added in Run 21, but 

increasing the dosage caused a decline in biomethane yield (Fig. 5.5). This result agrees with Ugwu 

and Enweremadu (2019) that the addition of 20 mg/L Ppy/Fe3O4 recorded the highest enhancement 

when compared with other iron additives used.  

However, the increasing effects on biomethane yield with the decreasing dosage of humic acid (HA) 

concur with the reports of Azman et al. (2015) and Yap et al. (2018) that lower HA (˂ 500 mg/L) 

concentrations do not inhibit anaerobic digestion process. Similarly, higher biomethane yield was 

observed in presence of low arsenate (As) concentration. This agrees with Webster et al. (2016) that 

low dosage (˂ 5 mg/L or ˂ 1%) of As in a bioreactor did not inhibit anaerobic digestion process, but 

higher As concentration inhibited it. More so, the increasing addition of pig waste to the co-digestion 

factor as an enhancement option resulted in decreasing biomethane yield as shown in Fig.5.5. The 

decline in biomethane yield with increasing co-digestion suggests the presence of inhibition, hence 

substrate pretreatment is suggested (Lu et al. 2019).  
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Fig.5. 5 Contour and response surfaces plots for biomethane yield 

 
 

5.3.4 Phosphorus release from enhanced anaerobic digestion 

In a bid to obtain the optimum release of phosphorus (P) from enhanced anaerobic digestion 

processes, four independent variables (Ppy/Fe3O4, HA, As and co-digestion) designed using CCD 

RSM to assess and analyze the influence (response) of these variables as shown in Fig. 5.3. The 

results of the experimental design and response were used to run a multi-regression RSM analysis to 

obtain a second-order equation (Equation 5.3). The model equation represented as coded factors of 

variables for P release (mg/L) is stated thus: 

P Release (mg/L) = 243.71-5.32*A +3.25*B +8.81*C +7.40*D +1.85*AB +3.30*AC +15.20*AD 

+3.81*BC +5.43*BD +5.45*CD-30.70*A2-26.48*B2-29.46*C2-24.46*D2   5.3 

This regression model (Equation 5.3) finds its relevance in the prediction of optimized P release. 

However, ANOVA analysis of the CCD-RSM response and design of experiment to determine the 
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quadratic model’s goodness of fit was carried out and the result is as shown in Table 5.5. Model terms 

were considered statistically significant if the F-values had p <0.05.  

The quadratic model’s F-value was 731.20, this implies that the model was highly significant at p 

<0.0001(Anderson and Whitcomb, 2017). It also entails that the model appropriately fitted the 

measured data and could be suitable for understanding the influences of independent variables on P 

release (Ghaleb et al. 2020). A low F-value (0.02%) at a very high p-value of 1.0000 shows that the 

model’s lack of Fit was not significant relative to the pure error. The coefficient of variation (CV) 

from the ANOVA analysis at 1.62 % implied high reliability and high accuracy level of the measured 

data. The model fitness was validated by the correlation coefficient R2 value of 0.9985, this means 

that 99.85% of the P release prediction variability could be explained by the model and there was 

little difference between predicted and measured response data (Fig. 5.6) (Anderson and Whitcomb, 

2017, Pei et al. 2014). In Table 5.5, the difference between predicted R2 and adjusted R2 is less than 

0.2 and the adequate precision is greater than 4, which shows that the model with acceptable goodness 

of fits is suitable and appropriate for predicting P release during enhanced co-digestion process. 

   

Table 5. 5 ANOVA result for the quadratic model of P Release 

Source Sum of Squares DF Mean Square F-value p-value 
 

Model 73264.38 14 5233.17 731.20 < 0.0001 significant 

A-Ppy/Fe3O4 596.34 1 596.34 83.32 < 0.0001 
 

B-HA 180.44 1 180.44 25.21 0.0002 
 

C-As 1441.84 1 1441.84 201.46 < 0.0001 
 

D-Co-digestion 1150.87 1 1150.87 160.80 < 0.0001 
 

AB 54.97 1 54.97 7.68 0.0143 
 

AC 173.76 1 173.76 24.28 0.0002 
 

AD 3695.60 1 3695.60 516.36 < 0.0001 
 

BC 232.53 1 232.53 32.49 < 0.0001 
 

BD 471.75 1 471.75 65.92 < 0.0001 
 

CD 475.73 1 475.73 66.47 < 0.0001 
 

A² 17886.96 1 17886.96 2499.23 < 0.0001 
 

B² 10863.32 1 10863.32 1517.86 < 0.0001 
 

C² 13841.57 1 13841.57 1933.99 < 0.0001 
 

D² 11353.04 1 11353.04 1586.29 < 0.0001 
 

Residual 107.35 15 7.16 
   

Lack of Fit 3.77 10 0.3770 0.0182 1.0000 not significant 

Pure Error 103.58 5 20.72 
   

Cor Total 73371.74 29 
    

Std. Dev. 2.68  R² 0.9985   

Mean 165.09  Adjusted R² 0.9972   

C.V. % 1.62  Predicted R² 0.9980   

   Adequate Precision 79.1949   
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Further suitability of the model based on its diagnostic parameters was carried out; the residuals and 

prediction plots were plotted as shown in Fig. 5.6. The normality probability plot has all points 

scattered on both sides and relatively in a straight line. This shows that the residuals followed the 

normal distribution pattern. On the other hand, the plot of residual vs experimental runs (Fig. 5.6) 

showed random scatter on both sides. All residual values were in the range of ±4 without any outlier. 

This indicates according to Kainthola et al. (2020) and Deepanraj et al. (2020) that the model was 

appropriate without irregularity and that the model could check variables that can influence P release 

during the experiment. As shown in Fig. 5.6. very less difference exists between measured and 

predicted response data. 

 

 

 
Fig.5. 6 Plot of Residuals and Predicted vs Actual of P release 
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Furthermore, the linear model terms (A, B, C and D), quadratic model values (A², B², C² and D²) and 

interacting terms (AB, AC, AD, BC, BD and CD) were seen to be statistically significant at p ˂0.05. 

It was observed that iron addition (Ppy/Fe3O4) (< 0.0001) had a significant negative linear and 

quadratic effect on P release. This negative linear correlation shows that when other variables are 

held constant and iron concentration increases, P release decreases. Humic acid (HA), arsenate (As), 

and co-digestion (p < 0.05) showed a significant positive linear effect on P release. All the interaction 

terms in the model were positively correlated (p ˂0.05), implying synergistic influences of all 

independent variables on P release. As observed from Fig. 5.7, the negative quadratic correlation 

reflected on the surface plot parabola facing down, with maximum P release appearing at the ridges. 

The interactive effect of the four independent variables on P release was depicted and described using 

contour and 3-D surface plots (Fig. 5.7). Both response contour and surface plots represent the effect 

of two variables on P release when the other two are held constant at the center point (Ppy/Fe3O4 = 

47.5 mg/L, HA = 27.5 mg/L, As = 3 mg/L or Co-digestion = 50%) (Deepanraj et al. 2020; Pei et al. 

2014). Observation reveals in Fig. 5.7 that a decrease in Ppy/Fe3O4 concentration (20 mg/L), 

increased P release (between 240 and 252.425 mg/L), a percentage increase in pig manure content of 

the co-digestion, resulted in an increase in P availability in the digestate.   
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Fig.5. 7 Contour and response surfaces plots for P release 

 

More so, the negative linear correlation (Equation 5.3, Fig. 5.7) implied that higher P release was due 

decreased Ppy/Fe3O4 concentration in the anaerobic digestion system, but the reverse was the case 

when iron supplementation is higher. This observed trend agrees with Puyol et al. (2018) and Xie et 

al. (2017) that increased supplementation of iron additives reacts with dissolved P to reduce soluble 

P availability. The positive interaction effects of Ppy/Fe3O4 with other variables revealed their 

synergy with each other for enhanced P release. Jeong (2017), Liu et al. (2011) and Lenoble et al. 

(2005) alluded to the iron interaction with HA and As separately and in combination as well as the 

antagonistic relationship between As and P (due to their similarity in the property), which altered 

their capability to absorb P, making P available in the digestate (instead of the usual Fe-P entrapment). 

A view at the interaction terms with co-digestion showed that solubilization of substrates during the 



143 

 

co-digestion for P release was enhanced by all other three additives (AD, BD and CD). Aligning with 

this observation, Yap et al (2018) and Azman et al. (2015) suggested that when these additives are 

used at appropriate concentrations (Ppy/Fe3O4 ≤20 mg/L, HA≤ 5 mg/L, As ≤1%), they synergistically 

interact to allow substrate hydrolysis and consequently influence P release.  

 

5.3.5 Multi-objective optimization of CCD-RSM 

The enhanced anaerobic digestion for both biomethane production and P release is a multi-input and 

output process, optimization of these process parameters simultaneously can be achieved using multi-

objective optimization approach in RSM via desirability analysis (Deepanraj et al. 2020). This 

method involves the combination of goals into an overall desirability function using numerical 

optimization method by transforming estimated responses (Yi) into a dimensionless bound (0 ˂ di ˂ 

1), where di ≤ 1 indicates that Yi is more desirable and considered to be the optimum condition, di = 

0 implies complete undesired response (Anderson and Whitcomb, 2017). The simultaneous objective 

function according to Deepanraj et al. (2020) is a geometric mean of all responses. 

 
Fig.5. 8 Ramp plot for desirability analysis 

 

Based on the numerical optimization of this studies, the optimum input parameter (Ppy/Fe3O4, HA 

As and co-digestion) was determined with the objective targeted at maximizing both biomethane 

yield and P release as shown in the ramp plot (Fig.5.8) and Table 5.6. The optimized input values 

include Ppy/Fe3O4 concentration of 20.0014 mg/L, HA concentration of 5.0018 mg/L, As the 

concentration of 1.448 mg/L and co-digestion of 25.0001% and the predicted responses from the 
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second-order polynomial model (Equations 5.2 and 5.3) are biomethane yield (528.635 mLCH4/gVS) 

and P released (164.405 mg/L). The overall desirability value for the combined objective is 0.870 

since this is closer to 1, it is adjudged a good measure. This agrees with the view of Siami et al. (2020) 

on desirability that objective function varies from 0 (zero) outside the limit to 1(one) on the goal. The 

multi-objective optimization desirability plot is shown in Fig. 5.9.  

 

 
Fig.5. 9 The plot of multi-objective optimization desirability  

 

However, with the optimum input values obtained through the multi-objective optimization process, 

validation of the optimum values was conducted to verify their performances and the adequacy 

predicted responses. Thereafter, confirmatory sets of experiment were conducted using the optimized 

independent variables and the same AMPTS II BMP Assay for biomethane yield and P release 

determination. Table 5.6 shows that the biomethane yield (502.743 mLCH4/gVS) was 4.90% lower 

than the predicted value, while the measured P release (168.674 mg/L) was higher by 2.597%. Despite 

the prediction difference, according to Raposo et al. (2011) model prediction difference below 10% 

is acceptable for yield estimation, hence the CCD-RSM model is adjudged fit for further predication.  
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Table 5. 6 Optimum values of constraints and responses 
Parameter and 

response 

Lower 

Limit 

Upper 

Limit 
Optimum Goal 

Prediction difference 

% 

Ppy/Fe3O4 20.00 75.00 20.00 minimize - 

Humic acid 5.00 50.00 5.00 minimize - 

Arsenate 1.00 5.00 1.45 minimize - 

Co-digestion 25.00 75.00 25.00 minimize - 

Biomethane Yield 320.17 528.63 528.64 maximize 4.90 

P Release 93.99 252.43 164.41 maximize 2.60 

 

5.4 Summary 

Experimental study on the simultaneous biomethane production and P release during anaerobic 

digestion of organic waste was done through RSM optimization of additives (accelerants and P 

antagonist). The validated maximum biomethane yield and P releases were 502.743 mLCH4/gVS 

and 168.674 mg/L at the optimum conditions of Ppy/Fe3O4 (20.0014 mg/L), HA (5.0018 mg/L), As 

(1.448 mg/L) and co-digestion (25.0001%), while the predicted biomethane yield and P release were 

528.635 mLCH4/gVS and 164.405 mg/L respectively. All the response models were highly 

significant with appropriate goodness of fit and had prediction differences of 4.90% and 2.597% 

respectively for both biomethane yield and P release. All the additives (accelerants and antagonists) 

had influences on anaerobic digestion processes to achieve both increased biomethane production 

and P release. General high VFA reduction was also observed in all studies sample and this is 

attributable to the low TS% of all the substrates. Studies on the influence of long exposure of 

anaerobic digestion processes to these additives on both biomethane yield and P release in a 

continuous bioreactor setup is recommended for further investigation. 
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Chapter Six 

Life cycle assessment of enhanced anaerobic digestion of agro-industrial waste 

for biogas production 

 
6.1 Introduction  

The current global challenge is the transitioning to a resource-efficient and sustainable energy supply. 

This is in the face of menacing environmental concerns and acute energy resources depletion (mainly 

fossil energy sources) (Longo et al. 2020; Cellura et al. 2013). Energy generation from renewable 

resources (such biomass or biowaste) is vital for the attainment of the desired low-carbon economy 

due to its numerous benefits, which include cheap energy provision for heating and power generation, 

easy off-grid energy access and reduction of fossil energy cost (Longo et al. 2020). Energy from 

biomass is expected to supply more than half of the global energy demand in the future (Ertem et al. 

2017). Due to the challenges associated with over-exploitation of arable land for energy crop and its 

impact on food security as well as increasing greenhouse gas emissions, there is need for a more 

environmentally friendly and economically competitive bioenergy source (Ertem et al. 2017). As an 

aspect of the circular bioeconomy, bioenergy production from waste through anaerobic digestion is 

adjudged an efficient energy (biogas) and nutrient (biofertilizer) recovery strategy from 

biowastes/biomass (substrates) (Show et al. 2020). When compared to other techniques for emission 

abatement from these substrates such as land application of biowastes or composting, anaerobic 

digestion has proven emission mitigation approach to minimize the adverse impact of biowastes 

management on the environment (Abdelsalam et al. 2019; Samer, 2016). 

 

However, these substrates, especially those of agro-industrial origin contain complex natural 

polymers which are difficult to breakdown by microbes due to their chemical compositions (Akunna, 

2018). Although most of these substrates have high biomethane potential, their actual biogas 

production from the anaerobic digestion process is often lower due to structural configuration (Xiao 

et al. 2020). To this end, substrate enhancement becomes necessary for the rapid breakdown of the 

compact substrate structure and overall improvement of the biogas production. Pretreatment is one 

of such enhancement strategies undertaken before anaerobic digestion process to hydrolyze 

recalcitrant substrates (lignocellulosic wastes) and facilitate enzymatic activities microbial 

deconstruction of plant cell’s complex structures (Xue et al. 2020; Ingle et al. 2019). Various 

pretreatment methods (chemical, physical, biological, combined method, among others) have been 

employed in biofuel studies for improvement of hydrolysis stage, which is the rate-limiting step of 
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anaerobic digestion process (Atelge et al. 2020; Salihu and Alam, 2016). Substrate pretreatment with 

alkaline is very efficient at solubilizing lignocellulose-rich biomass, Xue et al. (2020) reported that 

the use of 8% NaOH resulted in 56.92% increase in biogas production.  

 

Furthermore, the use of nutrient supplementation as an anaerobic digestion intensification option has 

been widely reported as a cheap and successful means of increasing biogas production (Abdelsalam 

et al. 2017). In Hijazi et al. (2020a and b) and Kim et al. (2017), it was noted that additives are crucial 

for bacteria kinetics, increased biodigester stability, minimized toxin impacts and supply of deficient 

nutrients. Already studied additives for enhanced biogas production are in different forms such as 

organic or inorganic or biological or chemical and are in a macro, micro or nanoscale (Abdelwahab 

et al. 2020; Romero-Güiza et al. 2016; Mao et al. 2015). Amongst the most used additives (Fe, Co, 

Mo, Ni, Se, etc.), iron-based ones have proven to be effective in enhancing substrate solubilization, 

toxicity control, stimulation of anaerobes, nutrient availability, improvement of biogas yield, among 

others (Chen et al. 2018; Casals et al. 2014). Abdelsalam et al. (2016) reported that the addition of 

iron nanoparticle to anaerobic digestion at optimum concentration reduced the lag phase and digestion 

time. Ugwu and Enweremadu (2020) demonstrated that upon the addition of 20 mg/L of iron additive 

(Ppy/Fe3O4 Nanocomposite), biomethane yield was enhanced by 2.74%. Similarly, Yang et al. (2019) 

reported a 27.3% increase in biomethane yield with the addition of zero-valent iron to anaerobic 

digestion of pig manure. According to Hijazi et al. (2020a and b) and Martins et al. (2017), these 

environmentally friendly iron additives have been used in biogas plants even at commercial levels to 

ensure superior bioreactor performances and biogas production, but the iron nanoparticles despite 

their high reactivity, high specificity and increased surface area have not been used at large scale. 

 

Moreover, these enhancement strategies involve energy and material exchanges with the 

surroundings; therefore, it is vital to assess the environmental and energetic performance these 

intensification methods in comparison with unenhanced digestion process (Moghaddam et al. 2016). 

Life cycle assessment (LCA) is most suited for understanding the environmental impacts of enhanced 

biomethane production and its utilization (Hijazi et al. 2016). LCA is an all-inclusive methodology 

deployed in the evaluation of environmental impacts of services, products, materials and energy flows 

from the beginning (cradle or raw material extraction), raw material processing, usage and end-stage 

(disposal, recycling or reuse) (Abdelsalam et al. 2019; Martins et al. 2017). It also aids in determining 

the influences of varying sub-processes on the entire system results (Moghaddam et al. 2016). The 

four-phased approach based on ISO 14040:2006 used in LCA evaluation is goal and scope definition, 
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data inventory collection, impact assessment and result interpretation (Ertem et al. 2017; ISO, 2006). 

While assessing the environmental effects of novel technologies, enhanced techniques and products, 

LCA can be used to quantify specific environmental concerns like eutrophication, greenhouse gas 

(GHG) emission, etc. (Hijazi et al. 2020b; Nasution et al., 2018).  

 

On the other hand, LCA has been successfully used in several areas of biogas production for 

assessment of energy balance and environmental influences (Abdelsalam et al. 2019; Ramírez-Arpide 

et al. 2018). Several studies focusing on LCA analysis of enhanced biogas production processes have 

been conducted: (a) Ramírez-Arpide et al. (2018) analyzed the co-digestion of nopal cladodes and 

dairy cow manure to achieve lower global warming potentials, (b) Lijó et al. (2014) investigated the 

LCA of electricity production from co-digestion of pig slurry and energy crops, (c) Xiao et al. (2020) 

reported on the life cycle and economic assessments of hydrothermally pretreated microalgae for 

improved biogas yield, (d) In evaluating the environmental impacts of pretreated lignocellulosic 

biomass, Prasad et al. (2016) showed that pretreatment lowered the CO2 emission, (e) Abdelsalam et 

al. (2019) reported on the LCA of laser pretreatment of animal manure for biogas production, (f) 

Hijazi et al. (2020a and b) investigated the environmental impacts of supplemented anaerobic 

digestion with nanoparticles and trace elements, (g) The assessment of biogas production from pig 

manure was also studies by Ramírez-Islas et al. (2020).  

 

However, the environmental impacts of various enhancement options used in this study have not been 

evaluated. This study also seeks to address these issues: which enhancement technique is most 

environmentally friendly when compared to each other? and which option consumes more energy 

and materials (inputs and outputs) in the process of energy production? Therefore, the objective of 

this investigation is to carry out an environmental impact assessment of the implementation of such 

as Ppy/Fe3O4 NPs, NZVI, Fe3O4 NPs and alkaline pretreatment on biogas production from okra waste 

and pig manure through the anaerobic digestion (mono or co-digestion) process.  

  

6.2.  Materials and methods 

In order to assess the potential environmental impacts associated with energy production from 

anaerobic digestion (mono or co-digestion) enhanced with additives (Ppy/Fe3O4 NPs, NZVI, Fe3O4 

NPs) and alkaline pretreatment, the standard life cycle assessment methodology was used. This 

assessment was conducted in accordance with the stipulated LCA framework in ISO 14040 (ISO, 

2006). The focus of the entire study was on these categorized waste management processes: waste 
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generation from okra and pig production, substrate processing, digestion process for biogas 

production, biogas utilization and digestate management. The LCA software SimaPro version 9.1 

(PRé Sustainability, Netherlands) and data from the Ecoinvent version 3.6 database (Ecoinvent, 

Switzerland) were used for the assessment of enhanced anaerobic digestion. 

 

6.2.1. Goal and scope definition    

This study is aimed at performing the environmental impact assessment of the use of different 

enhancements in biogas production from anaerobic digestion of okra and pig wastes and utilization 

of produce biogas as an energy source. The goal also includes comparing LCAs of processes involved 

in waste management systems of the enhancement anaerobic digestion and baselines. The generated 

wastes (feedstocks) are fed into the bioreactor for biogas and digestate production. The produced 

biogas is used for energy (electricity and heat) production, while the digestate is separated into liquid 

and solid portions for further treatment and proper disposal (as organic fertilizer).  

 

6.2.2. Description of biogas production and energy generation   

For the entire life cycle assessment, the environmental footprints of all the material and energy input 

processes ranging from waste generation to digestate management were included in this study. The 

assessment processes considered the associated inputs and outputs, which include the following: 

materials and energies involved in okra and livestock (pig) production, okra production for biomass 

generation, transportation and preprocessing of substrates, feedstock pretreatment, mono-digestion, 

co-digestion and additive supplemented anaerobic digestion processes, biogas utilization, digestate 

management (Fig.6.1). The quantity of produced biogas production and generated energy were 

calculated for the various scenarios chosen in this study. These scenarios varied from each other based 

on the variation in substrates (okra and pig waste) and additive types (Ppy/Fe3O4 NPs, NZVI, Fe3O4 

NPs and alkaline pretreatment). Data from Ugwu and Enweremadu (2019a and b), measured data 

from our unpublished research and other relevant literature on enhanced anaerobic digestion for 

production of biogas from okra wastes and pig manure formed the foundation for the yearly data 

computation used in this research. For each of the enhancement options, the biogas yield was 

computed based on the modified specifications of standard biogas plant reported in Abdelsalam et al. 

(2019). The overall energy (electric and heat energies) of each scenario were estimated from the data 

of biogas and biomethane produced as discussed in subsequent sections.  
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6.2.3.  Functional unit and system boundaries 

The functional unit, which according to (ISO, 2006) explains the quantification of the identified 

system’s function and offers a necessary reference to which inputs and outputs can relate to each 

other. It can either be based on the output or input (Li et al. 2018b). Since the objective of this study 

is to investigate the environmental impacts of biogas production and utilization as an energy source, 

the functional unit of this assessment was chosen to be the useful bioenergy produced (1 MJ). The 

system boundaries shown in Fig.6.1 depicts the input (including raw materials and processes) and 

output variables that formed the life cycle inventory (LCI). However, pig slaughter, okra yield, 

digestate management and power usage were outside the system boundary. 

  

6.2.4.  Scenario description 

The waste management systems within the boundaries were chosen based on the established 

enhancement options for anaerobic digestion of agro-wastes (Fig. 6.1). This study compares the 

baseline scenario (anaerobic digestion of okra and pig waste), which is the reference scenario based 

on obtained data from operational facilities. Alternative cases involving substrate pretreatment and 

additives supplementation aimed at improving performance parameters and yields were studied. The 

brief description of the analyzed scenarios in this study with their varying inputs and outputs attributes 

are shown in the block diagram (Fig. 6.1). More so, baseline systems: these scenarios are based on 

one-stage anaerobic digestion of okra waste and pig manure in a continuously stirred tank bioreactor 

system without any enhancement option (Hijazi et al. 2020a). For this system, the total solid of the 

mixed liquor (substrate, inoculum and water) was below 12%. The substrate to inoculum ratio was 2 

(based on volatile solids (%VS)) (Li et al. 2018b). This process was conducted under mesophilic 

temperature since it was relevant for comparing alternative scenarios. Scenario 1 (Alkaline 

pretreatment) approach involved pretreating okra waste with 6% NaOH at room temperature for 15 

minutes before its introduction to the biodigester (Ugwu and Enweremadu, 2019a). Other anaerobic 

digestion conditions and digester was the same as the one described in the baseline scenario. Other 

alternative scenarios (2 to 5) considered an additive enhancement of okra waste with 20 mg/L 

Ppy/Fe3O4 NPs, 1000 mg/L nZVI, 20 mg/L Fe3O4 NPs and 20 mg/L Ppy/Fe3O4 NPs for co-digestion 

(okra and pig waste) for improved biogas production (Ugwu and Enweremadu 2020a).  
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Baseline studies 

  
Option 1 
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Option 2 

 
Option 3 
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Option 4 

 

 
Option 5 

Fig.6. 1 Baseline scenario: Product system and structure of biogas recovery without any 

enhancement; Option 1: Product system and structure of biogas recovery enhance with NaOH 

pretreatment; Option 2: Product system and structure of biogas recovery enhance with Fe3O4 NPs; 

Option 3: Product system and structure of biogas recovery enhance with NZVI; Option 4: Product 

system and structure of biogas recovery enhance with Ppy/Fe3O4 NPs; Option 5: Product system and 

structure of biogas recovery enhance with okra-pig waste co-digestion and Ppy/Fe3O4 NPs. 

 

6.2.5. Life cycle inventory 

For biogas production processes captured in this study, the inventory data that make up the life cycle 

inventory (LCI) are mostly data of raw materials and energy consumed obtained from previous 

studies, onsite data and databases in SimaPro 9.1. The LCI is discussed based on the management 

systems outlined earlier. The mass of the product was used for both input and output allocation 
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process. For this study, the used inventory data were shown in Tables 6.1 to 6.3 below. 

 

6.2.5.1 Substrate production and characteristics 

Okra production processes include land preparation and cultivation. Other farm management 

practices including nutrient supplementation with mineral fertilizer, pesticide and digestate 

application, as well as harvesting and transportation of both yields and wastes within the 1-hectare 

farm (FAO,2013; DAFF, 2012; National Research Council, 2006). The energy inputs and outputs at 

cultivation and harvesting with agricultural equipment and machinery are associated with diesel 

combustion and usage. The anaerobic digestion process generated a sizeable amount of digestate 

capable of lowering the quantity of inorganic fertilizer for okra cultivation. Similarly, part of the heat 

and electricity from the CHP co-generation unit is re-channeled to the anaerobic digestion processes. 

According to Moghaddam et al. (2016) and IPCC (2006), N2O biogenic, which is emitted during crop 

production is calculated to be 967 kg CO2-eq/FU. Nutrient leakage emissions from digestate and 

inorganic fertilizer emission were valued according to Moghaddam et al. (2016) and Börjesson and 

Tufvesson (2011) at 16 kg PO4
3-eq/FU. Okra production data are determined and presented in Table 

6.1. 

 

Table 6. 1 Inventory of okra biomass production 

Parameter Quantity Sources 

Cultivation   

Water irrigation (m3)             6,000  Calculated 

Land (ha)                   1  Calculated 

Seeds (per hectare) 

              

2500  

National Research Council, 2006 

Phosphate fertilizer (kg)                 45  DAFF, 2012 

Nitrogen fertilizer (kg)                 43  DAFF, 2012 

Pesticide (kg)                 19  DAFF, 2012 

Electricity (kWh)            70,000 FAO, 2013 

Transportation within the farm 

Within 1 

hectare 

Calculated 

Outputs    

Okra yield (kg/ha)           11,000  National Research Council, 2006 

Okra biomass (kg/ha)           27,000  National Research Council, 2006 

leaching fraction (20%) (m3) (containing 

fertilizers, pesticides, etc.)             1,200  

FAO, 2013 

Emissions to air from agronomic activities (kg) 2.688 Sampattagul et al. 2012 

 

The data for material and energy inputs and emissions in pig waste generation, which was reported 

as a by-product was based on the datasets documented in Ecoinvent 3.6 (swine production- Global). 
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6.2.5.2. Substrate processing 

The anaerobic digestion plant was assumed to be in proximity with the okra farm and piggery. The 

distance between digestion plant (Florida) and farm (Centurion) is 45.9 km, while from the piggery 

at ARC Irene and digestion plant (Florida) is 51.7 km. All raw materials were assumed to have been 

transported using diesel consuming trucks. Since the types of truck, speeds of the truck, weight of 

raw materials affect the amount of diesel, in this study, the two-way distance for raw material 

collection as well as the weight of raw materials were considered (Li et al. 2018b). The wastes 

transported to the digestion plant are kept in a controlled environment to minimize putrefaction. At 

the digestion plant, the sizes of okra biomass and pig manure are reduced and homogenized at 10m3 

per hour for 7.5 kW and 4 kW respectively (Li et al. 2018b). The energy requirement for size 

reduction and homogenization operations depends on the type of machines. According to Li et al. 

(2018b), the pump capacity for transferring 25 m3/h water and inoculum to the bioreactor was rated 

4 kW. One controlled environment (for refrigeration with data from Ecoinvent 3.6) was used for 

storing substrates before being fed to the biodigester. 

 

6.2.5.3. Production of additives for enhancement of biogas production  

In this section, the production of additives for enhancement of anaerobic digestion for improved 

biogas yield was considered. Detailed inventory for production of 1g of nano zerovalent iron, iron 

(III) nanoparticles and polypyrrole magnetic nanocomposite are presented in Table 6.2. The data on 

alkaline pretreatment with sodium hydroxide (NaOH) were obtained from the Ecoinvent 3.6 database 

of SimaPro 9.1. The pretreatment was performed prior to actual anaerobic digestion. 

 

Table 6. 2 Inventory data production of additives 
Parameters  aNZVI bFe3O4 NPs  cPpy-Fe3O4 NPs 

NaBH4 (kg) 2.71E-03  -  - 

FeCl3 (kg) (FeCl3.6H2O (kg) 2.90E-03 0.00235  0.00600 

FeCl2.4H2O (kg) - 0.00086  - 

Fe3O4 (kg) - - 0.0004 

Deionized water (m3) 0.001  1.00E-04 8.00E-05 

Stirring (kWh) 1.43E-01 1.43E-01  - 

Filtration (kWh) 3.98E-02  -  - 

Filter paper (kg) 2.49E-03  -  - 

Heating below 100oC (kWh) - 1.2 1.2 

Sonicating (kWh) - - 2.00E-01 

Ethanol for washing (kg) 3.76E-03  -  - 

NH4OH (m3) 5.00E-06 5.00E-06  - 

Pyrrole (m3) - - 8.00E-07 

Acetone (m3) - - 5.00E-04 
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Outputs       

Additive yield (kg) 0.001 0.001   0.001 

Wastewater (m3) 9.17E-04  8.16E-04   8.16-04 

Solid waste (kg) 2.49E-03 1.53E-04  1.50E-04 

Note: a = Martins et al. 2017, b = Mizutani et al. 2008, c = Aigbe et al. 2018 

 

6.2.5.4. Anaerobic digestion and energy generation 

At this stage, solid (proximate and ultimate) analysis are conducted; thereafter substrate(s), inoculum 

and water are introduced into the bioreactor to form mixed liquor of about 8% TS. However, the data 

of the solid (proximate and ultimate) analysis, as well as the biomethane content of the produced 

biogas, are presented in Table 6.3. In this study, mesophilic conditions (37oC) were adopted for the 

anaerobic digestion process because of its proven track record of reliability, favourable energy usage, 

cost-effectiveness and overall satisfactory process performances (Li et al. 2018b). The hydraulic 

retention time of 30 days was adopted for the anaerobic digestion across all scenarios. The results of 

biogas production from anaerobic digestion and energy generation are shown in Table 6.3. The table 

also shows the calculated values of electrical energy, heat energy and overall energy from produced 

biogas via various scenarios (baselines and enhancement options). These computations were based 

on standard single-stage biodigester with about 1400 m3 capacity and possible throughput of 10,000 

m3 per annum (Hijazi et al. 2020b). The biogas yield in m3 was modified from Ecoinvent 3.6 database 

using Equation 6.1. Other outputs such as digestate yield and emissions were also computed based 

on guidelines provided in Ecoinvent 3.6 database and Li et al. (2018b).  

 

𝑄 =  𝑚 ×  𝑇𝑆 × 𝑉𝑆 ×  𝑌𝑝       6.1 

 

Where: Q is biogas yield in m3; m is mass of substrate (kg of wet mass); TS is total solid of substrates 

(kg of TS per kg wet mass); VS/TS is Volatile matter (kg of VS per kg of TS); Yp is biogas yield 

potential (m3 biogas per kg of VS). 

 

Table 6. 3      Data for biogas production and energy generation from standard biogas plant per year  

Parameter 

Baseline 1 Baseline 2 Option 1 Option 2 Option 3 Option 4 Option 5 

Okra 

waste 
Pig waste 

Alkali 

Pretreated  
Fe3O4 NPs nZVI-1000 Ppy-Fe3O4 

Pig +Okra + 

Ppy-Fe3O4 

Substrate Characteristics               

Total Solid (%) 7.82 9.78 7.82 7.82 7.82 7.82 8.55 

VS of TS % 88.21 81.54 88.21 88.21 88.21 88.21 81.54 

Carbon % TS 39.3 40.39 39.3 39.3 39.3 39.3 39.3 

Hydrogen% TS 5.39 5.29 5.39 5.39 5.39 5.39 5.29 

Nitrogen %TS 3.21 1.97 3.21 3.21 3.21 3.21 1.97 

Oxygen% TS 45.74 45.03 45.74 45.74 45.74 45.74 45.03 

Anaerobic Digestion               
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aMixing of mixed liquor 

during digestion kJ/m3 
300 300 300 300 300 300 300 

Water (%) 16 16 16 16 16 16 16 

Biogas yield (m3/tonVS) 493.9 420.3 509.09 510.35 512.6 544.9 528.632 

Biomethane production m3 340519.36 289777.21 350992.11 351860.81 353412.07 375681.31 364465.33 

Methane content (%) 55.9 65 56.2 57.2 56.5 59.5 60.1 

Biogas production (m3) 609158.06 445811.1 624541.1 615141.27 625508.09 631397.15 606431.5 

Biogas Utilization               

Heat energy (kWh) 12197415 8926654 12505436 12317220 12524799 12642718 12142820 

Electrical energy (kWh) 2365326.9 1731059.7 2425058.4 2388559.4 2428813.2 2451680.1 2354739.8 

Overall energy (kWh) 14562742 10657714 14930495 14705779 14953612 15094398 14497560 

Digestate management               
aCentrifugation (kWh/m3) 1.26 1.26 1.26 1.26 1.26 1.26 1.26 

Wastewater (m3) 8924.09 8734.34 8924.09 8924.09 8924.09 8924.09 8829.21 

Solid waste (t) 757.07 946.82 757.07 757.07 757.07 757.07 851.94 

 Note: a = Xiao et al. 2020 

 

6.2.5.5. Biogas utilization 

After the conditioning of produced biogas, biomethane is then converted to both thermal and 

electrical energy with the use of internal combustion cogeneration engine (combined heat and power 

(CHP)). From the Ecoinvent 3.6, the used CHP for this study is a heat and power co-generation unit 

of 160kW electrical with common components for heat and electricity. The biogas conditioning 

(purification and dehumidification) was considered negligible since the volume of H2S and emissions 

from both purification and dehumidification is very low (Li et al. 2018b; Evangelisti et al. 2014). As 

shown in Table 6.3, the biomethane yields for different scenarios considered in this study are 493.90 

m3/ton.VS, 420 m3/ton.VS, 509.09 m3/ton.VS, 510.35 m3/ton.VS, 512.60 m3/ton.VS, 544.90 

m3/ton.VS, and 528.63 m3/ton.VS respectively for baseline 1, baseline 2, option 1, option 2, option 

3, option 4 and option 5. The CHP engine biogas to energy (thermal and electricity) conversion 

efficiencies considered in his study was as reported in Li et al. (2018b). The overall energy outputs 

are based on the combined energy (electrical and thermal) conversion efficiencies from CHP internal 

combustion engine. In this study, thermal and electrical conversion efficiencies from Ecoinvent 3.6 

database are 53% and 37% respectively. According to Li et al. (2018b), these efficiencies were 

computed with Equations 6.2 and 6.3. 

 

𝐸 =  𝜂1  ×  (𝑉 ×  𝑒)/3.6       6.2 

 

𝐻 =  𝜂2  ×  𝑉 ×  𝑒        6.3 

 

Where: E is the amount of produced electricity (kWh); η1 is the conversion efficiency of electricity 

(37%); V is the quantity of methane combusted in the CHP engine (m3); e is the heating value of 



158 

 

methane (35.9 MJ/m3); η2 is the conversion efficiency of thermal energy (53%). 

 

Similarly, in allocating greenhouse gas emission from the entire heat and power system, the exergetic 

allocation option was selected with electricity assigned 100% exergy (Abdelsalam et al. 2019; 

Nuorkivi, 2010). This entails that a major part of the greenhouse gas emission from the CHP system 

can be attributed to electricity while the heat component is considered negligible (Hijazi et al. 2020a).  

 

6.2.5.6. Digestate management 

The liquid digestate is used partly for enhancing substrate mix, irrigation of crop production lands 

and substituting inorganic fertilizer usage. The liquid digestate for irrigation and nutrient supply was 

transported to the farm (45.9 km). According to Moghaddam et al. (2016), the liquid digestate is 

applied via shallow injection to avert nitrogen loss as ammonia. The management (drying, storage or 

usage) of the solid digestate was not captured in this study. The anaerobic digestion plant has an 

average digestate output of about 9681.16 m3. The produced digestate is phase-separated by 

centrifuging to yield 8883.43 m3 of liquid digestate and 797.73 m3 of solid digestate.   

 

6.2.6. Life cycle impact indicators 

These impact category indicators from electricity and heat generation from biogas were calculated 

using the ReCiPe 2016 method developed by Huijbregts et al. (2016), which is one of the methods in 

SimaPro 9.1 LCA software. The impact categories are largely grouped into three damage assessment 

endpoint level categories: damages to human health (HH), ecosystem quality (ED) and resource 

availability (RA) (Aziz and Hanafiah, 2020). The mid-point level of the impact categories in ReCiPe 

2016 (Midpoint (H) V1.04 / World (2010) H) includes global warming (GWP, kg CO2-eq to air), 

Stratospheric ozone depletion (ODP, kg CFC11-eq to air), ionizing radiation (IRP, kBq Co-60-eq to 

air), Ozone formation, Human health (HOFP, kg NOx-eq to air), particulate matter formation (PMFP, 

kg PM2.5-eq to air), Ozone formation, Terrestrial ecosystems (EOFP, kg NOx-eq to air), Terrestrial 

acidification (TAP, kg SO2-eq to air), Freshwater eutrophication (FEP, kg P-eq to freshwater), marine 

eutrophication (MEP, kg N-eq to marine water), terrestrial ecotoxicity (TETP, kg 1,4-DCB-eq to 

industrial soil), marine ecotoxicity (METP, kg 1,4-DCB-eq to marine water), freshwater ecotoxicity 

(FETP, kg 1,4-DCB-eq to fresh water), human carcinogenic toxicity (HTPc, kg 1,4-DCB-eq to urban 

air), human non-carcinogenic toxicity (HTPnc, kg 1,4-DCB-eq to urban), land use change (LUC, m2 

x yr annual cropland-eq), mineral resources scarcity (SOP, kg Cu-eq), fossil resource scarcity (FFP, 

kg oil-eq) and water consumption (WCP, m3 water-eq consumed). 
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6.3. Results and Discussions  

6.3.1 Environmental indicators 

At the mid-point level of the impact categories, the results are presented in different mass referenced 

units in kg of specific emission-based environmental indicators. In this study, the environmental 

indicators of the baselines and five other scenarios for electricity production from enhanced 

anaerobically digested agro-wastes are shown in Figs. 6.2 to 6.6 as computed. The results were 

discussed based on the impact categories with focus on the different contributing processes involved 

in the production and usage of biogas for electricity generation, which includes biomass production, 

substrate processing, enhancement production, biogas production, plant and machinery, utilization 

and digestate handling. Unlike in Hijazi et al. (2020a) and Abdelsalam et al. (2019) where 

enhancement options scored lower in all impact categories than those of the baseline studies, it could 

be observed that Scenario 1, 2 and 3 showed higher impacts for most of the impact categories. This 

may be due to the exclusion of enhancement (additives and alkaline) production and digestate 

handling processes. In addition, Harding et al. (2018) also suggested that this may be due to more 

input requirements (raw materials and energy) at each process stage for those scenarios. The overall 

LCA is exemplified by network representation of Baseline 1 shown in Fig S1(in appendix).   

 

6.3.1.1. Global warming potential (GWP) 

The GWP of electricity production expressed as carbon (IV) equivalent (CO2-eq) to indicate the 

impact of climate change was analyzed and presented in Fig. 6.2 for all scenarios. The emissions are 

0.005808, 0.005786, 0.005837, 0.006026, 0.006033, 0.005807 and 0.005300 kg CO2-eq/MJ electrical 

for baseline 1, baseline 2, alkaline, NZVI NPs, Fe3O4 NPs, Ppy/Fe3O4 NPs and co-digestion-

Ppy/Fe3O4 NPs respectively. Scenario 5 co-digestion-Ppy/Fe3O4 NPs) showed the lowest GWP when 

compared with other scenarios, while the highest GWP was given in the Fe3O4 NPs and NZVI 

enhanced productions. In Fig. 6.2, all the scenarios showed that utilization was the major contributor 

to the total GWP. Enhancement production had an appreciable contribution to the GWP, but the 

production of Ppy/Fe3O4 gave the least contribution. Generally, the lowest GWP result may be 

attributable to the combined enhancement (co-digestion of okra and pig waste and Ppy/Fe3O4) of the 

biogas production system. This is in line with the report of Ramírez-Arpide et al. (2018) that co-

digestion of crop residue and animal waste resulted in lower GWP. Similarly, Ma et al. (2020) alluded 

to the numerous benefits of co-digestion between animal waste and crop biomass. On the contrary, 

Hijazi et al. (2020a) reported that additives supplementation showed lower GWP than the baselines. 

This may be that the authors did not capture production of both feedstock and additives in their study 
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goal. It was suggested in Ramírez-Arpide et al. (2018) and Van Stappen et al. (2016) that replacement 

of energy usage with electricity generation from biogas could reduce the GWP.   

 

 

Fig.6. 2 Global warming potential (GWP) emissions from electricity production through 

different scenarios of anaerobic digestion of agrowastes. 

 

6.3.1.2. Eutrophication potential 

The addition of anthropogenic inputs such as nitrogen and phosphorus to the ecosystem causes 

eutrophication (nutrient enrichment). Eutrophication potential which is expressed in phosphate 

equivalent (P-eq) entails the potential impacts of nutrients (especially nitrogen and phosphorus) 

beyond environmental limits that may lead to adverse changes to the structure of the ecosystem and 

their functions (the composition of species and biomass production) (Li et al. 2018b; Prasad et al. 

2016). The contribution of each process to the total eutrophication potential from electricity 

production from agro-wastes in kg PO4
3-eq/MJ and kg N-eq/MJ were analyzed for all the scenarios 

are shown in Fig. 6.3a and b. For freshwater eutrophication, digestate handling was the main 

contributor, while biomass production was the highest contributor to marine eutrophication, this is 

logical because of the presence of ionized nutrients (phosphate, nitrogen, etc.) and possible leaching 
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and runoffs of PO4
3- and NO3

- mineral fertilizers during biomass production (Moghaddam et al. 2016; 

Prasad et al. 2016). The baseline 2 showed lowest eutrophication potential value of 1.54E-07 kg PO4
3- 

eq/MJ and 1.95E-07 kg N-eq/MJ for freshwater and marine eutrophication respectively, which 

indicates the best scenario, while worst cases were observed from both scenario 2 (8.40E-07) and 3 

(8.14E-07 kg PO4
3-eq/MJ) for freshwater eutrophication. Scenario 1 (alkaline pretreat case) presented 

the worst case (highest value) for marine eutrophication at 7.42E-07 kg N-eq/MJ. The low value of 

all the eutrophication potentials for pig waste may be attributable to the amount (kg) of pig waste 

added to the digester due to its high volatile matter and considered in this study. The highest digestate 

contribution was from the alkaline pretreated scenario. This is in line with the assertion of Akunna 

(2018) that aside pretreatment cost, high sludge residue are the disadvantages of alkaline pretreatment 

option. Based on the high eutrophication potential of most of the scenarios, guided usage or disposal 

of digestate as well as the replacement of inorganic fertilizer usage for biomass production is 

suggested for lower eutrophication potential (Ramírez-Islas et al. 2020; Li et al. 2018b).  
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(b) 

Fig.6. 3 Eutrophication Potentials ((a) Freshwater eutrophication and (b) Marine 

eutrophication) from electricity production through various scenarios of anaerobic digestion of 

agrowastes  

 

 

6.3.1.3. Acidification potential 

Terrestrial acidification potential is mainly related to atmospheric pollution by sulfur related 

emissions and expressed in kg SO2-eq/MJ. According to Prasad et al. (2016), emitted sulfur dioxide 

(SO2) to the atmosphere reacts with water to form acid rain via acid deposition process, causing 

impairment of the ecosystem when it falls. The contribution of each process to acidification potential 

of electricity production from anaerobic digestion of agrowastes was computed for all scenarios and 

shown in Fig. 6.4. Both scenario 2 and 3 at the value of 1.00787E-05 kg SO2-eq showed the highest 

impact of acidification potentials. It could be observed that biogas utilization was the main contributor 

to terrestrial acidification potential. This agrees with Prasad et al. (2016) that electricity production 

contributed 86% to the overall acidification potential. Similarly, since biogas utilization involves the 

combustion of biogas for electricity and heat generation in CHP engines, Moghaddam et al. (2016) 

agreed that acidification potential is related to fuel combustion. The second largest emission of SO2 

was from enhancement production. This may likely be due to the combustion of fossil fuel during the 

extraction of minerals for additives production.   
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Fig.6. 4 Acidification from electricity generation from different anaerobic digestion of 

agrowastes scenarios. 

 

6.3.1.4. Ecotoxicity and Toxicity potential 

In this study, terrestrial ecotoxicity (TETP, kg 1,4-DCB-eq/MJ), marine ecotoxicity (METP, kg 1,4-

DCB-eq/MJ), freshwater ecotoxicity (FETP, kg 1,4-DCB-eq/MJ), human carcinogenic toxicity 

(HTPc, kg 1,4-DCB-eq/MJ), human non-carcinogenic toxicity (HTPnc, kg 1,4-DCB-eq/MJ) impact 

categories for electricity production from anaerobic digestion of agrowastes showed a similar pattern 

of scenario 2 and 3 having the highest impact in Fig. 6.5a to e. The enhancement production was the 

major contributor to ecotoxicities and toxicities potentials of all impact categories, especially in 

scenario 2 and 3. This is consistent with several reports linking toxicities with chemical or fertilizer 

production (Ramírez-Arpide et al. 2018; Li et al. 2018b).   

 

The process contribution to all scenarios of TETP is presented in Fig. 6.5a. The result showed that 

the baseline 2 (0.00049 kg 1,4-DCB-eq/MJ) and scenario 5 (0.00075 kg 1,4-DCB-eq/MJ) had lowest 

TETP value. Due to high emissions associated with chemical production and fuel combustion, 

Lansche and Müller (2017) reported that they contribute to TETP. In this study, aside enhancement 

production, anaerobic digestion had the next highest contribution to TETP. This also agrees with 

Ramírez-Arpide et al. (2018) that anaerobic digestion was a significant contributor to TETP. On the 

one hand, different processes that contributed to freshwater ecotoxicity potential (FETP) of the 

system expressed in kg 1,4-DCB-eq/MJ were computed for all scenarios and presented in Fig. 6.4b. 
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Baseline 2 with the least FETP value is the best case, while scenario 2 and 3 with the highest FETP 

values are considered the worst cases. Digestate handling was the next highest process contributor to 

FETP after enhancement production. This observation is in line with that of Guven et al. (2019) and 

Thomsen et al. (2018) effluent of nutrients and heavy metals could influence FETP. On the other 

hand, the results of process contributors to marine ecotoxicity (METP expressed in kg 1,4-DCB-

eq/MJ) are calculated and presented in Fig. 6.5c. showed a similar trend as FETP with emissions from 

enhancement production and digestate having the greatest contributions to METP. In the enhanced 

categories, the combined enhancement option (co-digestion-Ppy/Fe3O4) had the least value of 

0.00026875 kg 1,4-DCB-eq/MJ, unlike scenarios 2 and 3 with the worst case of METP. In alignment 

with these observations, Ramírez-Arpide et al. (2018) suggested that chemical production and 

digestate effluents may have contributed METP. 

 

Finally, human toxicities (human carcinogenic toxicity (HTPc) and human non-carcinogenic toxicity 

(HTPnc)) expressed in kg 1,4-DCB-eq/MJ. As presented in Fig 6.5d and e, both HTPc and HTPnc 

presented a similar trend in their process contributions with enhancement, digestate and anaerobic 

digestion processes having the highest impact contribution. The least values of 1.04E-05 kg 1,4-DCB-

eq/MJ and 0.000351 kg 1,4-DCB-eq/MJ were respectively for HTPc and HTPnc impact categories. 

They are the best scenarios, while the highest values (worst cases) are from scenario 2 and 3 for both 

HTPc and HTPnc.   
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(b) 
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(d) 

 

 (e) 

Fig.6. 5 Ecotoxicity and Toxicity Potentials ((a) Terrestrial ecotoxicity, (b) Freshwater 

ecotoxicity, (c) Marine ecotoxicity), (d) Human carcinogenic toxicity and (e) Human non-

carcinogenic toxicity from electricity generation through various scenarios of anaerobic digestion of 

agrowastes  

 

6.3.1.5.  Resource depletion and land use change 

The resources depletion potential also known as abiotic resource depletion refers to impact categories 
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covering consumption of resources (especially non-biological resources) such as usage of water 

usage, mineral and fossil resource scarcities. In this study, the impact categories considered are 

mineral resources scarcity (SOP, kg Cu-eq/MJ) and fossil resource scarcity (FFP, kg oil-eq/MJ) and 

water consumption (WCP, m3-eq/MJ) for electricity production from anaerobic digestion. In Fig 6.6a, 

the highest value of 2.05E-05 kg Cu-eq/MJ and 2.02E-05 kg Cu-eq/MJ for scenario 2 and 3 

respectively were observed for mineral resource scarcity with enhancement production and usage as 

the major process contributor of 38.7% (scenario 2) and 38.1% (scenario 3) of all the contributions 

to the impact category. Although iron supplementation of anaerobic digestion increases biogas yield 

(in quantity and quality), this result indicates that iron enhanced anaerobic digestion has the potential 

of impacting on the overall iron availability. Similarly, Fig 6.6b showed the process contribution of 

all scenarios for fossil resource scarcity impact category. Akin to mineral resource scarcity, the 

highest value of 6.69E-04 kg oil-eq/MJ and 6.50E-04 kg oil-eq/MJ for scenario 2 and 3 respectively 

were observed from the FFP impact category. The main contributor to FFP was from the enhancement 

production/usage. This result according to Hijazi et al. 2020a and Li et al. (2018b) may be attributable 

to high fossil energy input during extraction and production processes of enhancements and may also 

trigger some energy-environment concerns in the quest for cleaner energy production and 

environmentally friendliness. 

 

More so, water, which is a vital resource is essential to determining environmentally sustainable 

scenario. Fig. 6.6c compares the water usage of different and their process contributions. Upon 

analyzing the process contributions to total WCP, the biomass production process contributed over 

87.4% of the overall WCP for all the baselines and scenarios. Biogas production process (anaerobic 

digestion) was the next significant contributor to WCP. Scenario 1 recorded the highest value of 

1.89E-04 m3-eq/MJ. The observed main contribution from biomass production process agrees with 

Aziz and Hanafiah (2020) that palm oil plantation impacted WCP the most. Against this backdrop, 

Prasad et al. (2016) recommended reuse of wastewater from each process to minimize the potential 

impact of water consumption. 

 

Finally, land use change (LUC), expressed in m2 a-eq, evaluates the influence of various direct and 

indirect activities on this impact category. In this study, Fig. 6.6d showed the values of different 

process contribution to all the scenarios. It can be observed that biomass production process had the 

largest contribution to LUC, which aligns with Aziz and Hanafiah (2020) that LUC is related to 

agricultural land usage and practices as well as its influence on biodiversity and emissions. Scenario 
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3, 1 and 2 had the highest values of 1.32E-04 m2 a-eq/MJ, 1.29E-03 m2 a-eq/MJ and 1.28E-03 m2 a-

eq/MJ respectively for LUC of electricity production from anaerobic digestion of agrowastes, while 

baseline 2 recorded the lowest value. 

   

(a) 

 

(b) 

 

 

0,00E+00

5,00E-06

1,00E-05

1,50E-05

2,00E-05

2,50E-05

M
in

er
al

 r
es

o
u
rc

e 
sc

ar
ci

ty
  

k
g
 C

u
 e

q

Scenarios

Digestate Production Plant Substrate  Enhancement Biomass

0,00E+00

1,00E-04

2,00E-04

3,00E-04

4,00E-04

5,00E-04

6,00E-04

7,00E-04

8,00E-04

F
o
ss

il
 r

es
o
u
rc

e 
sc

ar
ci

ty
  

k
g
 o

il
 e

q

Scenario

Digestate Production Plant Substrate  Enhancement Biomass



169 

 

 

 
(c) 

 

 
(d) 

Fig.6. 6 Resource Depletion and Land Use Changes ((a) Mineral resource scarcity, (b) Fossil 

resource scarcity, (c) Water Consumption Potential and (e) Land Use Changes from electricity 

generation through various scenarios of anaerobic digestion of agrowastes 
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6.4 Summary 

Various intensification strategies (eg. co-digestion, alkaline pretreatment, iron-based additives, etc.) 

have been reported as anaerobic digestion enhancement option for biogas production. The positive 

gains associated with increased biogas yield and the associated environmental trade-offs have 

triggered some concerns between higher clean energy production and environmentally sustainable 

process. Based on these concerns, the overall assessment of environmental impacts of electricity 

production from enhanced anaerobic digestion of agrowaste was conducted and conclusions made. 

From the assessment, combined enhancement (co-digestion and Ppy/Fe3O4) option (scenario 5) had 

the least global warming potential and overall low values on all impact categories. However, pig 

manure with the lowest raw material input and energy output gave the least value for most of the 

environmental indicators (eutrophication potential, acidification potential, toxicity and ecotoxicity, 

land use change and resource depletion potential) studied. It could be observed that scenario 4 

(enhanced with Ppy/Fe3O4 NPs) with the highest biogas output, had the least environmental impact 

when compared with scenario 1,2 and 3. It could be concluded that the enhancement production 

process (especially scenario 2 and 3) was the major contributor to all impact categories. In a nutshell, 

based on the energy and environmental performances, the use of combined enhancement (co-

digestion + Ppy/Fe3O4 NPs), followed by Ppy/Fe3O4 NPs only for enhanced biogas production is 

recommended to minimize the adverse impacts of electricity generation from biogas on the 

environment. 

  



171 

 

Chapter Seven 

General Discussions and Future Perspective   
 

7.1 General discussion 

This chapter presents an abridged but holistic discussion on an integrated approach for biomethane 

recovery and phosphate release from anaerobic digestion of agro-industrial wastes relative to the 

stated objectives of this thesis.  

 

7.1.1 Introduction    

It has been established that due to global population rise, demand on important resources such as 

energy and phosphorus is on the increase (BP, 2019; Gurtekin, 2014). This demand-gaps can be 

handled through alternative resource recovery strategies like anaerobic digestion of wastes. There are 

wide varieties of substrates for anaerobic digestion, but due to their complex polymeric structures, 

some forms of enhancements (co-digestion, pretreatments or additive usage) are needed for increased 

profitability and maximize resource recovery from existing substrate-types (Akunna, 2018; Cai et al. 

2017). Based on the substrate availability, yield enhancement and environmental impacts concerns, 

Chapter 1 and Chapter 2 highlights the need to explore novel substrates and cheaper but effective 

enhancement options. The influence of the various enhancement options on process parameters of 

anaerobic digestion as well as their merits and demerits were reviewed from previous studies. It was 

also identified that the use of additives such as Ni, Fe, Co, Mo, Se, C, N, P, S, etc. among others, aid 

substrate solubilization, supply deficient nutrients, inhibits toxins, accelerate other anaerobic 

digestion processes (Chen et al. 2018; Mao et al. 2015). Due to the inherent advantages on anaerobes, 

process stability and the overall positive influences, iron-based additives have been widely used for 

enhancement of anaerobic digestion (Chen et al. 2018; Feng et al. 2014). It was revealed that despite 

the enhancement efforts of iron-based additives in aiding biodegradability, increasing biomethane 

production, etc., they react in ionic forms with other soluble nutrients, resulting in the formation of 

complex non-biodegradable substance, having adverse effects on phosphate release and impacting 

the environment negatively (Puyol et al. 2018 and Elijamal et al. 2020). This thesis was conducted 

through an integrated approach to identify and compare novel substrates and novel enhancement type 

with existing options based on biomethane yield, phosphorus release during the enhanced digestion 

process and environmental impacts.  
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The main aim of this thesis was to i) identify, characterize and rank potential agro-industrial wastes 

based on their energy and phosphorus potentials, ii) identify the most suitable enhancement 

techniques for increased biogas production during anaerobic digestion of selected agro-industrial 

waste, iii) optimize the iron enhanced anaerobic digestion of selected agro-waste for biomethane 

production and phosphate release with the addition of antagonists, iv) use Lifecycle Assessment 

(LCA) tool in evaluating the environmental footprints of different enhancement types for anaerobic 

digestion of selected agro-industrial waste. 

 

7.1.2 Substrate identification and resource recovery potential 

Due to the increasing interests in biomass-to-resource recovery technologies sustainable supply of 

conventional substrate-type for anaerobic digestion appears to remain a concern (Achinas and 

Euverink, 2016). There are debates on the appropriateness of some feedstock usage for energy 

generation in the face of mounting food insecurity and starvation in most developing climes 

(Muvhiiwa et al. 2017). However, issues of profitability due to low conversion efficiency and 

unavailability are still the challenges with biomass-to-resource recovery industries (Bharathiraja et 

al. 2018). In Chapter 2, the necessity of novel substrate identification and its enormous potentials 

for resource recovery when used singularly or with conventional feedstocks was highlighted. It was 

also observed that full characterization for the determination and ranking of their resource 

recoverability potentials (theoretically or experimentally) is necessary. The results of the 

identification, characterization and ranking of the eighteen selected (novel and conventional) biomass 

types of both plant and animal sources were shown in Chapter 3 to be important in selecting suitable 

substrate types. Both the novel and conventional substrates were characterized to obtain the proximate 

and ultimate values as well as other chemical compositions, which are vital for determining, ranking 

energy and phosphate recovery potentials theoretically and experimentally. The identification, 

characterization and ranking of both novel and conventional substrates motivated the choice of 

anaerobic digestion as the most suited energy conversion option and the selection of substrate types. 

This agrees with Leng et al. (2020) and Raposo et al. (2011) that the determination of substrate 

compositions influences the choice of recovery technology. Consequently, okra waste as a novel 

substrate type with appreciable biomethane potential as shown in Fig. 3. 4 was chosen. Due to its 

high phosphate content (Fig. 3.2), pig waste was selected for co-digestion with okra for both 

biomethane yield and phosphate release.   
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7.1.3 Enhancement techniques for increased biogas production 

Most available substrates for anaerobic digestion are affected by biodegradability challenges arising 

from the nature of the substrates, presence of inhibitors or other operational challenges (Akunna, 

2018). This reduces biogas yield and impacts profitability; hence the anaerobic digestion 

enhancement (additive supplementation, substrate pretreatment and co-digestion) is required to 

achieve improved biodegradability (BCH4 ≥ 70%), elimination of inhibitions, supply of deficient 

nutrients and increase of biogas production (Choi et al. 2018; Casals et al. 2014; Browne and Murphy, 

2013). After reviewing the potency of these enhancement options in Chapter 2, it was suggested that 

suitable enhancement types must be cheap, effective and environmentally friendly (Abdelsalam et al. 

2016). In Chapter 4, series of anaerobic digestion enhancements with both novel and known were 

conducted and with a view to selecting the most effective option. From all the comparative 

assessments, it was observed that the addition of 20 mg/L of Ppy/Fe3O4 NPs achieved higher 

biomethane yield. This result agrees with Casals et al. (2014) and Abdelsalam et al. (2017) that 

conductive iron-based additives improve anaerobic digestion greatly.   

 

7.1.4 Optimization of an integrated approach to biomethane recovery and phosphate release 

From previous studies on anaerobic digestion enhancement, iron-based additives increase biomethane 

yield due to their ability to accept and donate electrons to methanogens, avail necessary nutrients to 

methanogens, acts as cofactors to enzymes, enhance substrate degradation, etc (Ugwu et al. 2020; 

Chen et al. 2018 Feng et al. 2014). As observed from reviewed literature in Chapters 1 and 2, iron-

based additives ionize to form non-degradable complexes nutrients like phosphate (P) thereby 

lowering soluble P availability in the digestate for use as biofertilizer (Puyol et al. 2018; An et al. 

2014). This contradiction makes iron ions unavailable for methanogenic activities and poses a serious 

environmental concern upon disposal (Heiberg et al. 2012). Based on the foregoing, Chapter 5 of 

this thesis focused on an optimized integrated approach to achieving simultaneous enhanced 

biomethane recovery and P release through supplementation of anaerobic digestion with P-

antagonists (HA and As) and accelerants (iron-based additives). The substrates (pig and okra wastes) 

identified in Chapter 3 and the iron-based additive (Ppy/Fe3O4 NPs) selected in Chapter 4 were 

digested together at varying proportions with the aim of optimizing these parameters and maximizing 

both biomethane yield and phosphate release. From the optimization process, 20.0014 mg/L, 5.0018 

mg/L, 1.448 mg/L and 25.0001% respectively for Ppy/Fe3O4, HA, As and co-digestion were the 

optimum conditions. 
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7.1.5 Environmental footprints of different enhancement types for energy generation 

Every activity of man on earth either enhances or diminishes our environment. Anaerobic digestion 

(enhanced or not) for electricity generation is not an exception to this concern (Moghaddam et al. 

2016). Life cycle assessment (LCA) which is one of the internationally approved methods of 

identifying environmental impacts of novel and established processes, technologies, etc. As identified 

earlier in this study (in Chapter 1), enhancement of anaerobic digestion has notable environmental 

trade-offs. However, since Chapter 5 of this study already showed the positive impacts of identified 

enhancement options on biomethane yield, conduct of LCA of all the options for selection of 

appropriate enhancement option based on energy-environmental consideration was the focus of 

Chapter 6. In this Chapter, comparative investigation of the environmental impact categories of 

different enhancements options was carried out; electricity generation processes from a 

conceptualized anaerobic digestion of 10,000 m3 substrate slurry per annum using life cycle 

assessment approach. The results showed that the use of combined enhancement (codigestion + 

Ppy/Fe3O4 NPs) option for enhanced biogas production is most suited to reduce the adverse impacts 

of electricity generation from biogas on the environment. 
  

7.2 Main conclusions 

Based on the set objectives of this study, the following can be concluded:  

• After screening, characterization and ranking of identified agro-industrial wastes, a novel 

substrate type (okra biomass) with appreciable biodegradability (BCH4 = 71.78 %) and good 

biomethane potentials were identified and selected as the main substrate for anaerobic 

digestion process in this thesis. 

• The novel use of Ppy/Fe3O4 NPs for anaerobic digestion enhancement was discovered and 

when compared with other enhancement options, 20 mg/L Ppy/Fe3O4 NPs achieved higher 

biomethane yield. 

• The proposed integrated approach to enhanced resource recovery was validated and optimized 

values of biomethane yield and P release obtained.  

• The comparative environmental impacts of the different enhancement options (scenarios) 

were assessed with LCA tools and the impact categories determined.   
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7.3 Future research perspectives  

Based on the result of the identification, screening and characterization of wastes, it was shown that 

the singularly assessed wastes have great potentials for resources recovery. However, co-digestion of 

high performing feedstocks with other substrates could ensure feedstock availability and improve 

overall resource recoverability, but furthertechno-economic evaluation is recommended.  

 

Despite the efforts and achievements made in enhancing biodegradability and increasing resource 

recoverability, issues of optimum pretreatment time, additive dosages and possible toxicity/inhibition 

of methanogen activities remains serious concerns to full-scale deployment of these enhancement 

options and profitability. Through holistic feasibility analysis and process optimization, targeted use 

of any enhancement option for increased resource recovery is achievable. 

 

Future studies should evaluate the adaptability of microbes to P antagonists (HA and As) and 

anaerobic digestion accelerants (iron-based additive) without adversely affecting anaerobic digestion 

activities. Continuous digestion in the presence of these additives at constant levels to monitor 

microbial population, obtain complete genomic information and to evaluate impacts on anaerobic 

digestion performance. More so, prolonged exposure of anaerobic digestion processes to HA, As and 

iron-based additives and their influence on resource recovery in a continuous biodigester should be 

further evaluated. Studies on speciation of iron-P in the digestates and recoverability potentials of P 

from iron enhanced anaerobic digestion process may be needed.   

 

A comprehensive and detailed life cycle assessment (LCA) and techno-economic analysis of the 

entire integrated approach to biogas production and P release/recovery from enhanced anaerobic 

digestion of waste should be performed. This should aim at determining the minimum enhancement 

required to achieve environmental improvement and evaluating the efficiency of resource recovery 

processes. In order to ascertain the robustness of the life cycle model due to parametric variations, 

systems and scenarios should be subjected to sensitivity analysis.  
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Fig. S1. Life cycle network of baseline 1 (a) 1.5 % cutoff and (b) (4 % cutoff) 
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