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Abstract 

The worldwide move towards a sustainable, equitable future faces two major obstacles: 

unsustainable waste management and access to clean energy (Kwietniewska and Tys, 2014). 

Alternative renewable energy sources are needed to curb global warming and the consumption 

of non-renewable fuels (Akinbami et al., 2021). Industrial and municipal wastewater with high 

organic matter content has increased due to rapid industrialisation in many emerging nations. 

If appropriately treated, wastewater may produce biogas through anaerobic digestion to 

generate green energy (Chrispim et al., 2021). While anaerobic digestion is a mature 

technology, challenges around process efficiency remain. Thus, much research has examined 

ways of enhancing anaerobic digestion (AD) efficacy. 

This research evaluated the suitability and investigated the effects of intermediate municipal 

landfill leachate and sugar industry wastewater as co-substrates in the AD of sewage sludge. 

The effects of biochar addition synthesised from sugarcane bagasse at three pyrolysis 

temperatures (3500C, 4500C and 5500C) together with ultrasonic pretreatment as a potential 

enhancement method were evaluated with respect to four key performance indicators: (I) 

biogas yield, (II) biogas quality, (III) COD and (IV) Volatile Solid (VS) removal.  

Response surface methodology (RSM) was employed to evaluate the following specific 

objectives: Five objectives were evaluated: (i) Characterization of primary sewage sludge, 

inoculum, and industrial wastewater. The total solids (TS) and volatile solids (VS) for PS were 

39.02 (gTS/l) and 29.72 (gVS/L), respectively, falling within the expected range. The results 

also suggest that the sludge exhibits excellent biodegradability, evidenced by a VS/TS ratio 

of> 50%. Sugar industry wastewater (SIWW) exhibited a VS/TS ratio of 0.68, indicating a 

greater presence of organic substances than insoluble ones. The inoculum displayed the lowest 

VS/TS value, measuring 0.48, indicating a high concentration of microorganisms vs organic 

materials, confirming its potential use as an inoculum rather than as a substrate. (ii) Production 

and characterisation of biochar (BC) derived from sugarcane bagasse using energy dispersive 

x-ray, scanning electron microscopy (EDX/SEM), and Fourier transform infrared spectroscopy 

(FTIR). The BC synthesised at 5500C was the most alkaline at a pH of 9.1, followed by 9.0 

(BC 4500C) and 7.0 (BC 3500C). While all the synthesised BC displayed carbon contents > 50 

%, BC 5500C exhibited the highest at 78.33%. SEM analysis found BC 4500C exhibited greater 

formation of surface micropores. FTIR analysis of the BCs confirmed the presence of carboxyl, 

carbonyl, carboxyl, hydroxyl, C=N bond, and ether group. (iii) Investigate the effect of 
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Municipal Intermediate Landfill Leachate (ILL) and Sugar Industry Wastewater (SIWW) as 

co-substrates and optimisation of process parameters with RSM. This was executed in two 

stages; the first was employed to identify the best-performing IWW. ILL produced the highest 

biogas yield at (54,35 mL/gVSadded) vs (12.55ml/gVSadded) for SIWW; ILL achieved the highest 

COD removal (46.84%). ILL was found to increase the COD removal by 5.36% compared to 

the CNTRL. Hence, ILL was selected as the best-performing co-substrate for process 

optimisation. Optimisation facilitated by (RSM) employing Box–Behnken design with co-

substrate loading between (1:20 – 1:5), ISR (1:2– 1.5:1) and temperature (25 – 550C), the 

optimum co-substrate loading of (1:20), ISR of (1.5:1), and a temperature of 370C, achieved 

desirability of 90.10%. The RSM-BBD models exhibited a significant correlation (0.9 < R2 < 

1) with projected outcomes that aligned well with the experimental data. (iv) Investigate the 

effect of Biochar as an additive on the AD process. This was executed in two stages; the first 

was employed to identify the best-performing BC. BC 450 produced the highest biogas yield 

at (50.38mL/gVSadded) vs (46.88 and 26.57mL/gVSadded) for BC 3500C and BC 5500C, 

respectively; BC 4500C also achieved the greatest COD and VS removal of 50.86% and 

35.11%, respectively. Hence, BC 450 was selected as the best-performing BC for process 

optimisation. Optimisation with co-substrate loading between (1:20 – 1:5), BC loading (2.5 – 

10 g/L) and temperature (25 – 550C), the optimum co-substrate loading of (1:20), BC loading 

of (6.7 g/L), and a temperature of 54.990C, achieved desirability of 94.10%. The RSM-BBD 

models exhibited a significant correlation with projected outcomes that aligned well with the 

experimental data. (v) Investigate the effect of ultrasonic pre-treatment of industrial wastewater 

on the anaerobic digestion process. ILL was subjected to ultrasonic pretreatment and co-

digested employing the optimum process parameters from (iv) Process efficiency was assessed 

with respect to biogas yield, COD and VS removal and biomethane content and achieved a 

COD and VS removal of 46.18% and 49.21, respectively. The biomethane content peaked at 

78.23% CH4. Representing a marginal decrease in COD and VS removal compared to the 

untreated sample. 
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Chapter 1: Introduction 

 

1. Background 

1.1 Energy crisis: A South African perspective.  

Unsustainable waste management and access to and supply of clean energy are two of the most 

critical barriers to overcome in the global push toward a sustainable and equitable future 

(Kwietniewska and Tys, 2014). These barriers correspond to the “United Nations’ Sustainable 

Development Goals” (SDGs), ratified in 2015. Oil, coal, and natural gas are the traditional 

energy sources that have kept the modern industrial world running. On the other hand, these 

fuels are becoming increasingly limited and are directly tied to climate change and its impact 

on the environment. Shifting to alternative renewable energy sources is needed to mitigate 

climate change and extensive fossil fuel usage (Cornelissen et al., 2012). The total world energy 

consumption is predicted to climb from 5.32 × 1020 J in 2008 to 8.12 × 1020 J in 2035, according 

to Cornelissen et al. (2012), which is comparable to a 53 per cent increase in 27 years. 

According to the BP Statistical Review of Energy 2013, coal accounts for 72% of South 

Africa's total primary energy consumption, followed by oil, natural gas, nuclear, and 

renewables. The most recent energy information administration report (EIA) estimates that 

South Africa's reliance on coal has resulted in the nation being Africa's top carbon dioxide 

emitter and the world's 14th largest (Akinbami et al., 2021). This is exacerbated by South 

Africa's restricted electrical grid, with the gap between peak demand and supply being 

dangerously thin since the early 2000s. The current situation has heightened the importance of 

finding sustainable solutions, focusing on renewable resources for bioenergy production. 

Selected resources and processes must be economically viable to ensure long-term 

sustainability. In this context, biomass conversion into biofuel has become a key area of interest 

in recent years. 

1.2 Municipal and industrial wastewater as a source of renewable energy. 

The accelerated industrialisation of many developing nations has resulted in increased 

industrial and municipal wastewater generation, characterised by their high organic matter 

content. If suitably treated, wastewater can serve as a viable source of sustainable green energy 

through biogas production via anaerobic digestion (Chrispim et al., 2021). 
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Wastewater is water polluted by human activity (Templeton et al., 2011). It emanates from 

several sources, including domestic activities, Industrial activities, sewage input, and 

stormwater run-off. Domestic wastewater is usually 99 percent water and 1% solids. Treatment 

of high-strength wastewater is a challenge for many industries. According to Chan et al. (2016), 

a COD ≥ 10,000 mg/L and a biochemical BOD ≥ 5000 mg/L is common in certain wastewaters. 

These high-strength wastewater streams often require sequenced treatment steps to bring them 

within specified discharge limits. The Division of Water Technology has long acknowledged 

the viability of using anaerobic digestion to treat municipal and industrial wastewater and has 

conducted extensive research into the fundamentals (Montwedi et al., 2021). 

Sewage sludge from wastewater treatment works (WWTW) is a well-known feedstock for 

biogas generation due to its elevated biochemical methane potential compared to biogas 

produced from other feedstocks. It is said to contain ten times the energy required for its 

treatment (Bachman, 2015). Sewage sludge is the principal AD feedstock in WWTW and is 

comprised of secondary and primary sludge. The primary settlers generate primary sludge (raw 

sludge) via gravitational sedimentation. According to Davidsonn (2007), when digested at 

optimum conditions, primary sludge can produce 300 – 400 (Nm3/t organic dry matter) of 

biomethane. The aeration process generates secondary sludge presenting a lower organic 

matter content and hence has lower biomethane potential when compared to primary sludge. 

Furthermore, recent research and analysis of SS have shown SS has an approximate energy 

content of 19 MJ (5.2 kWh/kg) dry weight basis, equivalent to low-grade coal's energy content 

(Musvoto et al.,2018). 

1.2.1 Factors influencing the production of energy from wastewater sludge. 

In South Africa, the management and disposal of wastewater sludge are governed by three 

important laws: the “National Water Act (Act 36 of 1998)”, the “National Environmental 

Management: Waste Act (Act 59 of 2008)”, and the Waste Amendment Act (Act 26 of 2014). 

The Department of Water and Sanitation (DWS) manages wastewater services under Section 

155(7) of the Constitution, “Section 62 of the Water Services Act (No. 108 of 1997)”, and 

Section 21 of the National Water Act.   Sludge is 'waste' under Section 21 of the National Water 

Act and related provisions.   The Department of Water and Sanitation (DWS) authorises 

wastewater utilities to treat and dispose of wastewater under the National Water Act. 

Management activities must follow Chapter 5 of the National Environmental Management: 

Waste Act, 2008 (Act 59 of 2008) and the Guidelines for the Utilisation and Disposal of 
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Wastewater Sludge: Volumes 1-5 (WRC, 2006; 2009) under the Water Use Authorisation 

(WUA). South African utilities must manage sludge according to greenhouse gas emission 

regulations. The National Environmental Management: Air Quality Act (Act no. 39 of 2004) 

requires GHG emission limitations. 

The primary greenhouse gases emitted by wastewater and sludge treatment procedures are CH4 

and CO2, which significantly contribute to the phenomenon of global warming. The global 

warming potential (GWP) of methane is projected to fall between 28 and 36 CO2-equivalents 

over a period of 100 years, according to the US EPA in 2021. The data on global greenhouse 

gas (GHG) emissions during 2000-2010 indicates that CO2 and CH4 accounted for 76% and 

16% of the total CO2-equivalent emissions, respectively (Edenhofer et al., 2014).  Data 

provided by the South African Department of Environmental Affairs, showed that between 

2000 and 2010, CO2 contributed to 83.2% of total carbon dioxide equivalent emissions, while 

CH4 accounted for 11.4%. This energy recovery potential has propelled sewage sludge (SS) 

into the domain of viable, sustainable alternate energy sources.   

1.3 Enhancing Biogas Production  

While AD is a mature technology, several challenges remain regarding the process efficiencies 

linked to biodegradation rates, often attributed to long acclimation, slow anaerobic 

microorganism (anaerobe) growth, and the inefficient degradation of intermediate products i.e. 

butyrate and propionate (Azizi et al., 2019). A large body of research investigating potential 

augmentation strategies to boost the AD process's efficacy exists. These studies include the 

effect of chemical pretreatments such as ammonia and alkaline pretreatments; mechanical 

pretreatments such as hydrothermal, ultrasonic, and microwave pretreatment; Anaerobic co-

digestion and, the use of organic and inorganic additives such as Biochars and Nickel (Ni), 

Cobalt (Co) Iron (Fe), and Iron (Fe), respectively (Abdallah et al., 2019; Yu et al., 2017; Fang 

et al., 2020; Duet al., 2019) 

Anaerobic co-digestion (ACD) is considered a practical approach for treating wastewater 

streams due to its ability to address nutrient deficiencies, boost biogas generation, and improve 

economic viability. ACD is a method of introducing energy-dense organic waste materials and 

effluent streams to wastewater digesters, where bacteria degrade the organic waste generating 

biogas, among other by-products (Rowan et al., 2022). Studies have shown sewage sludge to 

be an ideal primary substrate in ACD because of its low inhibitor concentration (Mata-Alvarez 

et al., 2014). The introduction of energy-dense organic materials and effluent streams increases 
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the organic loading of the system and substantially increases the biogas production potential 

(Mata-Alvarez et al., 2014). 

ACD has been prominent as a technology that offers a sustainable alternative energy source in 

biogas, while also contributing to sustainable waste management. Despite the significant rise 

in biogas installations globally, several issues with ACD processes remain. Numerous potential 

solutions to these issues have been investigated, including the optimisation of operating 

parameters and bioreactor configuration, nutrient control, the use of pre-treatments for 

degradability improvement of various feedstocks, and the use of biological and inorganic 

additives to aid biomass immobilisation and process stability, mitigate inhibitors and 

supplement nutrients (Arif et al., 2018; Ye et al., 2018; Mata-Alvarez et al., 2014; Taherzadeh 

et al., 2008; Carrere et al., 2016).  

Conductive carbonaceous compounds, including Biochar (BC), have piqued attention among 

AD additives due to their capacity to boost methane generation (González et al. 2018). Biochars 

are porous carbonaceous materials made by thermochemically converting biomass at low 

oxygen (Pan et al., 2019). 

Nanda et al. (2016) identified several benefits BC has over other additives, including the 

manufacture BC with a broad scope of physicochemical characteristics by feedstock selection, 

pyrolysis conditions, and the activation process. Studies have validated the feasibility of 

enhancing methane production with BC addition, citing various probable mechanisms, which 

include improving buffering capacity, inhibitory mitigation, biomass immobilisation, aiding 

syntrophic metabolisms, improving digestate quality and biogas upgrading (Pecchi and 

Baratieri, 2019; Salman et al., 2017). 

Using ultrasonic pre-treatment (UP) to enhance the AD process is well-researched and has 

garnered much focus in recent years. Ultrasonic pre-treatment aims to augment the 

biodegradability of a substrate by reducing particle size and accelerating microbial molecule 

solubilisation. UP has been shown to induce cell wall rupture and extracellular polymer 

degradation, releasing the organics available. In addition, ultrasonic processing (UP) has been 

demonstrated to enhance the disintegration of intermolecular bonds within the cellular material, 

resulting in a reduction in the size of biomolecules. This reduction in size enhances their 

solubility and renders them more prone to digestion (Volschan Junior et al., 2020). The process 

of cell rupture and hydrolysis is typically broken down into four steps: (I) particle dispersion, 

(II) inner extracellular polymeric substances (EPS) matrix layer disruption and microbial cells 
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exposure, (III) cell rupture, and (IV) extracellular and intracellular polymeric compound 

enzymatic depolymerisation producing glycerol, amino acids, monosaccharides, 

oligosaccharides, and (LCFA) long-chain fatty acids (Palatsi et al., 2010).    

1.4  Problem statement  

Between 1990 and 2018, global energy consumption (i.e., electricity, gas, coal, biomass, and 

heat) increased from the approximate equivalent of 8 800 million tonnes of oils to 14 400 

million tonnes in 2018, which represents a 63 per cent increase in 30 years (Chiappero et al., 

2020). Renewable energy sources supplied roughly 14 per cent of primary energy in 2016, 

whereas fossil fuels produced 81 per cent of the GHGe (Chiappero et al., 2020). The desire to 

reduce fossil fuel reliance and GHG emissions while providing sustainable energy alternatives 

has increased investment and research into green energy-producing technologies. The 

production of biogas through AD of wastewater and biodegradable waste is a well-established 

and commercial technology and has been identified as a viable replacement for fossil fuels for 

heat and electricity generation. 

Concentrated organic industrial wastewater, such as landfill leachates, sugar industry effluents, 

and wastes from various industrial processes, poses severe treatment and discharge problems 

for the industries, local authorities, and the environment. The controlling authority reluctantly 

receives these wastewater streams into communal sewers because of the challenges of treating 

them to the specific discharge limits. As per the “National Guideline for the Discharge of 

Effluent from Land-based Sources into the Coastal Environment”, if industrial effluent is 

discharged into a WWTW that disposes of it into the coastal environment, it will undergo 

necessary pre-treatment as defined by the local authorities. To comply, it is necessary to furnish 

a thorough account of the waste stream, specifying its volume and quality. This entails listing 

all compounds contained within, along with their concentrations and loads. The advent of such 

stringent legislation has left many industries ill-equipped to treat the wastewater produced 

appropriately. 

Anaerobic co-digestion is acknowledged as a suitable treatment method for municipal and 

industrial wastewater, and like mono-substrate digestion, co-digestion has the potential for 

energy production. Thus, implementing anaerobic co-digestion as a treatment method is 

beneficial in two ways: (I) it provides a sustainable treatment method for concentrated organic 

industrial wastewater, and (II) it serves as a viable mechanism for sustainable energy 

production i.e. green biogas. 
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Although the advantages of co-digestion are often praised, its adoption by wastewater treatment 

plants (WWTW) remains restricted. Limiting factors include the lack of appropriate co-

substrates and the ambiguity regarding their effects on biogas quality, and biosolids output. 

Biogas yield and quality can be enhanced through process optimisation techniques, including 

the implementation of substrate pretreatment procedures, and the utilisation of additional 

materials (Ward et al., 2008). 

Hence, there exists a need for further research on (I) investigating and identifying suitable co-

substrates and (II) evaluating suitable methods/mechanisms to enhance the biogas production 

of co-digestion systems. 

Therefore, this study evaluates the effects of several industrial wastewater streams as co-

substrates in the AD of Municipal primary sewage sludge. The ACD systems performance was 

evaluated to maximise biogas yield and identify the suitability of each industrial wastewater 

for ACD with MSS. The effects of Biochar addition and Ultrasonic pretreatment as potential 

enhancement methods were evaluated with respect to biogas yield, COD and (VS) reduction. 

To further enhance the efficiency of the ACD process, specific process parameters (such as 

process temperature, co-substrate loading rate, biochar loading, and Inoculum substrate ratio 

(ISR)) were optimised. The optimisation process was conducted using design of experiment 

(DOE) techniques, using response surface methodology (RSM). RSM was employed as a 

method for optimisation and determining and measuring the correlation between various 

factors and the responses. 

 Aims and Objectives  

This research aimed to evaluate the suitability and investigate the effects of Intermediate 

Municipal Landfill Leachate and Sugar Industry wastewater as co-substrates in the AD of 

Municipal sewage sludge. The effects of Biochar addition and Ultrasonic pretreatment as 

potential enhancement methods were evaluated with respect to four key performance 

indicators: (I) biogas yield, (II) biogas quality, (III) COD and (IV) Volatile Solid (VS) removal. 

The following specified objectives were assessed: 

i. Characterization of primary sewage sludge, inoculum, and industrial wastewater. 

ii. Synthesis and characterisation of Biochar derived from sugarcane bagasse. 

iii. Investigate the effect of municipal landfill leachate and sugar industry wastewater as 

co-substrates for AD. 
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was evaluated with respect to COD and VS removal, as well as biogas yield and quality using 

established methodologies. 

• Biochar Selection. 

Batch tests were conducted to evaluate the effects of Biochar addition on the AD process. 

Biochars produced at varied pyrolysis temperatures were evaluated. The optimum operating 

parameters identified during IWW process optimisation were employed for this batch trial. 

• Biochar system optimisation 

Optimisation of the best-forming Biochar was conducted using the BBD matrix derived from 

the response surface methodology (RSM) to plan the experiment. An empirical model was 

created by statistically analysing the findings. This model establishes the relationship between 

the input variables and the performance indicators of the AD system. The system was optimized 

based on the co-substrate loading rate, Biochar loading, and temperature.  The performance of 

the AD system was evaluated with respect to COD and VS removal, as well as biogas yield 

and quality using established methodologies. 

• Ultrasonic pretreatment. 

The effects of ultrasonic pretreatment of the industrial wastewater were investigated. The 

optimum operating (i.e., co-substrate loading, biochar loading, and temperature) conditions 

established by the Biochar System Optimization experimental were employed. 

1.7 Thesis outline 

This thesis consists of five chapters, which are outlined below.  

Chapter 1: Presents a brief background on the issues pertaining to the supply of energy in 

South Africa and globally and contextualises the potential generation of biogas from the 

treatment of municipal and industrial wastewater. The shortcomings of biogas production 

through anaerobic digestion and potential enhancement mechanisms are highlighted. The 

research aims, objectives, and the research outline are also presented. 

Chapter 2: Presents a literature review on the generation, treatment, and characterisation of 

municipal and industrial wastewater in South Africa, together with research conducted on 

biogas production via anaerobic co-digestion of municipal and industrial wastewater. The 

factors affecting the anaerobic digestion process are presented. The effect and application of 

biochar and ultrasonic pretreatment as potential enhancement mechanisms for the anaerobic 
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process are also discussed. Furthermore, an overview of Design of Experiments (DOE) and 

Response Surface Methodology (RSM), as well as its application as a statistical tool for 

optimising processes. 

Chapter 3: Outlines the research methodology, materials, methods, instruments, and 

procedures employed in this study. The methodology utilised for process optimisation and data 

analysis is also addressed. 

Chapter 4: Presents the discussion of the results obtained for each experimental run. The 

results are presented with respect to the stated objectives. 

Chapter 5: Present the conclusion and recommendations; all the significant findings of this 

research are discussed. Recommendations for further research are also proposed. 
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Chapter 2: Literature Review 

 
2.1 Introduction 

An extensive catalogue of literature focusing on various potential enhancement mechanisms 

for biogas production through anaerobic digestion exists. Among these mechanisms are pre-

treatment methods, including microwave and thermal pre-treatments and ultrasonic and lysis 

pre-treatments, which are predicated on the facilitation of the hydrolysis of organic matter. 

Anaerobic co-digestion is another well-established mechanism for enhancing the AD systems 

and involves the adding a co-substrate. If carefully selected, using a co-substrate could facilitate 

increased biogas production. However, the system must be optimised with respect to the co-

substrate loading rate and operating conditions (i.e., process temperature) to avoid the 

excessive presence of inhibitors including volatile fatty acids, ammonia, and other intermediate 

products. 

 

In this context, carbon conductive materials including Biochar and granular activated carbon 

as additives to the AD process has garnered much attention from researchers. This is because 

Biochar displays the ability to act as an adsorber of toxic inhibiting compounds; this property 

has been widely investigated and shown to successfully mitigate the accumulation of inhibitors 

coupled with several additional benefits to the AD process. In this light, Biochar as an additive 

in anaerobic co-digestion systems holds excellent potential for stabilising the ACD system and, 

by extension, the enhanced combability for biogas generation.    

This chapter represents an in-depth overview of the AD process and the literature on the 

potential enhancement mechanisms for the production of biogas via the anaerobic/co-digestion 

of municipal and industrial wastewater, with a particular focus on ultrasonic pre-treatment and 

applicability of Biochar as a biochemical additive to the AD process.    

 

2.2  Wastewater generation and wastewater treatment in South Africa 

South Africa has approximately 821 registered wastewater treatment plant facilities (WWTP), 

50% of which have a designed capacity of less than 0.5 Megalitres per day (ML/d) (Verlicchi 

and Grillini, 2020). These WWTPs have a total combined designed capacity of 6614 (ML/d) 

and receive approximately 5258 (ML/d), equating to 80 per cent of the total designed capacity. 
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Municipal wastewater (MWW) is generated from various domestic activities (i.e., bathing, 

laundry, ablution, and micturition). It is divided into three categories: (I) yellow-containing 

urine, (II) brown-containing flushed water and faeces, and (III) black-which is the 

amalgamation of yellow and brown, including active bacteria (Koul et al., 2022). 

 

Due to its composition, MWW is hazardous and must be treated to avoid contamination of 

water resources and adverse effects on public and environmental health and safety. The aim of 

treating MMW is to improve its physical, microbiological, and chemical quality by reducing 

suspended and biodegradable organics content, nutrients (i.e., nitrates and phosphates), and 

pathogenic bacteria. MMW generally contains 99.9% water, with the remainder being solids; 

the general composition of MMW is represented in Figure (2-2) below.  

 

 

Figure 2-1: Water Pollution schematic (Koul et al., 2022). 

  

Figure 2-2: Physiochemical content of domestic wastewater (Koul et al., 2022).  
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Figure 2-3: WWT process outline (Koul et al., 2022) 

2.2.1 Preliminary Treatment. 

Preliminary treatment involves removing suspended coarse particles and debris from the 

incoming wastewater stream. This is a critical treatment step as large, suspended debris and 

other foreign objects hinder subsequent operations and could cause damage to equipment such 

as pumps. Preliminary treatment removes nearly all non-organic solids (i.e., sand and grit) and 

up to 25 per cent of the organic load. The waste generated from this process is commonly 

landfilled. The incoming wastewater is screened before passing through the grit chambers. Grit 

chambers are used to reduce the formation and accumulation of excess sludge; this is achieved 

by reducing the incoming velocity of the wastewater, allowing for the settling of heavy 

suspended solids (Chynoweth and Pullammanappallil, 2020). 

 

2.2.2 Primary Treatment.  

This process removes fine suspended organic and inorganic particles via conventional 

sedimentation. Approximately 60 per cent of oil and grease and 70 per cent of the remaining 

suspended solids are oxidised and settled out during this treatment step. The effluent generated 

during this step is called primary effluent.  

 

2.2.3 Secondary Treatment. 

During this process, organic matter and other contaminants, such as ammonia, are further 

removed. Secondary treatment uses activated sludge. Organic matter and ammonia are broken 

down via biological processes brought on by mixing microorganisms into the wastewater. 
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Organic matter is digested by the microorganisms, producing water (H2O) and carbon dioxide 

(CO2). Ammonia (NH3) is broken down into nitrates (NH4NO3) and nitrogen (N2) as a result 

of oxygen uptake. 

The primary treatment process pumps effluent into an aeration basin with anoxic and oxic 

zones. The anoxic zone is filled with microorganisms that are suited to anaerobic conditions 

and are aimed at nitrogen removal, while the oxic zone relies on excess oxygen (O2) to 

stimulate beneficial oxygen-consuming bacteria, which are breakdown of organic matter. 

     

2.2.4 Tertiary Treatment. 

This step involves the disinfection of the effluent in preparation for reuse or discharge into 

natural water resources and facilitates the removal of turbidity, phosphorus, bacteria, and 

viruses. Disinfection is achieved through chemical and physical methods such as chlorination 

ozone and ultra-violet treatment.   

 

2.3 The generation and treatment of Sugar industry wastewater. 

The sugar industry is the most common of the agro-based industries and is especially prominent 

in developing countries in South America, Africa, Asia, and Asia. The industry serves as a 

source of job creation and contributes to the economic development of these developing nations 

(Fito et al., 2019). 

 

Apart from sugar, the sugar industry generates many by-products, which are categorised into 

solids and liquids. The solid by-products include press mud (filter cake from juice 

clarification), while the liquids include molasses (from the sugar crystallisation process) and 

general wastewater from various other processes. The sugar manufacturing process consists of 

five key processes: juice extraction, clarification, crystallisation, and centrifugal separation. 

The manufacturing process is water intensive as many of the processing units require fresh 

water for their operation; approximately 1.5 m3 of water is required to process a tonne of 

sugarcane intern, producing approximately 1 m3 of wastewater (Sahu et al., 2015). The process 

and mill house are responsible for the majority of the water consumed during processing; the 

wastewater produced by the mill house is characterised by high oil, and solids content, while 

effluent produced by the process house is characterised by its elevated organic matter content 

evidenced by its high BOD and COD (Polestya et al., 2008). Figures 2-4 presents the general 

process outline for sugar production. 
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Figure 2-4: Sugar production process outline (Sahu et al., 2015) 

The quality of the wastewater produced depends on the chemicals used during processing, the 

characteristics of the sugarcane, and the soil the sugarcane is grown (Sahu et al., 2015). Table 

(2-2) below presents the average physiochemical properties of the wastewater produced by the 

sugar manufacturing process. 

 

Table 2-2: Physiochemical Properties of Sugar industry effluent (Sahu et al., 2015) 

 

 

2.3.1 Traditional methods for the treatment of sugar industry wastewater.  

Evaporation, bio-composting, and fertirrigation are common treatment methods.  
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2.3.1.1 Evaporation 

This process involves heating wastewater in specially designed boilers; steam generated from 

the process is used for energy production, while condensate generated can be treated and reused 

in the manufacturing process, supplementing the water required for manufacturing. The residue 

left after evaporation can also be used to prepare livestock feed (Christofoletti et al., 2013).  

While this treatment method has its merits, there are several pitfalls to consider: (I) the fowling 

of the boilers due to the incrustation of the vapours produced, (II) spontaneous crystallisation 

caused by the increase in solids concentration, and finally (III) the high energy demand of the 

process, this property is most likely the largest pitfall of this method as it has significant cost 

implications (Christofoletti et al., 2013; Chopra et al., 2012 ). 

 

2.3.1.2 Bio-composting 

Bio-composting involves mixing press mud/filter cake (produced from juice clarification) with 

sugar industry wastewater to produce organic manure (Latif et al., 2011). This method of 

treatment has the benefit of supplementing the demand for fertiliser hence reducing operating 

costs while at the same time reducing waste generation. However, there remain several pitfalls 

with this treatment method, with the most significant being the inability to deal with large 

volumes of wastewater due to extended treatment periods. A single treatment requires 15 days 

or more and large treatment areas (Fito et al., 2019). 

 

2.3.1.3 Fertirrigation  

This process employs soil as a treatment medium and involves the irrigation of sugar industry 

wastewater onto agricultural fields (Chopra et al., 2012). This treatment method has the benefit 

of reducing fertilizer consumption and the use of irrigation water (Fito et al., 2019). This 

treatment process only applies to wastewater with low contaminant concentrations and often 

requires the pretreatment of the wastewater to avoid harm to both the crop and soil. Hence this 

method is not favoured and is seldom employed (Fito et al., 2019). 

 

2.3.2 Biological treatment of sugar industry wastewater. 

Sugar industry wastewater (SIWW) biological treatment technologies have been extensively 

studied. Biological treatment utilises microorganisms to transform the organic portion of the 

wastewater into CO2 H2O, while simultaneously utilising the contaminants in the wastewater 
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to promote the growth of microorganisms (Fito et al., 2019; Valderrama et al., 2002; Akpor, 

2014). 

Aeration and anaerobic digestion are effective SIWW treatments due to its high sugar and 

volatile acid content (Nacheva et al., 2009). 

 

2.3.2.1 Aerobic treatment  

Aerobic treatment entails organic matter degradation in oxygen rich conditions including 

processes such as the use of trickling filters, activated slime, and aerated bayous have been 

extensively used to treat SIWW (Velásquez et al., 2019). While the SIWW is easily degraded, 

the fats and oils present are not degraded due to methane generation during hydrolysis 

(Kushwaha et al., 2011). Previous research into the aerobic treatment of SIWW has affirmed 

this process's merits and capacity for effectively removing pollutants. For example, Hamoda 

and Al-Sharekh reported substantial COD reductions of 67.8 percent in their aerobic reports on 

laboratory-scale research. 

 

2.3.2.2 Anaerobic treatment  

Anaerobic treatment refers to the decomposition of organic substances by microbes in an 

environment devoid of oxygen. An advantage of this procedure is the production of biogas as 

a by-product. Various types of reactors are commonly employed, such as batch, fixed-bed 

(AFR), up-flow anaerobic fixed bed (UAFB) reactors, and up-flow anaerobic sludge bed 

(UASB) reactors (Ramjeawon and Baguant, 1995). 

The anaerobic reports on laboratory-scale testing conducted by revealed decreases in COD 

(Chemical Oxygen Demand) of 81.8%, 89%, and 74%, respectively (Ramjeawon and Baguant, 

1995). 

 

2.4 The Generation and Treatment of Municipal Landfill Leachate. 

Landfill leachate is generated through physical, chemical, and biological processes during 

municipal solid waste (MSW) degradation. Rainwater percolation through the waste body 

resulting in the degraded matter leaching; hence, landfill leachate refers to the effluent 

generated by the percolation of rainwater through degrading waste disposed of in a landfill 

(Youcai, 2018; Costa et al., 2019). The leachate's composition depends on several factors, 

including age, regional climate, site hydrology, and waste composition (Somani et al., 2019). 

Inorganic compounds (nitrates, ammonium, chlorides), xenobiotic compounds (phthalates, 
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benzene, phenols), metals (mercury, copper, lead, zinc), and organic matter (fatty acids, organic 

carbon) are the four main constituents of landfill leachate (Ramakrishnan et al., 2014). 

 

Landfill leachate is categorised into three categories: (I) young, (II) intermediate, and (III) old. 

Young landfill leachate is generated by landfills between 1-5 years old characterised by high 

volatile acid and organic matter content, low pH, and high biodegradability, while old landfill 

leachate generated by landfills between 10 ≤ years old is characterised by high pH, the organic 

matter present is generally in the fulvic and humic fractions (Mojiri et al., 2020). Table (2-3) 

below presents the leachate characteristics and biodegradability. 

 

Table 2-3: Physiochemical properties of Landfill leachate (Tejera et al., 2019) 

 

 

2.4.1 Traditional methods for the treatment of landfill leachate. 

Recirculation, biological, and transfer to WWTPs are well-established treatment techniques for 

landfill leachate and are favoured for their low treatment cost and convenience, while physical 

and chemical treatment methods, including membrane separation and coagulation/flocculation, 

have also been extensively used (Teng et al., 2021). 
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Figure 2-5: Traditional leachate treatment methods (Abdel-Shafy et al., 2024) 

 

2.4.1.1 Recirculation 

Leachate recirculation involves the reintroduction of the leachate into the landfill waste body 

through irrigation and other similar methods and is often used in conjunction with other 

treatment methods. However, this treatment method's effectiveness depends on the volume and 

frequency of use, as frequent use results in refractory substance accumulation in the leachate, 

posing further challenges for subsequent treatment and may also affect the landfill's stability 

(White et al., 2011). 

 

2.4.1.2 Transfer to WWTPs. 

This treatment method involves the discharge of the leachate to municipal WWTPs common 

for leachate treatment and management (Dereli et al., 2020). Among its merits, combined 

leachate and domestic wastewater treatment has been shown to increase the biological 

treatability of the leachate through its ability to balance the nutrient compositions and the 

dilution of pollutants and toxic compounds. Table (2-4) below summarises this treatment 

method's merits and disadvantages. 
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pollutants effectively; however, his less effective for ammonium and nitrate removal (Torretta 

et al., 2016). Aluminium sulphate (Alum) and poly-aluminium chloride are used for landfill 

leachate treatment. Ghafari et al. 2009 found that poly-aluminium chloride and alum remove 

43.1% and 62.8% of COD, respectively, while coagulation/flocculation removes 86%. 

 

One of the major pitfalls is the generation of excessive sludge and the accumulation of trace 

metals in the effluent stream (Torretta et al., 2016). 

 

2.5 Anaerobic Digestion and the Principals of Biogas Formation  

AD is a well-studied process that produces biogas by microorganisms degrading and 

converting organic materials low oxygen conditions. These micro-organisms break down 

complex organic molecules (proteins, polysaccharides, fats, cellulose, hemicellulose) into 

biogas; bio-methane (55-70%) and CO2 (30-40%) along with hydrogen sulphide (H2S), 

nitrogen (N2), and water vapour (Sihlangu et al., 2024). 

 

AD has four main phases. First, hydrolysis, then acidogenesis, acetogenesis, then 

methanogenesis (Khanh Nguyen et al., 2021). Facultative and obligate anaerobic bacteria 

facilitate the hydrolysis and acid fermentation steps while the microorganisms, including 

Methanothrix, Methanosarcina, Methanococcus, Methanobacillus, and Methanobaterium are 

responsible for methane conversion (Walter et al., 2018). The Methanosarcina and 

Methanothrix use the acetate produced during the acetogenesis step to produce CH4 and CO2, 

while the Methanobacterium, Mathanococcus, etc., are responsible for hydrogen oxidisation 

using CO2 as an electron acceptor (Senés‐Guerrero et al., 2019). Figure (2-6) below represents 

the AD biogas formation pathway schematic. 
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Figure 2-6: AD biogas formation pathway (Kutlar et al., 2022). 

 

2.5.1 Anaerobic digestion Mechanism 

2.5.1.1 Hydrolysis  

The first step of the AD process entails the degradation of complex organic matter into soluble 

compounds facilitated by extracellular enzymes and water (Wright and Uddin, 2022). 

Macromolecules such as lipids, proteins, carbohydrates, and proteins are hydrolysed into 

sugars (monosaccharides and disaccharides), amino acids, alcohols, and LCFA by extracellular 

proteases, lipases, and cellulases produced by fermentative bacteria (Karrabi et al., 2023). 

Process conditions, including temperature, biomass particle size concentration, characteristics, 

and pH, have been shown to affect the solubilisation rate (Wright and Uddin, 2022). 
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The hydrolysis process is significant in the kinetics of AD and is the rate-limiting step; hence, 

researchers have placed much focus on evaluating potential enhancement methods for 

improving the rate of hydrolysis (Luo et al., 2012). Equation 2-1 below details the general 

hydrolysis reaction. 

 

(C6H10O5)n+nH2O → nC6H12O6+nH2                                                                  

 Equation 2-1                                                                                                     

2.5.1.2 Acidogenesis  

Acidogenesis (the fermentation step) involves the degradation of the soluble compounds 

produced during hydrolysis. The acidogenic bacteria (acidogens) absorb monosaccharides and 

disaccharides, amino acids, and LCFA to produce VFAs, ethanol, ammonia, lactic acid, 

hydrogen sulphide, carbon dioxide (CO2) and hydrogen (H2). Acetic acid (CH3OOH) is 

considered the most important of the VFAs produced as it is primarily used by the 

methanogenic bacteria for methane production (CH4) during the methanogenesis step (Anukam 

et al., 2019). While LCFA is oxidised using hydrogen ions as electron acceptors, acidogenesis 

of amino acids and sugars occurs without needing an electron donor or acceptor (Thanarasu, 

Periyasamy and Subramanian, 2021). 

 

It is challenging to distinguish between the acidogenic and acetogenic reactions as they are 

both responsible for H2 and CH3COO-(acetate) production. Species including Pepto coccus, 

desulfomonas micrococcus, Escherichia, and streptococcus have been identified in the AD 

process; however, the predominant species present is heavily influenced by the feedstock 

characteristics. Presented in equations 2-2 to 2-4 are the sequence reaction steps for the 

acidogenesis step.  

 

𝐶6𝐻12𝑂6↔2𝐶𝐻3𝐶𝐻2𝑂𝐻+2𝐶𝑂2                                                                                                                                                                                                     

Equation 2-2 

 𝐶6𝐻12𝑂6+2𝐻2↔2 𝐶𝐻3𝐶𝐻2𝐶𝑂𝑂𝐻+2𝐻2𝑂                                                                                                            

Equation 2-3 

𝐶6𝐻12𝑂6→3𝐶𝐻3𝐶𝑂𝑂𝐻                                                                                                                                             

Equation 2-4 
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2.5.1.3 Acetogenesis  

Acetogenesis involves the production of acetate by the conversion of the organic acids 

produced in the acidogenesis step. The primary by-products of this conversion are H2 and CO2; 

hence, acetogenesis is also termed the dehydrogenation stage/step (Wright and Uddin, 2022). 

Due to its inhibitory effects on the acetogenic bacteria metabolism, H2 concentrations must be 

kept low. Hence, acetogens depend on the consumption of H2 and acetate by the methanogenic 

bacteria; this syntrophic relationship allows the thermodynamic feasibility of the acetogenesis 

step.  

The transfer of H2 facilitates electron transfer through interspecies hydrogen transfer (IHT); 

the electron transfer rate is strongly linked to the overall digestion rate (Bajpai, 2017). 

Presented in equations 2-5 to 2-7 are the sequence reaction steps for the acetogenesis step.  

 

𝐶𝐻3𝐶𝐻2𝐶𝑂𝑂−+3𝐻2𝑂↔𝐶𝐻3𝐶𝑂𝑂−+𝐻+𝐻𝐶𝑂3
−+3𝐻2                                                                                                                                                                     

Equation 2-5 

𝐶6𝐻12𝑂6+2𝐻2𝑂↔2 𝐶𝐻3𝐶𝑂𝑂𝐻+2 𝐶𝑂2+4𝐻2                                                                                                                                                                                          

Equation 2-6 

𝐶𝐻3𝐶𝐻2𝑂𝐻+2 𝐻2𝑂↔𝐶𝐻3𝐶𝑂𝑂 −+3 𝐻2+𝐻 +                                                                                                                                             

Equation 2-7 

 

Equation 2-5 to 2-7 depicts acetate production (𝐶𝐻3𝐶𝑂𝑂 −) and (H2), which methanogenic 

bacteria use for CH4 formation in the methanogenesis step; Methanobacterium propionicum 

and Methanobacterium suboxydans facilitate acid phase product decomposition to (𝐶𝐻3𝐶𝑂𝑂−) 

and (H2) (Anukam et al., 2019). 𝐶𝐻3𝐶𝑂𝑂 –
  is a crucial intermediary product as its reduction 

accounts for 70% of the CH4 formed during the AD process; the acetogenesis is responsible 

for 25% of the 𝐶𝐻3𝐶𝑂𝑂 – formed and 11% of the H2 formed (Anukam et al., 2019). Obligate 

hydrogen-producing acetogens are responsible for the breakdown of VFA formed in the 

acidogenesis step. 
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2.5.1.4 Methanogenesis  

Methanogenesis is the final step of the AD process and involves the conversion of 𝐶𝐻3𝐶𝑂𝑂H 

and H2 to 𝐶𝐻4 and 𝐶𝑂2 by methanogenic anaerobic bacteria known as methanogens. 

Methanogens are strict anaerobes and are highly susceptible to even low oxygen concentrations 

(Anukam et al., 2019). Some of the methanogenic species found in the AD system are M. 

marinsnigri, Methanogenium cariaci, Methanobrevibacter ruminantium, M. 

thermoautotrophicum, and M. bryantic; these methanogens are characterised by slow growth 

and are highly susceptible to environmental changes (Schink, 1997). The preceding AD steps 

mainly involve converting complex organic molecules to simpler organic molecules, while the 

methanogenic step involves the removal of organic pollutants, including COD and BOD. Thus, 

this step's efficiency is measured by organic pollutant removal (Bajpai, 2017). Methanogenesis 

sequence reaction stages are below. 

 

𝐶𝐻3𝐶𝑂𝑂𝐻→𝐶𝐻4+𝐶𝑂2                                                                                                                                                                                                                                                    

Equation 2-8 

𝐶𝑂2+4𝐻2→𝐶𝐻4+2𝐻2𝑂                                                                                                                                                               

Equation 2-9 

2𝐶𝐻3𝐶𝐻2𝑂𝐻+𝐶𝑂2→𝐶𝐻4+2𝐶𝐻3𝐶𝑂𝑂𝐻                                                                                                                                  

 Equation 2-10 

 

Shown in Equation 2-8 is the formation of 𝐶𝐻4 and 𝐶𝑂2 by the conversion of 𝐶𝐻3𝐶𝑂𝑂𝐻. 

Equation 2-9 shows the reduction of 𝐶𝑂2 to 𝐶𝐻4 by 𝐻2, while Equation 2-10 shows the 

formation of 𝐶𝐻4 through 𝐶𝐻3𝐶𝐻2𝑂𝐻 decarboxylation (Goswami et al., 2016). The main 

pathways to methanogenesis are: (I) Methylotrophic methanogenesis, which involves the 

decarboxylation of methyl amines, methyl alcohols, and methyl sulphides (II) 

Hydrogenotrophic, which involves the production of methane through CO2 reduction by H2 

and finally (III) acetotrophic methanogenesis which involves the decarboxylation of acetate or 

methane formation (Goswami et al., 2016). Figure 2-7  represents the three main pathways of 

conversion. 
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Figure 2-7: An overview of physio-chemical mechanisms of biogas production by microbial 

communities (Goswami et al., 2016) 

Hydrogenotrophic methanogenesis (represented by path B in Figure (2-7)) involves converting  

CO2 into CH4 and H2O. The CO2 is bound to methanofuran to form a formyl group; three 

cofactors receive the carbon (I) Tetrahydromethanopterin (H4MPT), (II) Coenzyme F420 (8-

hydroxy-5-deazaflavin) and (III) coenzyme M (HS-CoM) (Mercaptoethanesulfonic Acid). 

Coenzyme B (HS-CoB) acts as the final electron acceptor. The process is dependent on 

hydrogen ion concentration and sodium serving as an electron donor from CO2. It is responsible 

for Adenosine Triphosphate (ATP) synthase, which is responsible for methanogen energy 

production (Goswami et al., 2016). Hence, in contrast to other microbes, sodium ions are 

required for methanogen growth.  

Acteoclastic methanogenesis shows methanogenesis from acetate. Cofactors Coenzyme M 

(HS-CoM) produce methane and are dependent on Na and H2 concentrations (Goswami et al., 

2016). Acetate methanogenesis produce coenzyme M-HTP heterodisulphide (CoM–S–S–

CoB). In contrast to hydrogenotrophic methanogenesis, which has H2O as a by-product. 
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2.6 Factors affecting the Anaerobic digestion. 

2.6.1 Temperature 

The AD process temperature greatly affects biogas quality and quantity. The three main 

temperature ranges considered for the AD process are psychrophilic (12oC to 24oC), mesophilic 

(35oC to 42oC), and thermophilic (45oC to 60oC). Likewise, the anaerobes are divided into three 

categories: (I) Psychrophiles, which are prominent in the psychrophilic digestive regime and 

are active in temperatures ranging from (12oC to 24 oC); (II) Mesophiles, which are prominent 

in the mesophilic digestive regime and are active in temperatures ranging from (22oC to 40 oC) 

and (III) Thermophiles which are prominent in the thermophilic digestive regime and are active 

in temperatures ranging from (50oC to 60 oC) (Steiniger et al., 2023). Figure (2-8) shows the 

methanogen activity at each temperature regime.  

 

Because of comparatively low energy demand, anaerobic digesters in WWTPs are typically 

operated in the mesophilic temperature range (Qasim, 2017). Research has shown digesters 

operated under mesophilic conditions to be less prone to changes in operating conditions i.e. 

organic loading rate and temperature (Kim et al., 2002). It exhibits improved process stability 

compared to digesters operated at thermophilic conditions. However, digesters operated under 

thermophilic conditions typically show improved pathogen destruction, a higher rate of volatile 

solids removal, increased anaerobe growth, and biochemical reaction rate.  Thermophilic 

digestion has also been shown to enhance interspecies hydrogen transfer (IHT), increasing 

methanogenic potential and shorter HRT (Zábranská et al., 2000). Research conducted by De 

Vrieze et al. (2016) showed increased nutrient and energy recovery when sewage sludge was 

digested under thermophilic conditions. 

 

While researchers have shown thermophilic digestion to be more efficient with respect to virus 

and pathogen destruction and biogas yield, thermophilic digestion has also been shown to result 

in increased VFAs concentrations, affecting process stability and ultimately leading to process 

failure (Al Sulaimi et al., 2022). Al-Sulaimi et al., 2022 found primary sludge to be more 

susceptible to VFA accumulation under thermophilic conditions due to its increased 

mineralised organics concentration compared to secondary sludge. Studies conducted by Blake 

et al., (2005) found mesophilic conditions produced increased CH4 production rates when 

compared to other process temperature regimes. 
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poor biogas production (Paul & Dutta, 2018). Physiochemical properties such as COD, BOD, 

TS, VS, and C: N ratio are regarded as key indicators for a feedstock biomethane potential 

(Bhajani, 2022). 

 

2.6.4 Total solids and Volatile solids 

The TS and VS content of feedstock are regarded as indicators of the rate of conversion of the 

AD system; TS is the measure of the total solids content, while VS indicates the organic matter 

(matter available for biogas conversion) content of the feedstock (Ibro et al., 2022). High TS 

content is often associated with VFA accumulation and lower biogas yield; in contrast, high 

VS content is associated with increased biogas yield (Wang et al., 2020). 

 

Ahmadi-Pirlou and Mesri Gundoshmian (2021) discovered that biogas production from 

anaerobic digestion of sewage sludge increased 64% at 5% TS compared to 25% TS. 

 

2.6.5 Organic loading rate (OLR) 

The OLR represents the organic content fed to the reactor or digester and is generally expressed 

in grams VS of COD fed per day or unit time. The optimum OLR of an AD system is dependent 

on the feed substrate composition and biochemical activity. Past research has shown a strong 

correlation between OLR and biogas yield; increased OLR is linked to increased biogas yield; 

however, overloading the reactor/digester results in inhibitory intermediary products 

accumulating and a decrease in biogas yield (Ibro et al., 2022). 

 

2.6.6 Hydraulic Retention Time  

HRT is the time the feedstock is held in reactor. Research has shown AD effluent quality 

improvement with increased HRT; however, increased HRT is also associated with a decreased 

reaction rate (Ibro et al., 2022). The decreased reaction rate is attributed to the VFA 

accumulation, while the accumulation of acetic acid has been linked to shorter retention times. 

The optimal HRT depends on feedstock composition and process parameters like temperature 

and OLR. Studies reveal that at optimal HRT, most digestive biogas is produced between 

weeks 3 and 4. The average duration for the AD of sewage sludge is between 10 - 20 days. 

Based on most research, 90% of methane production can be obtained within 14 days of therapy 

(Appels et al., 2008).    

 

2.6.7 Inoculation 
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Inoculation is the process of introducing acclimated anaerobes to a digester/reactor in the form 

of digestate/seed sludge to accelerate the digestion process. An effective inoculum must have 

a diverse consortium of microbes capable of degrading a broad range of feedstocks; digested 

WWT sludge is often utilised as inoculum for AD processes. Inoculum serves as a reserve of 

micronutrients and nitrogen, which balance the C/N while facilitating enzymatic activity. Xu 

et al. (2013) correlated xylanolytic and cellulolytic bacteria presence in the inoculum and 

increased biomethane yield when co-digestion corn stover with dairy waste effluent. 

 

The careful determination of an optimal inoculum substrate ratio (ISR) is of utmost importance 

for mitigating VFA generation throughout the anaerobic digestion process, aiming to maximise 

methane production. Excessive ISR ratios have been found to exert an overwhelming burden 

on microbial populations. In contrast, decreased ISR leads to increased reactor volume 

demands and reduced methane (CH4) production (Dixon et al., 2019). However, compared to 

ISR ratios of 1:1 and 2:1 during wet AD, the ISR ratio of 0.3 resulted in the lowest CH4 

production.  

 

2.7 Enhancing the anaerobic digestion process 

The intrinsic complexity of AD is associated with diverse bacterial consortia and the precise 

balance that needs to be maintained during each stage of the digestion process. Enhancing the 

rates at which complicated substrates degrade has conventionally been linked to the utilisation 

of pre-treatments. Managing nutrient balance has typically included adding co-substrates 

through anaerobic co-digestion (ACD) to avoid the build-up of harmful substances and 

improve the production of biogas. 

 

2.7.1 Anaerobic co-digestion 

Co-digestion entails combining various substrates to create the feed solution for anaerobic 

digestion (AD). The justification behind its extensive usage revolves around maximising the 

anaerobic environment and adjusting the feed's stoichiometry to optimise the degree of 

degradation achieved (Effenberger et al., 2016). Enhancing digestion efficiency with respect 

to reducing VS and generating biogas often entails mitigating factors that inhibit anaerobic 

digestion processes. 

 

The focus of research on anaerobic co-digestion has primarily revolved around optimising 

biogas generation, economic viability and the cost-to-energy output ratio. Economic viability 
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of the anaerobic co-digestion heavily depends on optimising energy outputs (Silvestre et al., 

2014). Co-digestion typically augments biogas production through beneficial synergistic 

effects in the digestion medium. This is mainly attributed to the supplementation of deficient 

nutrients in the feedstock (Mata-Alvarez et al., 2000); furthermore, ACD modifies the C/N 

ratio. The fundamental principle of ACD is the digestion of a Low C/N ratio substrate and a 

high C/N ratio (Ward et al., 2008). In their study, Luste and Luostarinen (2010) noted a 

significant disparity in methane production potential based on VS concentrations of sewage 

sludge and grease trap waste. Specifically, they measured methane generation levels of 263 

LCH4/kg VS added for sewage sludge and 918 LCH4/kg VS added for grease trap waste. The 

variations in methane potentials associated with volatile solids provide complexity to the 

optimisation of AD biogas generation. This underscores the importance of carefully selecting 

diverse substrates for co-digestion. Moreover, it is shown that the kinetics of biological 

processes, namely the parameters related to them, exhibit significant variations depending on 

the organic composition of feedstocks. As indicated before, the increased production of biogas 

facilitated by co-digestion might be attributed to an additional mechanism: the potential 

reduction of inhibitory conditions. The decrease in efficiency within the microbial group of 

AD directly influences the decomposition of organic matter, thereby hindering biogas 

generation. Therefore, it is crucial to avoid circumstances that hinder the biogas production 

process in order to maximise its efficiency. To prevent inhibitory effects in co-digestion 

processes, there are two methods that can be employed: either neutralising the inhibitors in one 

of the substrates or utilising the synergistic interactions between different substances, which 

can result in positive consequences. 

 

Despite the numerous benefits associated with co-digestion, researchers have found challenges 

in its implementation, resulting in system disturbances which often arise from inadequate 

substrate ratios and suboptimal operating circumstances. A study conducted by Wan et al. 

(2007) demonstrated the challenge of digestive system malfunction. Astals et al. (2018) 

provided additional evidence supporting this conclusion since their research demonstrated that 

the introduction of crude glycerol at a concentration of over 4% into the digester decreased 

methane output. Wan et al. (2007) suggest that using a short HRT. 

 may cause digestion failure by removing microorganisms during the disposal of treated 

wastewater. 
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2.7.2 Pretreatment Methods. 

The most extensively researched topic in literature pertains to the utilisation of pre-treatments 

to enhance hydrolysis.  Microwave and thermal pre-treatments, acid-alkaline media utilisation, 

and mechanical techniques, including high pressure, ultrasound, chemical oxidation, and 

electrooxidation, are a few examples of diverse methods aimed at enhancing the rate of 

degradation of the substrates (González et al., 2018). 

 

Figure 2-9 illustrates various pre-treatments and their potential combinations to enhance the 

effectiveness of solubilisation and disruption of organic molecules. 

 

 

Figure 2-9: Pretreatment methods (Khanh Nguyen et al., 2021) 

 

2.7.2.1. Ultrasonic Pre-treatment 

The application of ultrasonication has been thoroughly researched and proven to be a highly 

effective mechanical pretreatment technique to increase biodegradability of AD feedstock and 

relies on disruption of the feedstock macrostructure facilitated by hydro-mechanical shear 

stresses within cavitation (Khanh Nguyen et al., 2021). Ultrasonication has several effects on 

the feedstock, including particle size reduction, increased organic compounds solubilisation, 

biological activity stimulation, and the release of enzymes, and has been observed to have an 

impact on the size distribution of COD particles (Guo et al., 2013). Ultrasonication caused a 

shift in the peak of the particle size distribution from the particulate fraction, which typically 

consists of particles > 1600 nm, to the lowest size range, where particles are < 2 nm. 
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Factors such as sonication time and frequency are crucial factors to be considered. a study by 

Appels et al (2008). found a 40 and 15% increase in biogas yield when low and moderate-

specific energy inputs were applied, respectively. Further, Dewil et al. (2006) found that 

ultrasonically pretreated WAS presented improved dewaterability, decreased volume and 

induced the release of COD. Ultrasonication has been identified as the predominant 

pretreatment method for improving biogas generation during anaerobic digestion of MWW. 

Nevertheless, a significant disadvantage of ultrasonication pretreatment is the considerable 

expenditure of energy (Yusaf & Al-Juboori, 2014). In addition, it should be noted that not all 

research has reported consistent findings regarding the improvement of biogas generation and 

VS reduction with the application of ultrasonication; a minimal increase in CH4 generation and 

VS reduction following the ultrasonication of WAS under mesophilic conditions (Sandino et 

al., 2005). 

 

2.7.2.2. High-pressure homogenisation (HPH) 

The HPH pretreatment method involves the application of a sudden and intense pressure 

gradient exceeding 500 bar, which leads to cavitation, severe shearing forces, and high 

turbulence, followed by depressurisation. This process results in increased SCOD 

concentration and the disintegration of large molecules through hydrolysis (Nabi et al., 2019). 

Zhang et al. (2015) found that 30 MPa high-pressure homogenization (HPH) was the most 

energy-efficient. A suspension (SS) with 2.48% total solids (TS) underwent one 

homogenization cycle. The greatest COD of 43.94% was reached at 80 MPa pressure and four 

homogenisation cycles for sludge with a TS of 9.58 g/L. HPH has been shown to increase 

biogas production and reduce volatile sulphur compounds that cause odour in municipal waste 

sludge digester headspaces, but it has little effect on pathogen elimination during AD 

(Ariunbaatar et al., 2014). 

 

2.7.2.3. Microwave Irradiation  

Microwave irradiation pretreatment occurs within the wavelength range of 1 mm to 1 m, which 

corresponds to frequencies greater than 300 MHz but less than 300 GHz. This method boosts 

biogas generation by 50%. Effective organic compound dissolution increases biogas yield 

(Khanh Nguyen et al., 2021).  Gil et al. (2018) found that semi-continuous microwave 

pretreatment increased methane generation by 20% and SS biodegradability by 70%. 
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Microwave pre-treatment affects primary and secondary sludge digestion. A 3.2-fold increase 

in soluble COD to total COD and a 41% decrease in volatile solids yield (Khanh Nguyen et al., 

2021).     

 

2.7.2.4. Chemical pretreatment 

Chemical pretreatment is a highly effective technique for breaking down complex organic 

waste. This process involves the use of chemical reagents including alkalis, acids, and oxidants 

to enhance the hydrolysis of SS. Additionally, it enhances the biodegradability of cellulose, 

increasing the generation of biogas (Khanh Nguyen et al., 2021).   Various chemical procedures 

have been investigated for AD, such as acid, alkali pretreatment, and ozonation (Wang et al., 

2020). Nevertheless, chemical pretreatment is not appropriate for compounds that can be 

quickly broken down by biological processes (Khanh Nguyen et al., 2021).  The chemical 

pretreatment result mostly relies on the organic component, the procedure employed, and the 

specific chemical utilised.    

 

2.7.3 The use of Carbon Conductive Materials (CCMs). 

A wide range of carbon-based materials, including granular activated carbon (GAC), graphene, 

carbon cloth, graphite, carbon nanofibers (CNT), and biochar, have been used in different 

studies related to (AD research (Kultar et al., 2022).   The most often utilised CCM in 

wastewater treatment is Granular Activated Carbon (GAC), as Yang et al. (2017) reported; 

followed by carbon cloth and biochar.  Kultar et al., (2022) examined the effects of modifying 

CCMs under various operational settings, including varied modes of operation and 

temperatures. When CCMs were added, researchers observed significant improvements in the 

performance of AD in different key areas: (I) methane produced per gram of organic matter; 

(ii) rate of CH4 production; (iii) decreased VFA accumulation; (iv) an increased ability to 

tolerate inhibitory substances; (v) lag phase reduction (Kultar et al., 2022; Yang et al. 2017). 

 

The primary mechanism by which CCMs aid DIET is through high electrical conductivity 

(EC). Microorganisms conduct extracellular electron transfer (EET) more effectively through 

CCMs compared to pili because: (i) CCMs, have a significantly higher ECs, compared with 

the EC of pili (Liu et al., 2012), and (ii) CCMs may eliminate the need for microorganisms 

expending energy on synthesising conductive pili, for DIET (Yang et al., 2017). 
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2.8 Sewage sludge as a Substrate in AD. 

The continuous rise in population is directly linked to the gradual expansion of (WWTPs) 

functioning globally, resulting in the generation of substantial quantities of sewage sludge.  

Hazardous compounds in sewage sludge pose a significant environmental risk and issues 

related to odour and hygiene. Consequently, it is imperative to dispose of them following 

appropriate treatment (Mitraka et al., 2022). However, treating and disposing of sewage sludge 

is costly, accounting for over half the overall treatment expenses. Hence, much focus has been 

given to pursuing sustainable and cost-effective strategies for managing and treating sewage 

sludge before disposal. An effective method suitable for the intended use is AD, which has 

been shown to stabilise sludge and eliminate odours and pathogens and provide a solution to 

the growing concerns about energy scarcity through biogas production. 

 

According to the International Energy Agency (IEA Bioenergy Task 37, 2017), Germany holds 

a prominent position in global biogas generation, biogas plants that generate an impressive 

55,108 GWh/y of power. 1,258 sewage treatment plants produce 3,517 gigawatt-hours of 

power each year.   India currently possesses 83,540 biogas plants, but the generation of 

bioenergy remains mostly focused on individual households and is predominantly limited to 

small-scale biogas plants. These smaller plants are primarily utilised by the rural population. 

The industrial and household wastewater sludge of 48.5 million South Africans has the 

potential to generate 1,488 MW of power.   In 2009, this accounted for 7% of Eskom's total 

national supply.   Municipal WWTPs have the potential to generate around 824 MW of 

electricity, which can be utilised within the local area to fulfil the energy requirements. The 

study assumed that all population-generated raw wastewater solids could be converted, 

exaggerating energy potential (van der Merwe-Botha et al., 2016). 

 

2.9  Biochar 

2.9.1 Biochar Production and Properties 

Biochar is a solid material produced by converting biomass through a thermochemical process 

in an environment with restricted or no oxygen at temperatures 350°C to 1000°C. It is 

carbonaceous, porous, and has stable carbon properties (Sinervo, R. 2017). Although biochar 

is a new scientific concept, ancient Amazonians utilised primitive biochar to make soil called 

Terra Preta (Vieira Novais et al., 2017). Biochar improved agricultural soil qualities (Vieira 

Novais et al., 2017). 
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Biochar synthesis involves pre, primary, and carbonaceous product production (Lee et al., 

2017).   The initial phase is ascribed to the moisture and low-boiling point substances removal.   

Moisture evaporation leads to the disruption of bonds and the creation of – COOH, – CO 

groups, and hydroperoxide. Step two involves the rapid devolatilization and decomposition of 

hemicellulose and celluloses (Ding et al., 2014).   The final phase, occurring at temperatures 

exceeding 500°C, involves the deterioration of lignin and other organic substances 

characterised by more robust chemical linkages (Cárdenas-Aguiar et al., 2017). 

 

Biochar is derived from organic residues obtained from agricultural and forestry activities 

(Agri-waste), as well as waste streams such as sewage sludge. Feedstock and process factors 

including temperature, environment, and heating rate affect BC characteristics (González et al., 

2018). 

 

2.9.4.1. Biochar production methods. 

Producing biochar typically entails the processes of pyrolysis and hydrothermal carbonisation 

(HTC). Both processes produce biochar, bio-oil, and syngas in solid, liquid, and gaseous forms, 

respectively. Pyrolysis, the most common biochar manufacturing process, involves anaerobic 

thermal degradation of biomass at 200–1000 °C (Demirbas and Arin, 2002). Pyrolysis can be 

classified into two primary categories depending on the duration of time and the level of heat 

involved. Fast pyrolysis refers to a process that takes place within a few seconds, whereas slow 

pyrolysis includes intermediate and long-term pyrolysis, which can last from minutes to days. 

Fast pyrolysis is characterised by a higher temperature compared to slow, moderate, and long-

term pyrolysis. 

 

There are two categories of pyrolysis: Torrefaction, occurring at temperatures between 230 ≤ 

300°C, and gasification, which occurs at 800 °C in producing gaseous end products (González 

et al., 2018).  

 

 

 

 

 

 

 



37 
 

Table 2-5: Pyrolysis process categorization (González et al., 2018). 

 

 

2.9.4.2. Biochar composition and properties. 

Biochar consists primarily of carbon, with smaller amounts of hydrogen, oxygen, nitrogen, and 

sulphur; the stability of biochar decreases as the Oxygen to Carbon (O: C) ratio increases 

(Afifah & Priadi, 2017). According to Ippolito et al. (2012), the biochar with the lowest ratio 

(graphite) exhibits the most stability, whilst highest ratios (biomass) demonstrates the 

diminished stability. Therefore, O: C or H:C ratios ≤ 0.2 indicate that the BC is made out of 

graphene layers and demonstrates chemical stability.   The H: C and O: C of Biochar generally 

decrease with increasing temperature. The exceptionally low O: C and H:C ratio observed in 

Biochar indicates diminished polarity and increase hydrophobicity, resulting in CO2 adsorption 

in the presence of water (Afifah & Priadi, 2017). Biochar derived from diverse materials 

through various techniques has distinct characteristics.  The characteristics of biochars are 

primarily influenced by the methods used in their manufacture, which encompass factors such 

as heat transfer, pyrolysis temperature, heat transfer rate residence time, and feedstock type.   

The factors determining the utilisation of biochars are their surface area, distribution of pore 

sizes, and capacity for ion exchange.   Typically, higher pyrolysis temperatures promote the 

production of biochars with enhanced ability to adsorb organic pollutants. This is achieved by 

increasing, microporosity and surface area, and the hydrophobic nature of the biochars. In 

contrast, biochars generated at lower temperatures exhibit superior efficacy in eliminating polar 

organic compounds and inorganic substances through precipitation, ion exchange capacity and 

electrostatic attraction (González et al., 2018). 
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2.9.2 Effects of pyrolysis temperature on physicochemical properties of BC. 

There exists a robust correlation between the temperature at which pyrolysis occurs and the 

alterations in the physicochemical and structural properties of biochar. The pyrolysis 

temperature impacts surface functional groups, pH, and surface area. Elevating pyrolysis 

temperatures enhances the carbonised portions, surface area, volatile matter, and pH, while 

simultaneously reducing surface functional groups and cation exchange capacity (CEC) 

(Tomczyk et al., 2020). 

 

2.9.2.1. Specific Surface Area 

According to Bonelli et al. (2007), increased temperatures lead to changes in the surface area 

and porosity of biochar. The probable cause of this phenomenon is the breakdown of organic 

substances and the subsequent creation of micropores. The SSA is commonly analysed through 

the use of Brunauer–Emmett–Teller (BET) analysis. Studies have also shown the correlation 

between the degradation of ester groups and aliphatic alkyls and increased pyrolysis 

temperatures while exposing the aromatic lignin core and potentially increasing the surface 

area (Tomczyk et al., 2020). Ghani et al. (2013) demonstrated that when temperatures are 

below 500 °C, lignin does not transform into a PAH (hydrophobic polycyclic aromatic 

hydrocarbon), resulting in a decreased hydrophilicity of biochar.   When exposed to 

temperatures exceeding 650 °C, biochar remains chemically stable and has an increased 

hydrophobicity.  

 

As the pyrolysis temperature increases, chemicals that clog the pores are removed or broken 

down by thermal cracking, increasing surface area. Pyrolysis gradually breaks down organic 

materials like cellulose and lignin to create vascular bundles or channel architectures and 

increase surface area and pore volumes. (Tomczyk et al., 2020).  According to Vamvuka and 

Sfakiotakis (2011), amorphous carbon structures have the ability to create micropores 

furthermore, increasing the temperature of pyrolysis releases volatile substances and creates 

micropores. 

 

2.9.2.2. pH 

Ding et al. (2014) found that carbonates and inorganic alkalis cause biochars' alkaline pH.   

Yuan et al. (2011) observed the elevation of carbonates and base cations as temperature 

increases, resulting in an increase in pH within the range of 6.5 to 10.8. When the temperature 

rises, pH rises too. Ronsse et al. (2012) and Zhao et al. (2017) found that pyrolysis increases 
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ash content and oxygen functional groups, which raises pH. The elimination of acidic 

functional groups and the appearance of simple functional groups also contribute (Al-Wabel et 

al., 2013). pH rises mainly result from the dissociation of alkali salts from organic substances 

caused by elevated temperature (Ding et al., 2014).   At temperatures exceeding 300 °C, alkali 

salts undergo a process of separation from the organic matrix, resulting in an elevation of pH.  

Hemicelluloses and cellulose, unlike other substances, break down at temperatures between 

200 and 300 °C. This breakdown results in the generation of phenolic compounds and organic 

acids, which decrease the pH (Yu et al., 2014).   pH stabilises at approximately 600 °C as alkali 

salts are liberated (Shinogi et al., 2003). 

 

2.9.4.3. Surface Functional Groups. 

Heating biomass to 350 to 650 degrees Celsius causes the breaking of chemical bonds, leading 

to the formation of many new functional groups such as lactol, carboxyl, lactone, anhydride, 

ether, pyridone, pyrone, quinine (Mia et al., 2017).  The FTIR spectra of biochar exhibit 

oxygenated hydrocarbon functional groups, which correspond to the cellulose and 

hemicellulose carbohydrate structure (Ghani et al., 2013).   Pyrolysis has the ability to eliminate 

absorption bands from the feedstock and generate distinct bands. In their study, Ghani et al. 

(2013) discovered sawdust biochar presented a wide range of frequencies between 3000 and 

3600 cm-1, with the greatest point at 3339 cm-1. Additionally, there was a narrower range of 

frequencies from 2700 to 3000 cm-1. The band observed at 3330 cm-1 is attributed to OH 

functional groups presence (Pretsch et al., 2009). Bands observed at 2900 cm-1 are attributed 

stretching of alkyl C-H bonds.  Conjugated ketones and quinones display aromatic C–0 and C–

c stretching at approximately 1600 cm-1 (Ruthiraan et al., 2015), whereas ketones, aldehydes, 

and esters exhibit C=O stretching at 1735 cm-1. C–O–C groups, namely phenolic compounds 

coupled with lignin, resulted in the band appearance at 1238 cm-1 (Kardam et al., 2012).  

 

Biochar that is exposed to high temperatures (600 ≥700°C) become hydrophobic and develops 

structured carbon layers (Uchimiya et al., 2011).   The process of deoxygenation and 

dehydration of biomass leads to a reduction in the functional groups that contain hydrogen and 

oxygen.   Surface groups have the ability to either donate or accept electrons, resulting in the 

formation of acidic, basic, hydrophilic, or hydrophobic regions (Amonette & Joseph, 2009).   

This product may exhibit diminished IEC (Novak et al., 2009).    
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2.9.4.4. Cation Exchange Capacity (CEC) 

The CEC of BC refers to its capacity to attract and absorb cations, which include nutrients and 

heavy metals. As the temperature of pyrolysis increases, biochar exhibits a greater number of 

structured carbon layers, similar to graphene, and a reduced amount of surface functional 

groups (SFGs) (Ahmad et al., 2014).   Joseph et al. (2010) found that the elimination of SFGs 

and the generation of aromatic carbon decrease the cation exchange capacity (CEC).   Multiple 

studies have shown that raising the pyrolysis temperature reduces the CEC of biochar 

(Tomczyk et al., 2020). According to Banik et al. (2018), carboxylate and phenolate groups 

can produce negative surface charges, but oxonium groups (heteroatoms in aromatic rings) can 

generate positive charges.   Research has shown that biochars produced at temperatures 

exceeding 600 0C have increased cation exchange capacity (CEC) and surface microporosity 

(Kasozi et al., 2010).   The reason for this is the volatile material reduction (Song and Guo, 

2012). 

 

2.9.3 The application of biochar as an additive in AD. 

Researchers have shown interest in using biochar as an addition in AD because of its potential 

to augment the AD process.   Mumme et al. (2014) noted significant cost associated with 

producing biochar as the main factor hindering its widespread adoption. One potential solution 

to this issue is to diversify the applications of biochar, such as utilising it as an additive AD.   

Activated carbon (AC) has been investigated as an additive in AD, yielding favourable 

outcomes. According to Luo et al. (2015), biochar may possess comparable characteristics to 

AC. When comparing biochar to activated carbon (AC), one disadvantage of activated carbon 

is its cost of production. Biochar is produced at lower temperatures without activation, and 

hence, it is substantially cheaper to produce.   Luo et al. (2015) propose that biochar has the 

potential to effectively immobilise micro-organisms and mitigate inhibition by adsorption, 

thanks to its substantial surface area. The leftover biochar in the digestate could function as a 

soil amender if the digestate is employed as fertiliser (Luo et al., 2015).  The potential benefits 

of incorporating biochar into the process include enhanced process stability, increased methane 

output, and reduced inhibitory issues (Mumme et al., 2014). Figure 2-10 presents a schematic 

describing the application of BC in the AD process.  
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in CH4 generation during the AD of chicken manure. Sugiarto et al. (2021) discovered that 

biochar increased CH4 production 46.9% during food waste AD.  BC can enhance the rate of 

complex organic decomposition, perhaps increasing the production of CH4 by improving 

activity of glucanase, lipase protease, and protease enzymes, potentially leading to increased 

COD in AD of sludge (Khalid et al., 2021).  Biochar enhances microorganisms' density, 

facilitating their interaction with substrates effectively addressing the inherent issue (Khalid et 

al., 2021). Excessive BC loading can impede mass transfer and organic matter decomposition; 

this is attributed to the BC's absorption of dissolved organic matter, restricting the availability 

of substrates for methanogenesis.   The merits of biochar addition in AD are broadly 

recognised. However, it is important to mitigate its disadvantages. 

 

2.9.4.3. Lag-phase Reduction. 

Shi et al. (2022) discovered that the lag phase, was reduced by 7.82 hours when 0.6 grams of 

biochar per gram of VS were added.   In addition, Wang et al. (2018) showed that biochar led 

to a reduced lag time of sludge by 27.5%.   Sunyoto et al. (2016), found that the addition of 

biochar resulted in a simultaneous reduction of the lag period for CH4 synthesis and H2 

production. Luo et al. (2015) discovered that biochar (pyrolytic) reduces methanogenesis lag 

phase and increases the rate at which CH4 is produced. However, the impact of biochar on total 

CH4 generation, as observed by (Lü et al. 2016), is restricted.  

   

2.9.4.4. Direct Interspecies Electron Transfer. 

The metabolic equilibrium in AD relies on the exchanging electrons between syntrophic 

bacteria.   Research has found that hydrogen and interspecies formate transfer are the dominant 

mechanisms (Chen et al., 2022). In the DIET electrons are transferred from bacteria that donate 

electrons to microorganisms that take electrons (Summers et al., 2010).   DIET circumvents 

the thermodynamic constraint by not utilising hydrogen as the electron carrier (Baek et al., 

2016) and exhibits a significantly higher electron transfer capacity (Storck et al., 2015). When 

DIET is facilitated by biochar, biochar can behave as conductive pili, allowing for enhanced 

syntrophic bacteria growth as less enzymatic reactivity is required.   A recent study found that 

the rate of CH4 synthesis was directly associated with the presence of functional groups 

containing oxygen. This correlation was observed to be stronger than the influence of electrical 
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conductivity (Ren et al., 2019). Figure 2-11 presents the effect of BC on DIET during the 

digestion process. 

 

Figure 2-11: BC DIET impact (Pan et al., 2019) 

 

2.10  Ultrasonic Pre-treatment and its application in AD. 

The hydrolysis stage is typically the phase that limits the rate of AD. Thus, the anaerobic 

process is improved by discovering a pretreatment method that speeds up hydrolysis.   When 

compared to other pretreatment procedures, ultrasonic pretreatment shows promise in terms of 

being environmentally friendly and potentially economically viable. However, no data has been 

produced yet to support this claim. 

 

Ultrasonic waves have a frequency range that spans from 20 kilohertz to 10 megahertz. 

Applying acoustic energy to a liquid leads to the creation and enlargement of gas bubbles as 

the liquid absorbs gas and vapour that were previously dissolved in it. Cavitation is a 

phenomena when bubbles implode, leading to extremely high temperatures and pressures 

within the cavity. The localised rise in temperature and pressure is enough to enhance chemical 

reactivity, break down polymers, and generate chemical free radicals.  Dewil et al., (2016) 

determined that cavitation can lead to several effects: 1) increased chemical reaction rates due 

to localised high pressure and temperature; 2) intense shear forces, causing mechanical damage 

to components; 3) generation of reactive radicals facilitating chemical reactions; and 4) further 

degradation of compounds, allowing volatile and hydrophobic substances to react with. 
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2.11   Design of Experiments (DOE). 

DOE is a statistical technique employed in the process of experimental design for laboratory 

research and the development of new products or formulas.  DOE is widely utilised across 

several industries to identify the most effective parameter among multiple variables or factors, 

with the goal of enhancing process yield, minimising variation, and reducing total cost 

(Montgomery, 2013).  DOE enables concurrent consideration of several factors or variables, 

resulting in more precise outcomes and speedier experimentation compared to the old One 

Factor at a Time (OFAT) approach.   Therefore, the utilisation of DOE results in reduced 

expenses (Roy, 2001). DOE is a potent technique used for quantitative analysis in experimental 

design. It is applied through several methods, such as Central Composite Design (CCD) 

Response Surface Method (RSM), Taguchi design, full factorial analysis, etc.  

 

2.11.1 Response Surface Methodology (RSM). 

The primary objective of RSM is to achieve optimisation, even when the position of the optimal 

point is not known beforehand. Therefore, it is logical to employ a design that ensures equal 

accuracy of estimation in all directions. CCD and Box-Behnken design are extensively utilised 

experimental design methods for three-level, three-factor investigations. 

 

The CCD, RSM design, is effective for conducting experiments in a sequential manner and 

provides a sufficient data to analyse for lack of fit.  This design requires the incorporation of 

five levels for each factor and includes combinations where all factors are simultaneously set 

at their highest or lowest level.  

 

The utilisation of the BBD should be limited to circumstances where one does not have a 

concern about forecasting excessive reactions.  Furthermore, this design has the ability to rotate 

or almost rotate, suggesting the model can provide a stable distribution of scaled prediction 

variance across the experimental design region (Montgomery, 2005) requiring three levels for 

each factor, as opposed to the five levels in the CCD. This reduces the experimental trials 

needed to assess multiple variables and their interactions. Additionally, it is convenient and 

cost-effective to implement compared to the CCD when the number of factors is less than five 

(k < 5) 
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Chapter 3: Methodology 

3.1.  Introduction. 

This chapter presents the experimental methodology employed to accomplish the objectives of 

this investigation. It details the procedures followed for the collection and characterisation of 

samples and analyses conducted.   Furthermore, it provides a comprehensive description of the 

experimental design for the BMP tests and the methods used for the synthesis of Biochar from 

sugarcane bagasse. 

 

Section 3.2 describes the collection of the IWW, sludge and inoculum samples. Section 3.3 

details the analytical equipment employed in this study. Section 3.4 describes the 

characterisation methods employed for the characterization of the IWW, sludge and inoculum 

samples. Section 3.5 describes the methodology employed for the synthesis of biochar derived 

from sugarcane bagasse. Section 3.6 describes the characterisation methods utilized for the 

characterization of the synthesised biochars, and finally, Section 3.7 outlines the optimisation 

of the BMP system, a comparative study between the optimised IWW and BC systems. 

 

3.2.  Collection of industrial wastewater, sludge and inoculum. 

Two types of industrial wastewater were considered in this study: (i) sugar industry wastewater 

(final effluent) and (ii) landfill leachate source from a local waste management facility. The 

primary sewage sludge utilized in this study was sourced from the Amanzimtoti WWTP in 

Durban and was collected from the primary settling tanks (PSTs), with the inoculum collected 

from the secondary anaerobic digesters. The industrial wastewater, primary sludge and 

inoculum were characterized prior to anaerobic digestion for pH, Volatile Solids (VS), Total 

Solids (TS), and Chemical Oxygen Demand (COD) using the standard analytical methods 

outlined in APHA 2005. The samples were then stored at a temperature of 50C. 
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Where:  

Ic = is the initial concentration.  

Fc = is the final concentration. 

 

3.4.1. pH 

As discussed in Chapter 2, pH is a crucial process parameter in AD and has a marked impact 

on the performance of the AD system as such, the pH was measured to quantify the degree of 

alkalinity and or acidity of the primary sludge inoculum and industrial wastewater. The pH of 

the samples was determined using a pH meter, following the standard methodology outlined in 

AHPA 2005. 

 

3.4.2. TS 

The total solids content is an important process parameter in AD and is defined as the residues 

left after the drying of the sample at 1050C. The TS of each was analysed by measuring 20 ml 

of each sample into a crucible and drying it for 24 hours in a drying oven set to 1050C according 

to APHA (2005) section 2540B. 

 

The residue left after drying was then measured, and the TS was determined using the equation 

below: 

 

𝑇𝑜𝑡𝑎𝑙 𝑆𝑜𝑙𝑖𝑑𝑠 (
𝑔𝑚

𝐿
) =

𝐵−𝐴

𝑉𝑠
× 1000   

Equation 3-2 

 

Where:  

A = is the weight of crucible (mg).  

B = is the weight of crucible + residue (mg). 

Vs = is the sample volume in mL. 

 

3.4.3. VS 

VS content refers to the reduction in weight that occurs when a sample is heated in a muffle 

furnace at 550°C for 1 hour and when liquids (slurry or wastewaters) are heated for a duration 

of 30 minutes and is conducted in accordance with the APHA 2005 standard methodology.  

The determination of volatile solids (VS) is crucial both before and following the anaerobic 
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co-digestion process, as numerous biogas calculations rely on VS, organic loading rate, and the 

percentage decrease in VS. 

 

The VS was determined using the equation 3-3: 

 

𝑉𝑜𝑙𝑎𝑡𝑖𝑙𝑒 𝑆𝑜𝑙𝑖𝑑𝑠 (
𝑚𝑔

𝐿
) =

𝐵−𝐶

𝑉𝑠
× 1000       

Equation 3-3 

where:  

B = is the weight of crucible + residue (mg) after drying at (1050C). 

C = weight of crucible + residue after combustion (mg). 

Vs = is the sample volume in mL 

  

3.4.4. COD 

The chemical oxygen demand (COD) measurements for both the industrial-wastewater and 

sewage sludge samples were conducted by diluting 1 mL of substrate with 9 mL of deionized 

water. The solution was agitated to achieve homogeneity, thereafter, 0.2 mL of the solution 

was introduced into the prepared COD vials.   A blank sample consisting of a COD vial 

containing 0.2 mL of deionized water was also prepared.   The COD vials were agitated and 

placed in the thermoreactor for a duration of 2 hours, during which they are subjected to heating 

at a temperature of 1200C.  Subsequently, the vials are extracted and allowed to cool at ambient 

temperature.   By utilising the 432 HR programme on the HACH 3900 Spectrophotometer the 

blank sample is assessed, followed by the measurement of the samples. 

 

3.5. Synthesis of biochar from sugarcane bagasse. 

Sugarcane bagasse (SCB) is the fibrous lignocellulosic byproduct remaining after the 

processing of sugarcane for the manufacturing of sugar.   Biochar is a solid substance composed 

of carbon and mineral components. Biochar is produced through the pyrolysis of biomass 

materials in an environment with limited oxygen (Iwuozor et al., 2023).  

 

To fully exploit the capabilities of Biochar for enhancing the AD process, the pyrolysis 

technique of production was utilised.   The following is a description of the method utilized to 

synthesise of BC from sugar cane bagasse. 
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Sugarcane bagasse was obtained as the raw material from The Sugar Mill Research Institutes 

(SMRI) at the University of Kwa-Zulu Natal in Durban.  

i. The bagasse was washed to remove soil and other impurities and milled to a size of 3 

cm; the milled bagasse was subsequently dried in a drying oven set to 1050C for 24 

hours. 

ii. The sugarcane bagasse was pyrolysed at three different temperatures, 3500C, 4500C and 

5500C, for 30 minutes in a muffle furnace to produce biochar in a 1L lab-scale pyrolysis 

reactor.  

iii. The biochar yield was obtained by quantifying the difference in mass of the bagasse 

sample prior to and during pyrolysis.  

iv. The biochar was pulverised into fine particles ranging from 0.8 to 2.0 mm in size, and 

the particle size was determined by particle size analysis. 

 

 

Figure 3-1: Biochar synthesis process outline. 

3.6. Biochar Characterisation. 

The synthesised biochars were characterised to validate synthesis by examining the pH, 

conductivity, surface area, surface morphology, and elemental composition. This was achieved 

through the use of Fourier-transform infrared spectroscopy (FTIR), scanning electron 

microscopy (SEM), and energy dispersive X-ray (EDX) analysis.    

 

3.6.1. pH 

Comprehending the pH of biochar is crucial due to its potential impact on the pH of the AD 

system and other characteristics and processes when biochar is applied as an additive in AD. 

Biochars generated at temperatures over 400°C are expected to exhibit higher pH levels 

compared to biochars produced at temperatures below 400°C (Mukherjee et al. 2011). 
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The pH of the biochar produced at each pyrolysis temperature was determined as follows: 

 

i. 5.0 g of dried biochar was weighed and added into a 100 mL centrifuge tube. 

ii. 50 mL of Deionised Water (DIW) was added to the centrifuge tube and shaken 

vigorously. 

iii. The samples were placed in the mechanical orbital shaker for 1 hr at 25°C. 

iv. The suspension was allowed to rest for approximately 30 min. 

v. The pH of the suspension was analysed using a pH meter. 

vi. The pH values were recorded once the reading stabilised. 

vii. The pH meter was rinsed with DIW after each reading. 

 

3.6.2. Electrical Conductivity (EC). 

Biochars generated through pyrolysis at elevated temperatures typically exhibit greater EC 

values (Claoston et al., 2014).   The observed phenomenon can be ascribed to the accumulation 

of ash resulting from material volatilisation during pyrolysis (Cantrell et al., 2012). 

The EC of the biochar produced at each pyrolysis temperature was determined as follows: 

 

i. 5.0 g of dried biochar sample was weighed and added into a 100 mL centrifuge tube. 

ii. 50 mL of Deionised Water (DIW) was added to the centrifuge tube and shaken 

vigorously. 

iii. The samples were placed in the Mechanical orbital shake for 1 hr at 25°C. 

iv. The suspension was allowed to stand for approximately 30 min. 

v. The EC was measured using an EC meter as per the OEM methodology.  

vi. The EC values were recorded once the reading stabilised. 

vii. The EC meter was rinsed with DIW after each reading. 

 

 

3.6.3. Fourier-transform infrared spectroscopy (FTIR). 

 

The functional groups and molecular structures of the biochars, including organic, polymeric, 

and inorganic components, were analysed using a Fourier Transform Infrared (FTIR) 

spectrometer. The analysis was conducted within the range of 400 to 4000 cm1 using a 

Shimadzu FTIR 8400 instrument. 
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The SEM images unambiguously demonstrate that the biochar materials possess a morphology 

resembling flakes, with sizes ranging in the micrometre scale. However, the disintegration of 

the permeable framework was detected at elevated temperatures and is evident in the BC550 

sample. This phenomenon may be attributed to the heightened and increased process of 

carbonisation (Niju et al., 2019). Hence, BC450 exhibited the greatest formation of micropores 

on its surface at a field view of 4.13 μm.  

 

 

Figure 4-1 (a-f): SEM image analysis of synthesised BCs. 
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4.3.4 FTIR analysis Effect of pyrolysis temperature on the functional group 

characteristics of synthesised BCs. 

The surface functional groups of biochar were identified using FTIR spectroscopy to 

investigate the impact of temperature on the chemical composition of biochar. 

The band allocations for the synthesised biochars are outlined in Table 4-5, revealing the 

presence of ether, carbonyl, hydroxyl carboxyl, and aromatic C=N bond functional groups 

Table 4-5: Identified surface functional groups. 

 

The temperature effect on biochar was successfully investigated using FTIR spectroscopy. The 

mid-infrared spectrum is categorised into distinct regions: (1) the region of single bonds (2500 

to 4000 cm-1), (2) the zone of triple bonds (2000 to 2500 cm-1), and (3) the fingerprint region. 

The spectral band at wave number 3300 cm-1 is attributed to the elongation of hydroxyl groups, 

indicating alcohols and phenols (Cantrell et al., 2012). With an increase in pyrolysis 

temperature, the intensity of the stretching band associated with hydrogen-bonded hydroxyl 

groups progressively diminished. This outcome was anticipated as a result of increased mass 

loss during the process of thermal breakdown and the subsequent release of gas products. The 

N–H band was observed at all temperatures and is associated with the carboxylate functional 
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group. The peaks seen at 1400 to 1600 cm–1 indicate the existence of C–O or O–H stretching 

vibrations of phenol and C=O stretching vibrations of aromatic rings (Yao et al., 2012). Nitro-

compound stretching spectrum detected at around 1367 cm–1. Observation of tertiary amine C–

N stretches occurred at a frequency of 1150 cm–1, while primary amine C–N stretches were 

found at a frequency of 1025 cm–1. All biochars exhibited the presence of C–N lengths of 

secondary amines. According to the FTIR spectra, pyrolysis at lower temperatures caused 

dehydration, the initiation of bond breaking, and the generation of transformational products 

(Cantrell et al., 2012). The disappearance of the asymmetric stretching (at 1150 cm–1) of C–O 

bonds with increasing pyrolysis temperature indicates the breakdown and depolymerization of 

hemicellulose, celluloses, and lignin, as suggested by Cantrell et al. (2012). The biochars 

exhibited a little peak at 1090 cm–1, may be attributed to the stretching of aliphatic ether C–O 

or alcohol C–O bonds. The C–N extending peaks of secondary amines are more prominent. 

The peak may also suggest asymmetric stretching of Si-O-Si, which can be attributable to the 

elevated Si content (Qian and Chen, 2013). The occurrence of bands with wavenumbers ≤ 600 

cm–1 could be attributed to the stretching variation of inorganic substances like CaCl2 and KCl 

(Hossain et al., 2011). 

 

Figure 4-4 presents the FTIR spectra analysis graphs for each synthesised biochar. 

 

 

Figure 4-4 (a-c) FTIR spectra for synthesised BCs. 
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Figure 4-6: Accumulative biogas yield mL/gVS (IWW BMP) 

Figure 4-5 depicts the accumulative biogas yield for each bioreactor. R3 exhibited the highest 

rate of biogas production between days 1 – 4, where biogas production ceased at day 4 for R1 

and R3. The halt in biogas production for R3 was attributed to the high VFA content of the 

SIWW, resulting in the accumulation of VFAs. This is evidenced by the final pH of R3 of 6.5. 

R4 exhibited the longest sustained biogas production (BP), with BP halting after day 17; R4 

also exhibited the highest biogas yield of 54,35 mL/gVS. R2 (CNTRL) exhibited a similar 

biogas production trend to that of R4. The addition of IIL resulted in a 29 % increase in biogas 

yield when compared to the control (R2) these results correlate well with previous studies 

conducted (Montusiewicz and Lebiocka, 2011). The biogas yield in decreasing order was as 

follows:  R4 (54,35 mL/gVS) >R2 (CNTRL) (38.39 mL/gVS) > R3 (12.55mL/gVS) > R1 

(12,20 mL/gVS). R4 exhibited the highest CH4 yield of 76.4% CH4 followed by R3 at 71.40 

% CH4, R2 at 67.7 % CH4 and lastly 40.71 % CH4 for R1. R4 exhibited an 11.39 % increase 

in CH4 yield when compared to the CNTRL (R2). 

 

Figure 4-7: Biomethane yield (IWW selection BMP) 
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Figure 4-7 depicts the average CH4 and CO2 concentrations of the biogas produced by each 

bioreactor. The biomethane yield in decreasing order was as follows:  R4 (76.40 % CH4) >R3 

(71.40 % CH4) > R2 (67.70 % CH4) > R1 (40.70 % CH4). IWW streams were found to increase 

the CH4 concentration when compared to the CNTRL (R2).  According to Mata-Alvarez et al. 

(2000), co-digestion typically augments biogas production and quality through beneficial 

synergistic effects in the digestion medium. This is mainly attributed to the supplementation of 

deficient nutrients in the feedstock. The addition of ILL was found to have the greatest impact 

on CH4 content, achieving an 11.39% increase in CH4 content when compared to the CNTRL 

(R2) 

4.4.2. Effect of IWW on COD and VS removal. 

 

 

Figure 4-8: Effect of IWW on contaminant removal. 

Figure 4-8 depicts the effect of each IWW on COD and VS removal for each assay. The highest 

VS removal was observed in R2 (29.88%), followed by R3 (26.41 %), R4 (25.59%) and lastly, 

R1 (14.71%). The highest COD removal was observed in R4 (46.84%) followed by R2 (44.33 

%), R3 (37.32%) and lastly R1 (12.69%). ILL (R4) was found to increase the COD removal % 

by 5.36%, presenting a marginal increase in COD removal. However, IIL exhibited a 14.36 

decrease in VS removal when compared to the CNTRL (R1). 
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4.4.3. Summary. 

The effects of each IWW were evaluated with respect to their impact on four key performance 

indicators (biogas yield, biomethane yield and COD and VS removal). ILL was found to 

increase the biogas yield by 29 % when compared to the control; ILL was also found to increase 

the COD removal by 5.36% compared to the control. However, ILL exhibited a 14.36 % 

decrease in VS removal. The ILL also exhibited an 11.39 % increase in biomethane yield 

compared to the CNTRL. Hence, ILL was identified as the best-performing IWW and was 

selected for further evaluation in terms of process optimisation.  
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4.5. Optimisation of the IWW BMP system using RSM. 

The main purpose of optimization was to establish the optimal operating conditions for ACD 

of intermediate landfill leachate with primary sewage sludge. The findings consist of the 

investigated factors in coded form, the experimental results, and the model-predicted response 

factor results.  The experimental biogas yield, COD and VS removal values were collected and 

evaluated using the methods described in Chapter 3, whereas the predicted values were 

determined from the model equations generated for each response. The model's statistical 

significance was assessed through ANOVA. A numerical optimisation technique was 

employed to optimise the desired goals, including maximum Biogas yield (mL/gVSadded), 

COD, and VS removal (%). Finally, model validation was conducted. The model's fit was 

assessed by the adjusted R2, coefficient of determination (R2), coefficient of variance (CV), 

standard deviation (SD), and appropriate precision (AP). Furthermore, Fisher's F-values and 

corresponding p-values at a 95% confidence level were employed to assess the significance of 

the model equations for each output parameter. These results may be found in Tables 4-9 to 4-

11  

The experimental results were modelled using a second-order polynomial equation for all three 

responses.  Design Expert software proposed a quadratic model for response variables, which 

were represented as functions of the Temperature (A), ISR (B), and Co-substrate loading (C). 

Additionally, the model included the sum of the constants, three linear effects (A, B, C), three 

quadratic effects (A2, B2, C2), and three interaction effects (AB, AC, BC). The optimal 

sequence of interacting factors for maximising Biogas yield is determined to be (AC > AB > 

BC). For COD removal, the preferred order is (AB > AC > BC), while for VS removal, the 

recommended order is (AB > AC > BC). The first order terms demonstrate the primary impact 

of input factors while the third and second terms demonstrate the relationships among the 

predictor factors. 

The model equations are formulated using coded values for Biogas Yield, COD and VS 

removal are described. 

 

Biogas Yield = 59.9696 + 3.33743 A + 6.57608 B - 0.192024 C - 9.97907 AB - 4.1192 AC - 

25.0815 BC  -24.005 A2 - 1.9206 B2 + 1.75371 C2   

Equation 4-1 
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COD Removal (%) = 31.8143 + 2.70051A - 2.14382B + 1.71722C + 8.65452AB + 6.825AC - 

2.03937BC - 7.12343A2 + 1.98463B2 + 1.13413C2 

Equation 4-2 

 

VS Removal (%) = 26.3367 + 5.1165A + 1.82245B - 0.111514C + 2.29363AB - 3.77627AC - 

1.25255BC - 1.90203A2 + 6.20249B2 + 5.9890 C2 - 3.17536A2B 

Equation 4-3 
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4.5.1. ANOVA analysis. 

The response models underwent ANOVA analysis to determine the relevant elements that were 

accurately incorporated into the models, shown in Table 4-9 to Table 4-11. All models were 

determined to have a confidence level of 95%. The regression sum of squares, F-values, P-

values, adeq precision, and LOF values all satisfied the necessary requirements for determining 

the model significance. P-values below 0.05 indicate great significance of the model terms, 

whereas values > 0.05 and < 0.1 suggest minor significance of the models. The P-values 

achieved were < 0.05 indicating the regression model equations significance and the significant 

fit of the experimental data to the model equation. LOF values > 0.1 suggest goodness of fit. 

However, the analysis revealed several model terms in the models had minimal significance, 

since their P-values were > 0.05. Nevertheless, the model incorporated specific terms to meet 

the criteria set by the parent terms of interaction. 

 

The regression coefficient of determination (R2), adjusted R2, and predicted R2 were used to 

evaluate the models. R2 measured the fit between experimental data and models. All of the R2 

values were determined to be in close proximity to 1, indicating a strong correlation between 

the data and the linear regression model depicted in Figure 4-9. 

 

The discrepancy between the observed R2 and the corrected R2 was determined to be smaller 

than 0.2, hence confirming the importance of the models. The R2 values for Biogas yield, COD 

removal %, and VS removal % were determined to be 0.9971, 0.9853, and 0.9932, respectively. 

The adep accuracy, quantifies the ratio of the signal to noise, met the acceptable criterion of 

being > 4. The ratios for Biogas Yield, COD removal, and VS removal were 52.85, 21.39, and 

23.23, respectively.   
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Figure 4-9 (a-b) Biogas yield, COD removal, and VS removal predicted vs actual plots. 

 
4.5.1.1. Residual Plot analysis  

The residual plots represent the discrepancy between the observed and anticipated data 

values generated by the model. The normal probability plot was employed to assess the 

residuals distribution. The data distribution was determined to be normal, with all data 

points conforming to a linear pattern (Design Expert 2017). Furthermore, the plot depicting 

the relationship between residual and predicted values demonstrates that the data points 

were inside the designated range of the models, indicating that no data omissions. These 

are depicted in Figure 4-10 and Figure 4-12. 
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Figure 4-10: Normal plot for biogas yield. 

 

 
Figure 4-11: Normal plot for COD removal % 

 

 
Figure 4-12: Normal plot for VS removal % 
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4.5.2 3D Plot analysis. 

The 3D and contour plots in Figure 4-13 to 4-15 are graphical representations of the impact of 

the factors on each individual responses, specifically in relation to each response regression 

model. The temperature and ISR were shown to be the most influential parameters, with co-

substrate loading also having a significant impact. 

 

 
Figure 4-13: Impact of input factor on biogas yield (mL/gVS) 

 

From figure 4-13 the relationship between ISR, Temperature and Co-substrate loading rate on 

biogas yield are represented graphically. Biogas yield is seen to increase with the increase in 

ISR with the peak biogas yield recorded at the maximum ISR (1.5:1). Optimal inoculum 

substrate ratio (ISR) is of utmost importance to avoid the formation of volatile fatty acids 

(VFA) throughout the anaerobic digestion process, aiming to maximise methane production 

(Dixon et al., 2019). Inoculum also serves as a source of micronutrients and nitrogen, which 

balance the C/N ratio during digestion while facilitating enzymatic activity and hence 

enhancing biogas yield. The increase in temperature was seen to increase biogas yield between 

25 – 37 0C, however a decreasing trend was observed between 37 and 55 0C (representing the 

thermophilic region). Thermophilic has been shown to result in increased VFAs 

concentrations, affecting process stability and ultimately leading to process failure (Al-Sulaimi 

et al., 2022). Increase in biogas yield was observed with increase co-substrate loading this was 

attributed to the supplementation of nutrients by the leachate were deficient in the initial 

substrate (Mata-Alvarez et al., 2000). 
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Figure 4-14: Impact of input factors on COD removal % 

 

From Figure 4-14, the relationship between ISR, temperature and co-substrate loading rate on 

COD removal % yield are represented graphically. An increase in ISR was shown to decrease 

COD removal. This was attributed to BOD introduced by the increased inoculum loading. COD 

removal was observed to increase with increasing co-substrate loading. 

 

 
Figure 4-15: Impact of input factors on VS removal% 

 

From Figure 4-15, the relationship between ISR, temperature and co-substrate loading rate on 

VS removal % yield are represented graphically. An increase in ISR was shown to decrease 

VS removal. This was attributed to BOD introduced by the increased inoculum loading. VS 

removal was observed to increase with increasing co-substrate loading. 
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4.6.1. Effect of BC on biogas and biomethane yield. 

 
 

 
Figure 4-19: Accumulative biogas yield (mL) (BC BMP tests) 

 
 

Figure 4-20: Accumulative biogas yield (mL/gVS) (BC BMP test) 

Figure 4-(19-20) depicts the accumulative biogas yield for each bioreactor. R4 (BC 450) and 

R5 (BC 550) exhibited the highest rate of biogas production between days 1 – 3; this 

observation is confirmed by Shi et al. (2022) reported that the initial period of slow growth, 

known as the lag phase, was reduced by 7.82 hours when 0.6 grams of biochar per gram of VS 

were added. The order of biogas yield if descending order is as follows: R4 (BC 450) > R3 (BC 

350) > R (CNTRL 2) > R5 (550) > R1 producing 50.38; 46.88; 42.83; 26.57 and 12.20 mL/gVS 

respectively. Biochar enhances microorganisms' density, facilitating their interaction with 

substrates effectively addressing the inherent issue (Khalid et al., 2021).  The halt in biogas 
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production for R5 (550) was attributed to the hydrophobic nature of the synthesised BC, as 

result constant agitation as required to keep the BC particles suspended in the solution (Ding 

et al. 2014). R4 (BC 450) exhibited the longest sustained biogas production (BP), with BP 

halting after day 17; R4 also exhibited the highest biogas yield of 50,38 mL/gVS. R (CNTRL 

2) exhibited a similar biogas production trend to that of R4. The addition of BC 450 resulted 

in a 14.34 % increase in biogas yield when compared to the control. These results correlate 

well with previous studies conducted and are attributed to the reduction of the lags phase as a 

result of BC addition (Chiappero et al., 2020). R4 (BC 4500) exhibited the highest CH4 yield 

of 79.5% CH4, followed by R3 at 68.71.% CH4, R (CNTRL) at 67.7 % CH4 and lastly 40.71 % 

CH4 for R1. R4 (BC 450) exhibited a 14.84 % increase in CH4 yield when compared to R 

(CNTRL). 

 
 

 
Figure 4-21: Biomethane yield (BC selection BMP) 
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4.6.2. Effect of BC on COD and VS removal 

 

 
Figure 4-22: Effect of BC on contaminant removal (BC BMP system) 

Table 4-22 depicts the effect of each BC on COD and VS removal for each assay. The highest 

VS removal was observed in R4 (BC 450) (35.11%), followed by R3 (BC 350) (34.14 %), R 

(CNTRL 2) (25.59%) and lastly, R5 (BC 550) (14.17%). The highest COD removal was 

observed in R4 (BC 450) (50.86%), followed by R (CNTRL 2) (46.84 %), R3 (BC 350) 

(38.16%) and lastly, R1 (12.69%). BC 450 was found to have the greatest impact on the 

performance of the AD system, increasing the COD removal % by 8%, presenting a marginal 

increase in COD removal. However, BC 450 addition exhibited a 27.11 increase in VS removal 

when compared to the CNTRL. 

 

4.6.3. Summary 

 

The effects of each BC were evaluated with respect to their impact on four key performance 

indicators (biogas yield, biomethane yield and COD and VS removal). BC 450 was found to 

increase the biogas yield by 15 % when compared to the control these results correlate well 

with previous studies conducted and are attributed to the reduction of lag phase as a result of 

BC addition (Chiappero et al., 2020), BC 450 was also found to increase the COD removal by 

8 % compared to the control. The addition of BC 450 exhibited a 27.11 % increase in VS 

removal. BC 450 also exhibited a 14.84 % increase in biomethane yield compared to the 

CNTRL. Hence BC 450 was identified as the best performing IWW and was selected for further 

evaluation in terms of process optimization.  
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4.7. Optimisation of the BC BMP system using RSM. 

The main purpose of optimization was to establish the optimal operating conditions for ACD 

with biochar addition. The findings consist of the investigated factors in coded form, the 

experimental results, and the model-predicted response factor results.  The experimental 

Biogas, COD and VS values were collected and evaluated using the methods described in 

chapter 3 whereas the predicted values were determined from the model equations generated 

for each response (Equation 4-4 to 4-6). The model's statistical significance was assessed 

through ANOVA. A numerical optimisation technique was employed to optimise the desired 

goals, including maximum Biogas yield (mL/gVSadded), COD, and VS removal (%). Finally, 

model validation was conducted. The model's fit was assessed by the adjusted R2, coefficient 

of determination (R2), coefficient of variance (CV), standard deviation (SD), and appropriate 

precision (AP). Furthermore, Fisher's F-values and corresponding p-values at a 95% 

confidence level were employed to assess the significance of the model equations for each 

output parameter. These results may be found in Tables 4-15 to 4-17.  

The experimental results were modelled using a second-order polynomial equation for the 

biogas model and linear for COD and VS removal. The Design Expert software proposed a 

quadratic model for response 1 (Biogas yield), which were represented as functions of the 

Temperature (A), ISR (B), and biochar loading (C). Additionally, the model included the sum 

of the constants, three linear effects (A, B, C), three quadratic effects (A2, B2, C2), and three 

interaction effects (AB, AC, BC). The optimal sequence of interacting factors for maximising 

Biogas yield is determined to be (AC > BC > AB).  

The model equations were formulated using coded values for Biogas Yield, COD and VS 

removal are described in Equation 4-4 to 4-6. 

 

Biogas Yield = 3.529 + 18.7166A - 5.37982B + 7.53929C - 0.837095 AB + 9.01348AC + 

0.725124BC + 3.63431A2 + 20.6419B2 + 15.0254C2 

Equation 4-4 

 

COD Removal (%) = 34.8223 + 7.32989 A + -5.33295B + 2.92113C 

Equation 4-5 

VS Removal (%) = 26.2317 + 18.0958 A - 1.76598B - 5.90941 

Equation 4-6 
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4.7.1. ANOVA analysis 

The response models underwent ANOVA analysis to determine the relevant elements that were 

accurately incorporated into the models, shown in Table 4-15 to Table 4-17. All models were 

determined to have a confidence level of 95%. The regression sum of squares, F-values, P-

values, adeq precision, and LOF values all satisfied the necessary requirements for determining 

the model significance. P-values below 0.05 indicate great significance of the model terms, 

whereas values > 0.05 and < 0.1 suggest minor significance of the models. The P-values 

achieved were < 0.05 indicating the regression model equations significance and the significant 

fit of the experimental data to the model equation. LOF values > 0.1 suggest goodness of fit. 

However, the analysis revealed several model terms in the models had minimal significance, 

since their P-values were > 0.05. Nevertheless, the model incorporated specific terms to meet 

the criteria set by the parent terms of interaction. 

 

The regression coefficient of determination (R2), adjusted R2, and predicted R2 were used to 

evaluate the models. R2 measured the fit between experimental data and models. All of the R2 

values were determined to be in close proximity to 1, indicating a strong correlation between 

the data and the linear regression model depicted in Figure 4-18. 

 

The discrepancy between the observed R2 and the corrected R2 was determined to be smaller 

than 0.2, hence confirming the importance of the models. The R2 values for Biogas yield, COD 

removal %, and VS removal % were determined to be 0.9852, 0.7606, and 0.7431 respectively. 

The adep accuracy, which quantifies the ratio of the signal to the noise, met the acceptable 

criterion of being more than 4. The ratios for Biogas Yield, COD removal, and VS removal 

were 15.9195, 10.7625, and 9.6993 respectively.   
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Figure 4-23 (a) Biogas yield, (b) COD removal, and (c) VS removal predicted vs actual plots. 

 

4.7.1.1. Residual Plot analysis  

 

The residual plots represent the discrepancy between the observed and anticipated data values 

generated by the model. The normal probability plot was employed to assess the residuals 

distribution (figure 4-25 to 4.27. The data distribution was determined to be normal, with all 

data points conforming to a linear pattern (Design Expert 2017). Furthermore, the plot 

depicting the relationship between residual and predicted values demonstrates that the data 

points were inside the designated range of the models, indicating that no data omissions. These 

are presented in Figure 4.25 to Figure 4.27. 
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Figure 4-24: Normal plot for biogas yield. 

 

 
Figure 4-25: Normal plot for COD removal. 

 

 
Figure 4-26: Normal plot for VS removal. 
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4.7.2. 3D plot analysis. 

The 3D and contour plots in Figure 4-27 to 4-29 are graphical representations of the impact of 

various factors on each individual responses, as per the regression models for each response. 

The temperature and BC loading were shown to be the most sensitive parameters, with co-

substrate loading being the next most influential. 

 

 
 

Figure 4-27: Impact of input factor on biogas yield (mL/gVS) 

 

Figure 4-27 the relationship between Temperature, Co-substrate and Biochar loading rate on 

biogas yield are represented graphically. Biogas yield is seen to increase with the increase in 

temperature with the peak biogas yield recorded at the maximum temperature of 55 0C (coded 

factor 1) researchers have shown thermophilic digestion to be more efficient with respect to 

virus and pathogen destruction and biogas yield, thermophilic digestion has also been shown 

to result in increased VFAs concentrations, affecting process stability and ultimately leading 

to process failure (Al-Sulaimi et al., 2022). Increase in biogas yield was observed with increase 

biochar loading with yield peaking at a loading of 10g/L. Biochar has been found to enhance 

the rate of complex organic decomposition, perhaps increasing the production of CH4 by 

improving the activity of glucanase, protease, and lipase enzymes, potentially leading to an 

increase in soluble (COD) in anaerobic digestion systems for sludge (Zhai et al., 2020; Khalid 

et al., 2021).   
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Figure 4-28: Impact of input factor on COD removal. 

 

COD removal was found to increase with an increase in BC loading, similar COD removal 

increase with temperature increase.  

 
 

Figure 4-29: Impact of input factor on VS removal. 

 

VS removal was found to decrease with increased BC loading, this could be attributed to the 

inference of the BC particle as the BC was no separated from the digestate post AD. 
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Figure 4-31: Model validation predicted vs experimental results contaminant removal. 

 
Figure 4-32: Model validation biomethane yield. 
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4.8. Comparative study of optimized IWW and biochar BMP systems. 
 

 
Figure 4-33: Optimized ILL VS BC BMP system. 

Figure 4-33 presents the biogas yields, COD and VS removals for the optimized ILL and BC 

BMP systems, respectively. ILL was observed to have the highest biogas yields of 87.9 

(mL/gVS) compared to 60.45 (mL/gVS) for the optimized BC system. While the BC system 

was observed to increase COD and VS removal by 26.73 % and 22.76 % respectively. The 

increased in COD and VS removal is attributed to BC ability to enhance the rate of complex 

organic decomposition and increase in soluble chemical oxygen demand (COD) in anaerobic 

digestion systems for sludge (Zhai et al., 2020; Khalid et al., 2021).  Biochar enhances 

microorganisms' density, facilitating their interaction with substrates effectively addressing the 

inherent AD process issue (Khalid et al., 2021). The decrease in biogas yield for the BC system 

is attributed to BC loading impeding mass transfer and organic matter decomposition at the 

later stages of AD, resulting in premature halting of biogas production; this is attributed to the 

BC's absorption of dissolved organic matter, restricting the availability of substrates for 

methanogenesis. 
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4.8.1. Biomethane composition. 
 

 
Figure 4-34: Optimized ILL VS BC BMP system biomethane yield. 

The optimized BC system was found to have the highest biomethane yield. This was attributed 

to BC's ability to enhance the rate of complex organic decomposition, increasing the production 

of CH4 by improving the activity of glucanase, protease, and lipase enzymes, potentially 

leading to an increase in soluble chemical oxygen demand (COD) in anaerobic digestion 

systems for sludge (Zhai et al., 2020; Khalid et al., 2021).  Biochar enhances microorganisms' 

density, facilitating their interaction with substrates effectively addressing the inherent issue 

(Khalid et al., 2021).   

 

 

4.9.Effect of ultrasonic pre-treatment of ILL on the anaerobic digestion process. 

This study was conducted to evaluate the effect of USP of ILL on the anaerobic co-digestion 

of ILL with Municipal primary sludge. The raw leachate is ultrasonically pretreated prior to 

undergoing aerobic treatment in the landfill site aerobic treatment plant. A sample of the 

pretreated leachate sample was retrieved, analysed, and compared with the raw untreated 

sample of intermediate landfill leachate (ILL). The results are presented in Table 4-21: The 

BMP tests were conducted under the optimum condition determined in the BC BMP 

optimization runs and are as follows: temperature of 54.99 0C, co-substrate loading ratio of 

1:20 and a BC loading rate of 6.7 g/L. 
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Chapter 5: Conclusion and 

Recommendations 

 

This study considered the use of two industrial wastewaters, namely, sugar industry effluent 

and Intermediate landfill leachate, as co-substrates for anaerobic digestion of primary sewage 

sludge. The characteristics of these industrial wastewaters indicate their suitability for the AD 

process in that they supply the necessary nutrients needed for the consortia of anaerobes. Initial 

BMP tests were conducted as a discriminative approach to pick the most optimal industrial 

wastewater among the two based on their performance during the digesting process with 

respect to biogas yield (mL/gVS), COD and VS removal.  The effect of biochar addition and 

ultrasonic pre-treatment as potential AD enhancement methods on the anaerobic co-digestion 

were evaluated. 

The specific objectives of the study were as follows: 

i. Characterization of primary sewage sludge, inoculum, and industrial wastewater. 

ii. Synthesis and characterisation of Biochar derived from sugarcane bagasse. 

iii. Investigate the effect of Municipal Landfill Leachate and Sugar Industry wastewater as 

co-substrates and optimisation of process parameters with RSM. 

iv. Investigate the effect of the addition of Biochar as an additive on the anaerobic 

digestion process with respect to biogas yield and quality optimisation of process 

parameters with RSM. 

v. Investigate the effect of ultrasonic pre-treatment of industrial wastewater on the 

anaerobic digestion process with respect to biogas yield and quality. 

 

5.1.Conclusion  

• The TS for PS was 39.02 (gTS/l), and VS was 29.72 (gVS/l), falling within the expected 

range. The results also suggest that the sludge exhibits excellent biodegradability, as seen 

by a VS/TS ratio over 50%. Furthermore, the SIWW sample exhibited a VS/TS ratio of 

0.68, indicating a greater presence of organic substances compared to insoluble substances. 

The inoculum had the lowest VS/TS value, measuring 0.52, indicating a higher 

concentration of microorganisms compared to the organic materials. Therefore, it 

demonstrates its potential use as an inoculum rather than as a substrate. 
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• Biochar was successfully synthesised fom sugarcane bagasse the effect of pyrolysis 

temperature of the poperties of the synthesised BCs was evaluated . Increase in pyrolysis 

temperature resulted in BC pH, carbon content and electrical coductivity. BC 450 was 

found to have the greatest degree of micropore formation evidenced by the SEM analysis. 

 

• The effects of each IWW were evaluated with respect to their impact of four key 

performance indicators (biogas yield, biomethane yield and COD and VS removal). ILL 

was found increase the biogas yield by 29 % when compared to the control, ILL was also 

found to increase the COD removal by 5.36% compared to the control but, IIL exhibited a 

14.36 % decrease in VS removal. The ILL also exhibited a 11.39 % increase in biomethane 

yield compared to the CNTRL. Hence ILL was identified at the best performing IWW and 

was selected for further evaluation in terms of process optimization.  

 

• The optimal operating parameters for the ILL system were determined using RSM. A 

numerical optimisation technique was employed to optimise the desired goals, including 

maximum Biogas yield (ml/gVSadded), COD, and VS removal (%).  It was discovered that 

with a temperature of 39 0C, a ISR 1.5:1, co-substrate loading ration of 1:20, at a desirability 

performance of 90.10%, biogas yield of 90.76 mL/gVS, COD removal of 33.62 % and a 

VS removal of 43.25 % achieved. 

 

• The effects of each BC were evaluated with respect to their impact of four key performance 

indicators (biogas yield, biomethane yield and COD and VS removal). BC 450 was found 

increase the biogas yield by 15 % when compared to the control these results correlate well 

with previous studies conducted and are attributed to the reduction of lags phase as a result 

of BC addition, BC 450 was also found to increase the COD removal by 8 % compared to 

the control. The addition of BC 450 exhibited a 27.11 % increase in VS removal. BC 450 

also exhibited a 14.84 % increase in biomethane yield compared to the CNTRL. Hence BC 

450 was identified as the best performing IWW and was selected for further evaluation in 

terms of process optimization. 

 

• The optimal operating parameters for the BC system were determined using RSM. A 

numerical optimisation technique was employed to optimise the desired goals, including 

maximum Biogas yield (ml/gVSadded), COD, and VS removal (%). It was discovered that 

with a temperature of 54.99 0C, co-substrate loading ratio of 1:20 and a BC loading rate of 
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6.7 g/L at a desirability performance of 94.00%, biogas yield of 59.75 mL/gVS, COD 

removal of 48.47 % and a VS removal of 44.11 % achieved. 

 

• The application of UP of ILL was found to have a negligible impact on the performance of 

the AD process, the was attributed to the decrease in COD recorded for the UP ILL caused 

excessive UP of power is applied (causing brief cavitation in the solution) organic matter 

is degraded by oxidising radicals produced by the cavitation bubbles. This degradation 

leads to a reduction in the sCOD value, resulting in lower biogas yield and biomethane 

yield during anaerobic digestion. 

 

5.2.Recommendations. 

• Although the acquired results show promise and are applicable, it is recommended that the 

study be scaled up to more accurately mimic actual conditions research, which would aid 

in identifying full-scale applicability. 

• An in-depth study of the impact of various biochar activation methods should be 

investigated to further enhance the properties of the synthesized biochars. 

• An in-depth study on the impacts of biochar addition on the anaerobe consortia should be 

undertaken to better explain the impacts of the AD system with special attention to 

methanogenic anaerobes. 

• An in-depth study on the impacts of the parameters related to the ultrasonic pretreatment 

of IWW should be conducted to better understand the impacts of this mechanism.  

• A techno-economic analysis of the feasibility of biochar synthesis from sugarcane bagasse 

should be conducted. 
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Appendix A1 

A1.1 Municipal and Industrial Wastewater Characterisation 

• Total solids. 

Equipment: 

▪ Drying oven  

▪ Analytical Balance 

▪ 20 mL porcelain Crucibles 

▪ Desiccator 

Procedure: 

The TS was analysed by measuring 20 ml of each sample into a crucible and drying it for 24 hours 

is a drying oven set to 105oC according to APHA (2005) section 2540B. 

𝑇𝑜𝑡𝑎𝑙 𝑆𝑜𝑙𝑖𝑑𝑠 (
𝑚𝑔

𝐿
) =

𝐵−𝐴

𝑉𝑠
× 1000   

Where:  

A = weight of crucible (mg)  

B = weight of crucible + residue (mg)  

Vs = sample volume in mL 

 

𝑇𝑆 (𝐼𝑛𝑜𝑐𝑢𝑙𝑢𝑚) (
𝑚𝑔

𝐿
) =

24.5290−23.4616

20
× 1000 = 53.37

𝑔

𝐿
 × 1000

𝑚𝑔

𝑔
= 53 370

𝑚𝑔

𝑙
  

 

• Standard Deviation 

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 = √∑(𝑥 − x̄)
2

𝑛 − 1
 

Where: 

x̄  is the mean value. 

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 = √
(50.3 − 53.4)2 + (59.11 − 53.4)2

2 − 1
 

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 = 6.5 

 

• Volatile Solids  

Equipment: 

▪ Muffle furnace.  
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• Gas Chromatography reports. 

 

 

Figure A2. 1: Chromatograph for IWW Optimization Gas standard 
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Figure A2. 2: Chromatograph for IWW Optimization R1 

 

Figure A2. 3: Chromatograph for IWW Optimization R2 

 

Figure A2. 4:Chromatograph for IWW Optimization R3 
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Figure A2. 5: Chromatograph for IWW Optimization R4 

 

Figure A2. 6: Chromatograph for IWW Optimization R5 



139 
 

 

Figure A2. 7: Chromatograph for IWW Optimization R6 

 

Figure A2. 8: Chromatograph for IWW Optimization R7 
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Figure A2. 9: Chromatograph for IWW Optimization R8 

 

Figure A2. 10: Chromatograph for IWW Optimization R9 
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Figure A2. 11: Chromatograph for IWW Optimization R10 

 

Figure A2. 12: Chromatograph for IWW Optimization R11 
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Figure A2. 13: Chromatograph for IWW Optimization R12 

 

 

Figure A2. 14: Chromatograph for IWW Optimization R13 
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Figure A2. 15: Chromatograph for IWW Optimization R14 

 

Figure A2. 16: Chromatograph for IWW Optimization R15 




