
 Role of Plant Protease in Manure Protein Hydrolysis and 

Biohydrogen Production during Dark Fermentation 

 

 

 

By 

Tasnia Hassan Nazifa 

 

 

 

A thesis submitted to the School of Graduate Studies in partial 

fulfillment of the requirements for the degree of 

 

MASTER OF ENGINEERING 

 

Department of Civil Engineering 

Faculty of Engineering and Applied Science 

Memorial University of Newfoundland 

 

October 2024 

 

St. John’s, Newfoundland and Labrador, Canada  

 



 ii 

CO-AUTHORSHIP STATEMENT 
 

I hereby declare that this thesis incorporates material that is the result of research conducted by 

myself (the author) under the supervision of Dr. Noori Saady. For the research work described in 

chapters 2, 3, 4, 5, and 6, Dr. Saady suggested the area of the research, and the author developed 

the research proposal. In consultation with Dr. Noori Saady, the author designed and conducted 

the experiments. The engineering laboratory work, data analysis and interpretation, were 

performed by the author under the guidance of Dr. Noori Saady.  

The draft of all manuscripts presented in chapters 2, 3, 4, 5, and 6 have been prepared by the author. 

Dr. Saady, reviewed, corrected, and edited the manuscripts.  

I am aware of the Memorial University Policy on Authorship, and I certify that I have properly 

acknowledged the contribution of other researchers to my thesis, if any.  

 

Previous Publication: I hereby declare that no portion of this thesis has been previously published 

or submitted for publication elsewhere. 

 

 

 

 

 

 

 



 iii 

ABSTRACT 
 

Protein-rich waste dark fermentation is challenging because protein degradation produces 

ammonia that inhibits anaerobic microorganisms. This thesis presents a study of the plant proteases 

role in manure protein degradation and hydrogen production in dark fermentation. The study used 

kiwi peel waste (KPW) and pineapple peel waste (PPW) as sources of protease enzymes (actinidin 

and bromelain, respectively) and Box-Behnken Design (BBD) and Response Surface 

Methodology (RSM) to evaluate the effects of multiple variables and identify optimal conditions. 

KPW and PPW reduced ammonia nitrogen by 64±0.65% and 72±0.48%, respectively, and 

increased protein degradation by 39±0.54% and 36±0.25%, respectively. Further investigations 

used BBD and RSM to optimize hydrogen production under inhibited methanogenesis. The 

maximum hydrogen yields were 510±7 and 385±7 mL g-1 VS with KPW and PPW, respectively. 

In addition, the study includes a comparative analysis of biohydrogen production from protein-

rich manure with pure proteins (albumin and casein), unveiling optimal conditions that resulted in 

high biohydrogen yields, up to 554±3 and 247±6 mL H2 g−1 VSalbumin with KPW and PPW, 

respectively, and 400±4 and 312±3 mL H2 g
-1 VScasein with KPW and PPW, respectively.  

The thesis also explores the protease-induced structural and functional transformations by 

Scanning electron microscopy (SEM) and Fourier transform infrared Spectroscopy (FTIR) 

analyses, providing insights into the profound changes in the protein morphological and molecular 

composition, highlighting the effectiveness of KPW and PPW in disrupting manure protein 

structures to facilitate enhanced degradation and hydrogen production. The current study 

highlights the potential of using protein-rich waste for improving hydrogen yield in dark 

fermentation outcomes and establishes a foundation for future research into waste-to-energy 

conversion strategies. 
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CHAPTER ONE 

 

INTRODUCTION 
 

1.1 Background 

The consumption of fossil fuels has led to the diminishing of natural resources, significant 

alterations in the global climate, and extensive environmental pollution, threatening humanity's 

survival. Energy utilization varies globally, with countries like Canada using a mix of oil, natural 

gas, hydroelectric power, and nuclear energy (Barrington-Leigh & Ouliaris, 2017). The global 

population is expected to grow by approximately two billion in the next 20 years, leading to a 

projected 50% surge in electricity usage from 2021 to 2040 (International Energy Agency 2022). 

Fossil fuels account for 66% of energy demand. Energy demand is projected to rise by 21% by 

2040, with natural gas demand up by 28% and oil by 17% by 2050 (International Energy Agency 

2022). 

In response to the growing need for energy and the adverse effects of fossil fuel consumption, 

there is a shift towards developing clean, renewable energy sources. Canada's demand for 

renewable energy is expected to grow significantly, from 878 Petajoules (PJ) in 2018 to 1,643 PJ 

by 2050, shifting the energy mix towards more natural gas and renewable sources (Canada Energy 

Regulator 2020). Renewable energy in Canada encompasses hydroelectric, wind, tidal, solar, 

geothermal, biomass, and organic waste sources. The consumption of biofuels is projected to 

double by 2050, and hydrogen demand is expected to reach a demand of 112 PJ by 2050 (Canada 

Energy Regulator 2020). 

The prospect of generating hydrogen from renewable resources, including the vast amounts of 

organic waste produced annually, is gaining attention as a way to mitigate GHG emissions and 
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address energy needs. Annually, between 7 to 9 billion tons of organic waste are generated (Chen 

et al., 2020). A significant portion ends up in landfills or dumping areas. Only about 19% of this 

waste is recycled, and a mere 11% is converted into energy (Ashokkumar et al., 2022). Hydrogen 

has a higher energy content (MJ kg-1) (lower heating value of 120) compared to other fuels like 

liquefied natural gas (54.4), ethanol (29.6), and methane (50.0) (Dincer, 2012; Dutta, 2014).  

However, over 90% of global hydrogen production currently comes from fossil fuels, contributing 

significantly to GHG emissions (Hanley et al., 2018). Given that fossil fuels are limited and their 

costs continue to rise, it becomes necessary to explore affordable alternative materials and 

technologies for hydrogen production in the future.  

The transformation of organic waste into biofuels through anaerobic digestion (AD) offers a 

sustainable solution to meet energy needs and manage waste effectively. Due to its numerous 

benefits, AD stands out among various waste management methods, such as composting, landfills, 

fermentation, gasification, and incineration. It significantly reduces environmental impact and 

converts waste into valuable products, including energy sources like hydrogen, methane, and 

ethanol, as well as organic fertilizers and other useful products (Tayibi et al., 2021). Research 

indicates that the digestate resulting from AD has reduced odor, fewer pathogens, and a higher 

nutrient content compared to untreated waste (Linville et al., 2015). Choosing organic waste as 

feedstock for AD not only supports eco-friendliness and cost efficiency but also helps reduce 

landfill waste and sustainably address the scarcity of resources. 

 

1.2 Problem Statement 

Livestock wastes (manure, offal, and mortalities) significantly contribute to agricultural 

organic waste in Canada (Statistics Canada, 2017). For example, Canadian livestock produces 
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around 180 million tonnes of manure annually, and dairy cows produce 38% of the total (He et al., 

2020). In Newfoundland, the combined manure production from dairy, poultry, and mink farms 

amounts to 536.26 m3 day-1. This total comes from 23 animal producers in the Avalon region, eight 

in the Eastern region, five in the Central region, and 21 in the Western region (Dillon Consulting, 

2014). Animal manure can account for as much as 37% of global GHG emissions if not properly 

managed (Shakoor et al., 2021). 

Manure, a protein-rich waste (contains 12 to 48 wt.% proteins), presents two key challenges 

during AD. The first key challenge in the AD of manure, specifically with high protein content, 

revolves around the issue of protein hydrolysis. Protein hydrolysis is the process of breaking down 

complex protein molecules into simpler, smaller compounds, such as amino acids and peptides, 

and can be a rate-limiting step in AD due to the complex structure of proteins (Tavano, 2013). This 

means the overall process can be slowed down if proteins are not adequately broken down. This 

process is crucial in AD because proteins are not readily biodegradable due to their complex and 

sturdy molecular structure (Alberts et al., 2002). This slow rate of protein hydrolysis can 

significantly hinder the overall efficiency of the AD process, as it delays the subsequent stages of 

digestion and biogas production. The challenge intensifies when manure's high protein content 

leads to ammonia accumulation during digestion, inhibiting microbial activity and reducing the 

efficiency of the AD process (Abid et al., 2021; Tasaki, 2021). Notably, when the total ammonia 

nitrogen (sum of NH3 and NH4
+) concentration reaches around 7 gN L-1, the dominant 

methanogenic pathway shifts to hydrogenotrophic, which consumes H2 and CO2, and total 

ammonia nitrogen exceeding 8 to 9 gN L-1 results in a failure of the AD system (Cheng & Brewer, 

2021).  
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In the context of protein-rich wastes, where protein content can be substantial, enhancing 

protein hydrolysis becomes a critical research problem. The use of specific enzymes, particularly 

proteases, in AD is a promising approach to address this issue. Protease enzymes act as biological 

catalysts, accelerating the breakdown of proteins (Tavano, 2013). This can potentially lead to a 

more efficient release of substrates for anaerobic bacteria and archaea, which in turn can increase 

the rate and volume of biogas production (Parawira et al., 2005). However, the application of 

proteases enzymes in AD must be carefully tailored. Factors such as enzyme type, dosage, and the 

specific characteristics of the substrates, such as pH, temperature, digestion time, and the existing 

microbial population, play crucial roles in the effectiveness of enzymatic treatment (Yu et al., 

2013).  Addressing the mentioned bottlenecks can significantly improve the conversion efficiency 

of organic waste into valuable biogas, thereby providing a dual benefit: reducing the environmental 

impact of organic waste disposal and increasing the production of renewable energy. 

Despite recognizing the potential of AD to convert organic waste into renewable energy 

sources, challenges persist due to the rate-limiting step of protein hydrolysis and the subsequent 

accumulation of ammonia, which can inhibit the AD process. Additionally, while organic waste, 

including livestock manure, presents a significant opportunity for renewable energy production, 

the specific application of protease enzymes to enhance protein hydrolysis in AD and its impact 

on biohydrogen yield has not been extensively explored. These gaps signify a critical need for 

research to improve biohydrogen production efficiency from high-protein organic wastes through 

targeted enzymatic treatment. 
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1.3 Objectives 

This research aims to assess the potential of biohydrogen and biomethane production from 

dairy manure with kiwi peel waste and pineapple peel waste in wet AD at a psychrophilic 

temperature (20±1 oC) in a batch reactor. It aims to examine the degradation of the protein structure 

of manure at the earlier stage of AD and consequently convert the waste into biohydrogen and 

biomethane in a laboratory-based experiment following a statistically designed model. To obtain 

the research output successfully, the following objectives were set: 

1) Identify three key factors for optimizing AD hydrolysis of protein-rich manure with kiwi 

peel waste (KPW) and pineapple peel wastes (PPW) (as a source of protease enzymes 

actinidin and bromelain) through extensive literature review and parameters pre-screening 

through statistical models.  

2) Investigating the effects of KPW and PPW on the hydrolysis of manure, focusing on 

optimizing the hydrolysis process through reducing manure protein and ammonia 

accumulation during the early stage of AD. This also includes understanding the substrate 

complex's functional group and morphological changes during pre and post-hydrolysis and 

digestion. 

3) Identifying and optimizing key operational parameters via statistical modeling for 

maximizing biohydrogen production from protein-rich manure using KPW and PPW. 

4) Investigating the effects of KPW (actinidin source) and PPW (bromelain source) on the 

conversion of pure protein substrates like albumin and casein into biohydrogen and 

biomethane in AD and comparing the outcomes with manure-KPW and manure-PPW 

digestion. This includes assessing the functional group and morphological changes in 

albumin and casein during biohydrogen and biomethane production in AD. 



 6 

 

1.4 Thesis Structure 

This thesis is composed of seven chapters. Chapter 1 presents an overview of the research 

context, articulates the problem statement, delineates the primary objectives, and describes the 

organizational structure of the thesis. Chapter 2 is a literature review focused on biohydrogen and 

biomethane as energy sources, covering their production from various feedstocks and the steps of 

anaerobic digestion. It addresses challenges in production, the role of proteinase enzymes, and key 

process parameters. Chapter 3 explores the enhancement of manure protein degradation using kiwi 

peel waste, applying Box-Behnken Design and Response Surface Methodology for optimization. 

Chapter 4 explores the enhancement of manure protein degradation using pineapple peel waste, 

employing the Box-Behnken Design and Response Surface Methodology for optimal results. 

Chapters 5 and 6 describe the optimization of biohydrogen and biomethane production, detailing 

methods like Box-Behnken Design and Response Surface Methodology and various analytical 

techniques for gas yield and VFA analysis, emphasizing model validation. There is a special focus 

on biohydrogen and biomethane production from pure proteins (albumin and casein) using KPW 

(Chapter 5) and PPW (Chapter 6). Finally, chapter 7 presents the conclusions and 

recommendations. Figure 1-1 presents the structure of the thesis. 
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Figure 1-1. Thesis organization. 
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CHAPTER TWO 
 

 LITERATURE REVIEW 
 

2.1 Introduction 

It reviews the background and basics of biohydrogen and biomethane production through 

anaerobic digestion, various types of wastes, particularly protein or nitrogen-rich wastes, the 

mechanism of protein-rich substrate degradation, and the challenges associated with these wastes 

in anaerobic digestion.  

 

2.2 Biohydrogen and Biomethane as Energy Sources 

The steady rise of the world population and economic and social progress are increasing global 

energy consumption. Currently, fossil fuels contribute 33% to energy consumption, and it is not 

sustainable in the long-term (Bilandzija et al., 2018). According to the British Petroleum statistical 

review of world energy 2021 report, 83% of the world's total energy consumption in 2018 came 

from fossil fuels, while 12.6% and 6.3% came from renewable (primarily hydro, wind, and solar) 

and nuclear energy sources, respectively. To achieve zero fossil fuel use by 2050, renewable energy 

production will need to be increased up to 6- or 8-fold, assuming energy demand remains constant 

or increases by 50% from the 2020 energy demand level. If the 2050 world energy demand is 

limited to a 25% increase over the 2020 level, the probability of achieving independence from 

fossil fuels improves. The acceleration of improvements in energy efficiency beyond the current 

rate of ~1.5% per year is also necessary (Holechek et al., 2022). To achieve the required energy 

sector decarbonization, the share of renewables in power generation would need to increase from 

around one-quarter in 2015 to around 60% by 2030 and 85% by 2050. However, this would require 
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a substantial annual growth rate of renewables in total generation, which was 0.7% over the past 

five years, to more than double (Gielen et al., 2019). 

As a result, one of the sustainable development goals (SDG 7) declared by the United Nations 

is to ensure access to cheap, dependable, sustainable, and modern energy (Mutezo & Mulopo, 

2021). Therefore, alternative energy sources other than fossil fuels are required to accomplish SDG 

7. Recently, there has been a significant focus on anaerobic digestion (AD), a highly effective 

biological process for transforming various organic wastes into valuable resources like biogas and 

biohydrogen. This process has garnered considerable attention due to its numerous benefits 

(Harirchi et al., 2022). Biomass is the world's largest and most frequently used renewable energy 

source (Lim et al., 2012), and its application is steadily increasing (Amjith and Bavanish, 2022). 

The worldwide biomass potential for 2050 is anticipated to be 1500 EJ, of which around 200-500 

EJ might be used sustainably, accounting for 40-50% of the estimated primary energy demand 

(Gutiérrez et al., 2020).  

Biohydrogen and biomethane are two potential energy carriers that have gained increasing 

attention as alternatives to fossil fuels due to their environmental friendliness and sustainability. 

Unlike the hydrogen produced from fossil fuels, biohydrogen is a clean and carbon-free fuel, which 

makes it an ideal alternative to traditional energy sources (Sindhu et al., 2020). The energy content 

of 25 kg of gasoline is equivalent to 9.5 kg of hydrogen (Kirli and Karapinar, 2018). Biomethane, 

also known as "renewable natural gas," can provide a way to integrate rural communities and 

industries into the energy sector transformation. Biomethane can be either upgraded biogas from 

anaerobic digestion or cleaned syngas from biomass gasification; thus, it is 100% renewable. In 

the latter case, CO2 is removed from the biogas to produce biomethane, later compressed as a 
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transportation or heating fuel (Holm-Nielsen et al., 2009); Ardolino and Arena (2019). Table 2-1 

compares biogas yields and the energy produced from various substrates. 

 

Table 2-1. Comparison of the production of energy from different feedstocks utilized for 

biogas generation (Abanades et al., 2021; Achinas et al., 2017; Ramos-Suárez et al., 2019; 

Yaqoob et al., 2021). 

Types of waste Biogas yield  

(m3 tonne-1 fresh waste) 

Electricity (kWh) produced 

ton-1 fresh waste 

Pig slurry 11 to 25 23.5 

Sewage sludge 47 96 

Cattle dung 55 to 68 122.5 

Poultry litter 126 257 

Fat 826 to 1200 1687 

Horse manure 56 114 

Fruit waste 74 151 

Swine manure 2.74 Mm3 year−1 721.2 KW year -1 

Cow manure 6.75 Mm3 year−1 1631.1 KW year -1 

Buffalo dung 4,196,055 m3 d−1 1101 GWh y−1 

Sheep dung 119 m3 d−1 0.03 GWh y−1 

 

According to Wu et al. (2016), AD is a promising and attractive technology to treat organic 

waste, produce bioenergy, recover nutrients, and reduce pathogens. The AD process can be used 

to extract energy from domestic, industrial, and agricultural waste as methane or hydrogen with 

some operational control (Kopasz et al., 2022; Li et al., 2011). Hydrogen is more energetic than 

methane and does not produce CO2 when combusted, making it advantageous and allowing for 

more efficient CO2 capture and sequestration at the fermentation site. Hence, it is preferred over 

methane as an end product of AD (Moscoviz et al., 2018; Patel et al., 2021). Recovering hydrogen 

instead of methane can increase the energy yield of anaerobic digestion. To be sustainable, all 

components of the hydrogen production process, including the feedstock, biocatalyst (inoculum), 

and any other input material, should be obtained from renewable and sustainable sources. A 

McKinsey and Company report suggests that the hydrogen economy could generate $140 billion 
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in annual revenue by 2030 and support 700,000 jobs (Kopasz et al., 2022). In the U.S.A., 

22.7 × 109 kWh of biomethane was produced from slaughterhouse waste, equivalent to 0.8%  of 

the natural gas used for electricity generation in 2016 (Wang et al., 2018).  

Biomass is materials that come from plants, animals, humans, and their waste products, as well 

as from industrial and food processing waste. These waste materials also contain metabolically 

active, cultivatable, and non-cultivatable microbial populations (cells). Depending on the waste 

properties, it can be transformed into energy or fuel through various methods such as combustion, 

gasification, co-firing, and anaerobic digestion (Neshat et al., 2017). AD can greatly impact 

renewable energy supplies by converting organic waste into methane and hydrogen. This waste 

can come from various sources, such as agriculture, livestock, food-processing industries, 

municipalities, and human activities. Animal manures are suitable sources for biogas production 

due to the significant roles of rumen microorganisms in AD (Jin et al., 2018). Animal manures are 

frequently co-digested with energy crops (Agostini et al., 2015) and fruit and vegetable wastes 

(Wang et al., 2018). Co-digestion involves the simultaneous AD of multiple organic wastes in one 

digester, which enhances methane yield by establishing positive synergisms in the digestion 

medium, diversifying bacterial species, and supplying missing nutrients with co-substrates (Shen 

et al., 2019; Wang et al., 2018).  

Ammonium nitrogen plays a crucial role in AD, supporting bacterial growth. However, high 

concentrations of ammonium nitrogen, particularly free ammonium (NH3), can be toxic to 

anaerobic microorganisms. Studies suggest that manure has a higher nitrogen content (low C/N 

ratio) due to the presence of uric acid and undigested protein, which are decomposed and contained 

in the form of total ammonium nitrogen (TAN) and NH3 (Muske and Venkateswara Rao, 2019). 

Lignin content and complex cell wall structure make it difficult to use crop residues as feedstock 
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for biogas production (Cu et al., 2015). On the other hand, because of high moisture and organic 

content, fruit wastes are easily biodegradable, making AD an appropriate approach for fruit waste 

disposal. However, flavor chemicals' chemical composition and presence in fruit wastes can 

influence methane generation during AD (Sanjaya et al., 2016). 

 

2.3 Anaerobic Digestion Process 

Anaerobic digestion (AD) or degradation involves biomass breakdown by a rigorous action of 

microorganisms in an oxygen-deficit environment. AD is a suitable treatment compared to aerobic 

digestion because it requires less energy and produces smaller volumes of sludge. Therefore, AD 

has been increasingly applied in treating complex wastes, including recalcitrant nitrogen-rich 

wastes (Cheng and Brewer, 2021; Kovács et al., 2013).  

AD decomposes organic matter into biogas with different groups of microorganisms following 

four stages (Figure 2-1): hydrolysis, acidogenesis, acetogenesis, and methanogenesis. Each group 

of microorganisms performs their respective role in the whole degradation process.  

As an end product, biogas is formed during the AD process and used directly to generate 

electricity and heat energy. Biogas contains approximately 60% CH4, 40% CO2, and a few other 

trace gases such as N2, H2, NH3, and H2S (Perman et al., 2022).  

 

2.3.1 Hydrolysis 

The first step of AD is Hydrolysis; it initiates the physical conversion of organic substrates 

(polymers) like proteins, lipids, and carbohydrates into small components and monomers 

(Shanmugam et al., 2021). Therefore, carbohydrate wastes are disintegrated into simple sugars, 
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proteins into amino acids, and long-chain fatty acids (LCFAs) are formed from lipids hydrolysis 

(Abdelgadir et al., 2014). 

 

 

Figure 2-1. Degradation of organic wastes in anaerobic digestion process. Modified from 

(Cheng and Brewer, 2021). 

 

 

2.3.2 Acidogenesis  

Acidogenesis is the second stage of anaerobic digestion. It involves the fermentation of soluble 

organic compounds to produce alcohols, aldehydes, volatile fatty acids (VFAs), and H2 and CO2 

(Sarkar et al., 2018). During acidogenesis, acidogenic bacteria transform the products of the first 
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stage, such as sugars and amino acids, into carbon dioxide, hydrogen, ammonia, and organic acids. 

The principal acidogenesis stage products are acetic acid (CH3COOH), propionic acid 

(CH3CH2COOH), butyric acid (CH3CH2CH2COOH), and ethanol (C2H5OH) (Habib et al., 2015). 

Most organic matter in an equilibrated system is transformed into substrates that are easily 

available to methanogenic microorganisms, including hydrogen, acetate, and carbon dioxide 

(Abdelgadir et al., 2014). Nonetheless, roughly 30% of organic matter is converted into short-chain 

fatty acids or alcohols (Kangle et al., 2012). Hydrogen, carbon dioxide, and acetic acid obtained 

from these products can bypass the third stage (acetogenesis) and be directly utilized by 

methanogenic bacteria in the final stage (methanogenesis) (Abdelgadir et al., 2014). 

Equations (2-1) to (2-3) represent typical acidogenesis reactions where glucose (C6H12O6) is 

converted to ethanol, propionate, and acetic acid, respectively. 

 

𝐶6𝐻12𝑂6 = 2 𝐶𝐻3𝐶𝐻2 𝑂𝐻+  2 𝐶𝑂2                                                                          (2-1) 

2𝐶6𝐻12𝑂6 = 3 𝐶𝐻3𝐶𝐻2 𝐶𝑂𝑂𝐻+ 3 𝐶𝑂2 + 3 𝐻2                                                        (2-2) 

𝐶6𝐻12𝑂6 = 2 𝐶𝐻3𝐶𝑂𝑂𝐻 + 2 𝐻2𝑂                                                                            (2-3) 

 

2.3.3 Acetogenesis 

Acetogenic bacteria use the energy generated from electrons produced by the oxidation of 

organic acids and alcohols to reduce carbon dioxide to acetate through the Wood-Ljungdahl 

pathway (Jin et al., 2021; Sravan et al., 2021). These bacteria can also utilize inorganic materials, 

such as photoresponsive semiconductors, as a source of redox energy for acetogenesis (Jin et al., 

2021). Some acetogens are capable of extracellular electron transfer, enabling electron exchange 

between cells and their environment, which allows them to produce acetate from CO2 with high 
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energy efficiency and have been investigated as biocatalysts of CO2 conversion into valuable 

chemicals (Igarashi and Kato, 2017). During the fermentation step, acetogens oxidize organic acids 

and alcohols (e.g., propionate, butyrate, and ethanol) to acetate while generating electrons that are 

transferred to protons to produce hydrogen or bicarbonate to produce formate (Liu et al., 2021). 

The following are reaction equations (Eqs. (2-4) to (2-5)) of acetogenesis of anaerobic 

digestion: 

 

𝐶𝐻3𝐶𝐻2𝐶𝑂𝑂_ +  3𝐻2𝑂 = 𝐶𝐻3𝐶𝑂𝑂− +  𝐻+ +  𝐻𝐶𝑂3
− + 3𝐻2                      (2-4) 

𝐶6𝐻12𝑂6 +  2𝐻2𝑂 =  2𝐶𝐻3𝐶𝑂𝑂𝐻+ 2𝐶𝑂2 +  4𝐻2                                        (2-5) 

 

The produced acetic acid can be further converted to methane by methanogenic archaea in the 

third stage of AD. 

 

2.3.4 Methanogenesis 

Methanogenesis is a unique and critical stage of anaerobic digestion in which organic matter 

is further broken down into methane and carbon dioxide. This process is carried out by 

methanogenic archaea (MA), which are strictly anaerobic and are found in various environments, 

including soil, sediments, and the digestive tracts of animals, including humans (Söllinger and 

Urich, 2019). Methanogenesis occurs via two main pathways: CO2 reduction and methane 

formation from methylated compounds via the acetyl-CoA pathway (Berghuis et al., 2019). The 

overall reaction for methanogenesis can be expressed as (Eq. (2-6)): 

 

4𝐻2 + 𝐶𝑂2 →  𝐶𝐻4 +  2𝐻2𝑂                                                                              (2-6) 



 21 

 

This reaction is carried out in four steps: acetate formation, acetate oxidation, hydrogen 

formation, and CO2 reduction (He et al., 2002). The biochemical equations (Eqs (2-7) to (2-11)) 

for these steps are as follows: 

 

Acetate formation: 𝐶𝐻3𝐶𝑂𝑂− +  𝐻𝑆− →  𝐶𝐻3𝐶𝑂𝑂𝐻 + 𝑆2−                                        (2-7) 

Acetate degradation: 𝐶𝐻3𝐶𝑂𝑂𝐻→ 𝐶𝑂2 + 𝐶𝐻4                                                             (2-8) 

Hydrogen formation: 𝐶𝑂2 + 4𝐻2→ 𝐶𝐻4 + 2𝐻2𝑂                                                        (2-9) 

CO2 reduction: 𝐶𝑂2 +  8𝐻+ + 8𝑒− →  𝐶𝐻4+ 2𝐻2𝑂                                                      (2-10) 

Overall reaction: 4 𝐶𝐻3𝐶𝑂𝑂𝐻+  8𝐻+ +  8𝑒− →  4 𝐶𝐻4 + 4𝐶𝑂2                                 (2-11) 

 

These complex reactions are catalyzed by various enzymes produced by methanogenic 

archaea. 

 

2.4 Biomethane and Biohydrogen Production 

Biogas is a renewable energy source produced through AD of organic matter, which is then 

further processed to produce biomethane and biohydrogen. Organic wastes such as agricultural 

and food, manure, slaughterhouse, and sewage sludge are anaerobically (oxygen-free 

environment) digested in the digester to generate biomethane and biohydrogen. Biogas primarily 

comprises methane gas, carbon dioxide, and trace amounts of nitrogen, hydrogen, and carbon 

monoxide. Methane is the main component of biogas and is produced during the AD process by 

two main pathways: acetoclastic methanogenesis and hydrogenotrophic methanogenesis. 

Acetoclastic methanogenesis accounts for up to 72% of methane production, while up to 28% of 
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methane is generated through hydrogenotrophic methanogenesis (Harirchi et al., 2022). However, 

the exact percentage of methane production from each pathway may vary depending on the type 

of feedstock and the production pathway used (Schnürer, 2016). The bio-hydrogen production 

process shares similarities with the biogas production process in that they both use AD with organic 

compounds, and the digester used is identical for both processes. However, there are some 

differences between the two processes, such as removing hydrogen before it can convert into 

methane gas (Liu et al., 2020). Additionally, the product extraction and various pre-treatment 

methods also differ between the biomethane and biohydrogen processes. Both of these production 

are being developed to help combat environmental pollution and reduce our dependence on non-

renewable fossil fuels (Wang et al., 2021). Biomethane and biohydrogen can be converted into 

energy through combustion, fuel cells, or heat engines. 

 

2.5 Biohydrogen and Biomethane Production Process Parameters 

Optimizing the biohydrogen and biomethane production process parameters in AD of 

recalcitrant nitrogen-rich wastes such as manure, slaughterhouses, and other biomass wastes 

requires careful consideration of various parameters. These parameters include hydraulic retention 

time, temperature, VFA, and hydrogen partial pressure. Optimizing these parameters makes it 

possible to maximize the production of biogas.  

 

2.5.1 Hydraulic retention time 

Hydraulic retention time (HRT) is one of the most significant parameters influencing microbial 

activities and the AD process. HRT is the average duration a soluble component remains in a 

digester (Eq. (2-12)). Besides HRT, another relevant parameter is the solid retention time (SRT) 
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(Eq. (2-13), the average time microorganisms (solids) remain in the digester. The HRT and SRT 

are considered the same in the case of anaerobic digesters without recycling.  

 

𝐻𝑅𝑇 =  
𝑉

𝑄
                                                                                                         (2-12) 

Where V is the digester volume in cubic meters (m³) or liters (L), and Q is the influent flow 

rate in cubic meters per day (m³ day-1) or liters per day (L day-1).  

 

𝑆𝑅𝑇 =  
𝑉𝑆𝑆

𝑄𝑅
                                                                                                       (2-13) 

where VSS is the volatile suspended solids concentration in the reactor (kg m-³), Q is the 

influent flow rate (m³ day-1), and R is the mass ratio of VSS to total suspended solids (TSS). 

When solids recycling is incorporated, the HRT and SRT may vary due to the change in solids 

concentration in the reactor (Gerardi, 2003). The schematic below (Figure 2-2) shows a typical 

anaerobic digestion process with solids recycling. The solids separator separates a portion of the 

solids from the influent and recirculates it to the digester using a pump. This can increase the 

reactor's solids concentration, affecting the HRT and SRT. 
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Figure 2-2. Schematic of a typical AD process with solids recycling. 

 

Optimal HRT should not be too short nor too long but adequate for the microorganisms to 

degrade substrates and reproduce. Both too short and too long HRT negatively impact the process; 

shorter than the optimum HRT may accumulate volatile fatty acids (VFA) and thus may inhibit 

methanogenic activities (the ability of methanogens to produce methane), and longer HRT 

increases the digester operation cost (Pera et al., 2021). A suitable HRT can inhibit hydrogen 

consumption by hydrogen-consuming bacteria or methanogens (Zhang et al., 2006). The reported 

HRTs for biohydrogen production from bean wastewater, potato, and sucrose are 12, 18, and 24 h, 

producing 80, 150, and 320 mL H2 VS g-1 (Salem et al., 2018). Alexandropoulou et al. (2018) found 

that the best HRT is between 6 and 12 h, with hydrogen yields of 96.27 (at 12 h) and 101.75 L H2 

kg-1 food waste (at 6 h), respectively. Biohydrogen production increased from 1.18 L H2 L
-1 d-1 to 

40.41 mL H2  g
-1 VS when HRT was decreased from 10 to 5 days (Sillero et al., 2022). 
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2.5.2 Temperature 

Temperature is a crucial parameter in AD affecting microbial growth rate and substrate 

conversion efficiency into biohydrogen. Thermophilic AD has a faster hydrolysis rate than 

mesophilic AD; however, thermophilic AD promotes high VFA production (Xiao et al., 2018).  

A wide range of temperatures can be applied for biohydrogen production, from extreme 

thermophilic (>70 °C) (Aboudi et al., 2021) to psychrophilic (<25 °C) (McHugh et al., 2006; 

Vasiliadou et al., 2023; Zhang et al., 2012). Mesophilic and thermophilic AD generate a good 

hydrogen production rate than psychrophilic AD; however, higher temperature reduces the overall 

system efficiency due to the energy requirements  (Das and Veziroglu, 2008; Dasgupta et al., 2010). 

Fermentative microorganisms are usually inactive at low-temperature (Scherer and Neuhaus, 

2006). However, few are found to be cold-tolerant and produce specific enzymes providing 

optimum activities at low or moderate temperatures. Considering cold regions, these 

microorganisms and their enzymes could be potentially applied in producing various commercial 

bio-products (Feller and Gerday, 2003). For example, Kundu et al. (2012) and Lu et al. (2011) 

have noticed that biohydrogen could be produced at 4 and 9 oC. Because of such microbial 

properties, this process shows a promising technology for biohydrogen generation (Lu et al., 2012). 

Psychrotolerant bacteria grow well at low temperatures close to the freezing point of water; 

however, the fastest growth rates are observed above 20 oC, whereas strict psychrophilic organisms  

grow faster under 15 oC or lower temperature but are unable to survive above 20 oC 

(Cavicchioli et al., 2002). At psychrophilic temperature, microorganisms show low metabolism 

rates but greater  

catalytic efficiencies compared to mesophilic microorganisms (Margesin and Schinner, 1994); 

therefore, psychrophilic microorganisms offer economic benefit by saving energy in commercial 
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operations that would not need the costly heating of digesters (Feller and Gerday, 2003). Moreover, 

the psychrophilic temperature reduces the risk of microorganism contamination (Margesin and 

Schinner, 1994). Such advantages promote the psychrophilic temperature as an economically 

suitable approach for biohydrogen production.  

Zieliński et al. (2017) found biohydrogen production ranged from 20 to 58 mL H2 g
-1 CODfed 

from cheese whey digestion and 16 to 52 mL H2 g
-1 COD fed from glucose digestion at 20 oC for 

20 days. Similarly, Alvarado-Cuevas et al. (2015) found 2.5 times higher biohydrogen production 

at 25 oC and pH 5.5 when glucose was used as a carbohydrate source compared to other 

experimental screening conditions. Table 2-2 presents a summary of hydrogen yield at different 

temperatures, and it suggests that the type of inoculum and substrate fed for the biohydrogen 

production process impact the overall yield. 
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Table 2-2. Bio-hydrogen production at psychrophilic and mesophilic temperatures from the mixed culture. 

Feed Digester 

configuration 

Inoculum pH Temp. 

(oC) 

H2 yield or rate Reference 

Intestinal waste Batch WWTP AnS  35  74.23±6.11 dm3
 kg VS-1 Cieciura-Włoch and Borowski 

(2019) 

Meat tissue Batch WWTP AnS  35  30.36±1.57 dm3 kg VS-1 Cieciura-Włoch and Borowski 

(2019) 

Protein (Peptone) Batch Heat-treated AnS 7 35  0.034 mL H2 mg protein-1 Xiao et al. (2010) 

Protein (Peptone) Batch -  55  0.26 mmoL mg protein-1 Cheng et al. (2002) 

Protein (Peptone) Batch Heat-treated AnS 6.9 ± 0.1 37  0.08 mmoL H2 mg protein-1 Xiao et al. 2010) 

Cattle manure  Semi- CSTR Sludge 3.62–5.28 35  30.22 mL H2 g-1 VS Liu et al. (2020) 

Buffalo dung CSTR - 5.5 30±2  165 ± 25.16 mL H2 g-1 

CODadded 

Wadjeam et al. (2019) 

Cow manure Semi-CSTR Digester cultures 6.9 60 10.25 ± 4.96 mL H2 g-1 VS Wang et al. (2013) 

Pig manure Batch Sewage sludge 7 20 11.15 mL H2 g-1 VS Chen et al. (2021) 

Carbohydrate (glucose) Batch Heat-treated AnS 6.9±0.1 37 0.14 mL H2 mg-1 glucose Xiao et al. (2010) 

Carbohydrate Glucose) Batch Heat-treated AnS 6.2 25 0.968 mol mol-1 Oh et al. (2003) 

Carbohydrate (Sucrose) Batch Heat-treated AnS 5.5 34.8 34.8±3.4 mol mol-1 Mu et al. (2006) 

AnS = anaerobic sludge; CSTR = Continuously Stirred Tank Reactors; WWTP = Wastewater Treatment Plant.



 28 

2.5.3 Effects of volatile fatty acids 

The composition of by-products depends on the substrate used and the environmental 

conditions of the experiment. Cheng et al. (2002) found acetate and butyrate as the major volatile 

fatty acids (VFAs) produced from carbohydrate-rich substrates, whereas acetate, butyrate, and 

propionate are produced from protein-rich substrates. Butyric, acetic, and propionic acids were the 

three main VFAs for glucose, peptone, and glycerol, respectively (Mu et al., 2006). The higher 

concentration of butyrate and acetate can significantly increase biohydrogen production. Zhang et 

al. (2012) observed the highest biohydrogen yield at 0 g L-1 VFA. The biohydrogen yield decreased 

with the increasing butyrate and acetate concentrations. Also, the inhibitory impact of acetate on 

fermentative biohydrogen yield was less compared to butyrate. 

With the increase of acetate, from 0 to 300 mM, 70-90% glucose was degraded compared to 

52% when 400 mM acetate was added (Fotidis et al., 2013). High concentrations of VFAs can 

lower the digester's pH, consequently inhibiting hydrolysis, acidogenesis, and methanogenesis. 

Moreover, high VFAs concentrations can inhibit methanogenesis directly (Fotidis et al., 2013). 

Dogan et al. (2005) showed that acetate, butyrate, and propionate concentration of more than 13, 

15, and 3.5 g L−1 reduced methane yield by 50% in AD using granular sludge. Moreover, 

aceticlastic methanogenic activity (acetate-degrading bacteria) was decreased when acetate 

concentrations were above 4 g L−1 in the same experiment. Metabolism of propionic acid is the 

most sensitive to hydrogen partial pressure (Kopasz et al., 2022; Moletta et al., 1985), which should 

be less than 9 × 10-5 atm to allow its degradation according to the following equation (Eq. (2-14)): 

 

𝐶𝐻3𝐶𝐻2𝐶𝑂𝑂− +  3𝐻2𝑂 →  𝐶𝐻3𝐶𝑂𝑂− + 𝐻2𝐶𝑂3 +  3𝐻2                                      (2-14) 
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Cytoplasmic membranes of microorganisms prevent ionized components from diffusing into 

the microbial cell. Hence, only the unionized propionic acid (CH3CH2COOH) can enter the cell 

and impact bacterial metabolism by free diffusion. However, the ionized form (CH3CH2COO-) 

remains outside the microorganism cell. Both outside and inside the cell, the balance between the 

unionized and ionized forms depends on the environment pH, according to Eq. (2-15) (Gourdon 

& Vermande, 1987): 

 

𝑝𝐻 = 𝑝𝐾𝑎 + 𝑙𝑜𝑔 
𝐶𝐻3𝐶𝐻2𝐶𝑂𝑂−

𝐶𝐻3𝐶𝐻2𝐶𝑂𝑂𝐻
  (pKa = 4.88 at 25 oC)                                        (2-15) 

 

2.5.4 Hydrogen partial pressure 

Hydrogen partial pressure (𝑃𝐻2
) affects the production of H2. When the 𝑃𝐻2

 is high, VFAs 

production increases, lowering the pH value (pH<6). Such a change in pH may impact substrate 

hydrolysis, acetogenesis, and methanogenesis steps (Cazier et al., 2019). Moreover, Cazier et al. 

(2015) found that high initial 𝑃𝐻2
 in the headspace was the main inhibitory factor of the hydrolysis 

of wheat straw in dry AD. Indeed, hydrolysis inhibition was not detected when CO2 was present 

with H2 initially in the reactor’s headspace. In this case, H2 was quickly consumed by methanogens 

and homoacetogens.  

Gas sparging impacts the H2 yield compared to un-sparged conditions in mixed cultures. 

Kraemer  Bagley (2007) found sparging increased H2 yield by 20 to 70% (N2), 80 to 120% (CO2), 

88% (CH4), and 0 to 12% (H2/CO2; biogas). Similarly, Mizuno et al. (2000) noticed that the 

addition of nitrogen gas to the liquid phase caused a decrease in dissolved hydrogen concentration, 

increasing the hydrogen yield by 68% compared to control. 
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According to Cazier et al. (2019), the performance of methanogenic microorganisms depends 

on the time of exposure to high PH2, which has a persistent impact on AD kinetics. They also 

suggest injecting CO2 may improve solid-state AD at high TS content (25% TS) by avoiding local 

inhibition of H2 while using wheat straw as substrate and inoculating with anaerobic granular 

sludge for 11 and 18 days. As soon as CO2 was purged, the methanogenic activity increased from 

0.41 to 3.77  within three days, following hydrogenotrophic and acetoclastic pathways. In AD, 

fatty acids are decomposed to hydrogen and acetates by syntrophic bacteria at a very low hydrogen 

partial pressure, which can only be provided by the activity of hydrogen-consuming methanogens 

(Cieciura-Włoch and Borowski, 2019). 

 

2.5.5 Total solids content 

Studies have shown that substrates' total solids (TS) content plays a crucial role in biohydrogen 

and biomethane production in the AD process. The TS content and the initial pH significantly 

influence batch biohydrogen production in solid substrate fermentation of agroindustrial wastes. 

For example, hydrogen production decreased as the initial total solids content increased from 6.65 

to 18%, with hydrogen production of approximately 3 mmol H2 g -1 dry solids (Robledo-Narváez 

et al., 2013). Total solids content was found to influence the biohydrogen and biomethane potential 

of palm oil mill effluent in a two-stage AD system. Ghimire et al. (2018) found that biohydrogen 

and biomethane production increased with an increase in the TS content of food waste and wheat 

straw up to a certain point (from 10 to 15%). A higher TS content (> 15% to 30%) decreased the 

biogas production potential. 
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2.6 Feedstock Sources for Anaerobic Digestion 

Hydrogen and methane have been among the most extensively researched renewable energy 

carriers in recent decades. AD, one of the renewable energy-producing technologies for both heat 

and power, has the potential to become cost-effective since it can use recalcitrant nitrogen-rich 

wastes and low-value wastes as feedstock, e.g., manure and slaughterhouse waste (Khamtib et al., 

2021), agricultural, organic municipal waste and wastewater (Kotay and Das, 2008), fruit wastes 

(Krishna et al., 2023; Nguyen et al., 2021) to produce biogas (Khawer et al., 2022), biomethane 

and biohydrogen (Shen et al., 2022b; Stamatelatou et al., 2014). Proteins and carbohydrates in 

account for over two-thirds of the total organic matter in most organics (Bharathiraja et al., 2016).  

 

2.6.1 Feedstocks for biohydrogen production 

Various organic wastes have been used for H2 production. Organic wastes from industrial 

processes such as slaughterhouses, breweries, wineries, fruit residues, food processing, bakery, 

etc., are ideal substrates for H2 production (Hajizadeh et al., 2021). Moreover, the biohydrogen 

production potential of many organic wastes, including waste molasses, plant wastes, dairy 

wastewater, sewage sludge, and macroalgae, has recently gained popularity (Badawi et al., 2023; 

L. Guo et al., 2008; Mohan et al., 2008; Sambusiti et al., 2015).  

The hydrogen yield from these wastes varies due to their differences in organic composition, 

and the primary components in such organic wastes are generally carbohydrates and proteins.  

Table 2-3 provides the fraction of carbohydrates and protein in wastes used for biohydrogen 

production. 

However, carbohydrate-rich substrates may produce around 20 times more H2 than protein-

rich or fat-content substrates (Rafieenia et al., 2017). Similarly, Jarunglumlert et al. (2018) found 
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the production of hydrogen gas through dark fermentation using carbohydrate-rich waste 

significantly more efficient than that from fat-rich or protein-rich waste, with approximately 16 

and 20 times greater yields. This could be due to carbohydrates' faster hydrolysis rate than proteins 

(Lay et al., 2003). Table 2-4 presents the biohydrogen production from various carbohydrate- and 

protein-rich compounds. 

 

Table 2-3. Carbohydrate and protein proportions of various wastes utilised in AD. 

Wastes Carbohydrate (CHO) and protein (Pro) constituents Reference 

Animal manure 1.8% N, 0.38% P, and 0.41% K (Weight %, dry basis) Qaramaleki et al. (2020) 

Poultry blood 13-15% Pro, <1% fat, and <1% CHO Cuetos et al. (2017) 

Dairy wastewater CHO (26.0% of DM), Pro (25.4% of DM) Vidal et al. (2000) 

Wheat straw CHO (848.5 g kg-1 DM) Bauer et al. (2009) 

sewage sludge Pro (1.04 g L-1) and CHO (0.27 g L-1) Cai et al. (2004) 

Waste sludge Pro (25.41 mg L-1) and CHO (18.72 mg L-1) Guo et al. (2008) 

Waste molasses CHO (48%–58% of DM) Guo et al. (2008) 

Macroalgae Pro (7–15% dry wt.) and CHO (25–60%) (dry weight) Sambusiti et al. (2015) 

Waste activated sludge total CHO, 2315.6 mg L-1; total Pro, 5180 mg L-1 Yang and Wang (2019) 

CHO = carbohydrates; Pro = Proteins 

 

AD of starch produced a maximum hydrogen yield of 138 mL g-1 volatile solids with 60.4% 

hydrogen content in biogas, and the minimum was obtained from fats (4.9 mL g-1 VS) and proteins 

(4.1 mL g-1 VS) (Litti et al., 2021). Wang et al. (2017) found 1.72 mol H2 mol-1 obtained from 10 

g L-1 cassava starch. The AD of the protein sample (peptone) in a batch study achieved a hydrogen 

yield of 0.16 mmol g-1 CODadded at neutral pH (Cheng et al., 2002). Akutsu et al. (2009) 

investigated different substrates, including starch as a carbohydrate and peptone as a protein 

source. Considerable hydrogen yields were observed from starch (20.4 to 175.5 mL H2 g-1 

CODstarch), and for peptone, there was almost no hydrogen production (Akutsu et al., 2009). 
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Table 2-4. Comparison of hydrogen production potential from carbohydrate and protein-

based substrates. 

Substrates Carbohydrate Protein H2 production 

(mL H2 g-1 

VS) 

References 

Organic fraction of 

municipal solid waste 

100% - 152  Alibardi and Cossu (2015) 

 - 100% 5  

Rice 100% - 134 Dong et al. (2009) 

Potato 100% - 106  

Meat - 100% 100  

Rice 100% - 167 Alibardi and Cossu (2016) 

Rice 100% - 96 Okamoto et al. (2000) 

Peptone - - < 5  Litti et al. (2021) 

Starch - - 138   

 

2.6.2 Feedstocks for biomethane 

As for protein or nitrogen-rich wastes for biogas or biomethane production in anaerobic 

digestion, a wide range of substrates, such as animal manure, food waste, and agricultural residues, 

can be used (Table 2.5). For instance, meat processing residues have been shown to increase 

methane production in AD. Meat processing wastes generated 707±46 and 756±56 L CH4 (at 

standard temperature and pressure) kg-1 VS. Similarly, poultry manure and urea have also been 

shown to enhance methane production (100 to 850 mL g-1 VS) (Cai et al., 2021). 

Slaughterhouse wastes are a significant source of nitrogen-rich organic matter and are 

increasingly used as a feedstock for AD to generate bio methane, a renewable energy source. 

Slaughterhouse wastes include blood, bones, carcasses, offals, skin, and feet. This kind of waste is 

composed of a huge amount of proteins, COD, lipids, total solids (TS), volatile solids (VS), and 

less carbohydrates with low pH (Rawoof et al., 2021). Blood is a proteinaceous organic matter; 94 

to 96% of blood is protein. This highly degradable protein of blood plus its lipid/fat content (3% 

of the volatile solids (VS)) contribute to its high potential methane yield (500 L kg−1 VS) (Nazifa 

et al., 2021). Because blood is very rich in protein, and its nitrogenous content is high, it should be 
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co-digested with other substrates of high carbon content to adjust the carbon: nitrogen ratio (C:N) 

within the optimum range for AD. Feedstock such as manure, wheat straw, and paunch could be 

co-digested with blood. Blood provides powerful and nutritive components to anaerobic microbial 

cultures (Cuetos et al., 2017; Nazifa et al., 2021). The co-digestion of fruit and vegetable waste, 

spent coffee residue, and swine manure yielded 198.1 mL CH4 g
-1 VS (de Quadros et al., 2022). 

 

Table 2-5. Feedstocks having different substrate compositions used for CH4 generation. 

Feedstocks Substrate composition CH4 yield  

(mL g-1 VS)  

References 

Canteen waste TS = 15.01 ± 0.98% 

VS = 14.18 ± 0.52% 

Proteins = 3.58 ± 0.15% 

724   Li et al. (2018) 

Passion fruit peel - 78-115  dos Santos et al. 

(2020) 

Canteen waste TS = 24.7% 

VS = 95.2%TS 

Carbohydrate = 34.3% 

Protein = 22.4% 

Lipid = 43.3% 

626   Li et al. (2018) 

Cow dung TS = 34.66% 

VS = 19.52% 

Fibers = 18.7%TS 

Proteins = 0.6%TS 

Lipids = 12.3%TS 

238   Qiao et al. (2011) 

Pig slurry  TS = 3.93% 

VS = 73.62% 

COD = 28000 mg L-1 

740  Ozbayram et al. 

(2018) 

Cow manure TS = 15.1 ± 0.08% 

VS = 13.1 ± 0.08% 

sCOD = 13250 ±315 mg L-1  

138  Dhiman et al. (2018) 

Swine slaughterhouse 

waste 

TS= 91% 

VS= 91.5% 

851  Ning et al. (2016) 

Cattle manure TS = 6.60 ± 0.01% 

VS = 4.98 ± 0.09% 

Lignocellulose = 37.70 ± 1.32% 

124  Neshat et al. (2017) 

Grass sillage TS = 27%, VS= 91% 238  Dooms et al. (2018) 
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2.6.3 Manure 

Manure is an organic waste generated by animals, most often in cattle production. Manure 

includes organic molecules such as nitrogen, phosphorus, carbon, and other nutrients. Manure 

qualities might vary based on the animal species, the type of feed ingested, and the management 

practices employed. Because of its high organic content and nutritional value, manure is a 

significant feedstock for AD. Manure’s nitrogen and carbon components offer an important energy 

source for the microorganisms driving the AD process, creating biogas (Mutungwazi et al., 2022). 

Aside from generating electricity, AD can also assist in minimizing the volume of manure and 

other organic wastes. 

Manure contains considerable protein (12 to 48 wt.%), depending on the animal and the growth 

stage (Tasaki, 2021). Poultry breeding industries produce massive amounts of manure waste. The 

global production of manure is about 20,708 million tonnes, with Asia and Europe generating 

11,514 and 2039 million tonnes of chicken manure per year, respectively (Konkol et al., 2023). 

However, only 30-40% of this manure is converted into biogas by AD (Bayrakdar et al., 2017). 

The technological difficulties lower the broader use of manure for renewable energy generation. 

The reason is that poultry manure is hard to disintegrate and biodegrade into biogas efficiently 

(Molaey et al., 2019). In China, approximately 155 million tonnes of poultry manure are produced 

annually, which can produce 3×1014 KJ energy (Bi et al., 2020). In Canada, 1.61 × 107 oven-dried 

tonnes of agriculture livestock manure is produced annually, generating 7.10 × 106 tonnes total 

carbon (Levin et al., 2007) and 2.415 × 1014 Btu (Lory, 2019). Table 2-6 comprehensively outlines 

the contribution of different animal manures to biogas production, providing a detailed breakdown 

of biogas components to the overall yield. 
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Table 2-6. Biogas and methane yield from different livestock manures.  

Type of 

manure 

Biogas 

produced 

(m3 kg-1) 

CH4 

content 

(%) 

 CO2 

content 

(%) 

CH4 yield 

(m3 kg-1) 

References 

Chicken  0.4–0.6  5 –72 30–50 0.27 Jain et al. (1981); Noorollahi et 

al. (2015); Taiganides and 

Stroshine (1971); 

Cow  0.26–0.28 50–60 34–38 0.14 Jain et al. (1981); Noorollahi et 

al. (2015) 

Cow 4.00   54.50  44.25 2.18 Obileke et al. (2020) 

Sheep  0.22–0.24 40–50 37.6 0.1 Babaee et al. (2013); Jain et al. 

(1981) 

Sheep 0.258  65 35  Halim et al. (2017) 

Goat  0.58  29.5 - 0.172 Halim et al. (2017) 

Chicken  0.466 30.2 - 0.14 Halim et al. (2017) 

Goat  0.120-0.130  - - - Ndubuisi-Nnaji et al. (2020) 

Pig  - - - 0.316 Zhang et al. (2014) 

Buffallo  8.98 52.27  42.8 

 

- Chuanchai and Ramaraj (2018) 

Horse  - - - 0.17 Mönch-Tegeder et al. (2013) 

Swine  0.320 (of TS) 58.8–

69.5 

- - Xiao et al. (2019) 

Pig  0.444±0.011  - - - Feng et al. (2017) 

Mink   - - 0.239–0.428  Bulak et al. (2020) 

Mink   - - 0.368–0.591 Zarkadas et al. (2016) 

Horse   - - 0.245 Carabeo-Pérez et al. (2021) 

Rabbit   - - 0.326 Carabeo-Pérez et al. (2021) 

Goat   - - 0.112 Carabeo-Pérez et al. (2021) 

Pig  - - - 0.41 Li et al. (2015) 

Chicken   - - 0.377 Li et al. (2015) 

Rabbit   - - 0.323 Li et al. (2015) 

Elephant   - - 0.275 Sawatdeenarunat et al. (2021) 

Donkey  0.0023  - -  Harrison et al. (2020) 

 

2.6.4 Carbohydrates-rich substrates 

Carbohydrate-rich feedstocks or wastes can produce higher yields of biohydrogen and 

biomethane compared to protein- and lipid-rich substrates. Carbohydrate-rich organic wastes 

include food waste, agricultural residues, and municipal solid waste (Lin et al., 2016). Studies have 

shown that these wastes contain a larger amount of carbohydrates, which can result in 20 times 

more hydrogen production than fat-rich organic waste (Lay et al., 2003). The fermentation process 



 37 

of carbohydrates leads to higher hydrogen yields than lipids and proteins, which produce glycerol 

and long-chain fatty acids and ammonia, respectively (Okamoto et al., 2000). 

For instance, Cai et al. (2004) noticed 3.47 mL H2 g
-1 dry solid from protein-rich waste (alkali 

pre-treated sludge), while Guo et al. (2008) observed 16.6 mol H2 mol-1 sucrose from 

carbohydrate-rich wastewater (molasses). The experiment conducted by Xiao et al. (2010) showed 

that the highest hydrogen yields obtained were 0.077 mL H2 mg-1 protein and 0.14 mL H2 mg-1 

glucose at neutral initial pH. While high levels of carbohydrates in substrates can encourage the 

proliferation of acid-forming bacteria, it can adversely impact the growth of methane-producing 

bacteria (Gelegenis et al., 2007). 

 

2.6.5 Protein-rich substrates 

According to Ling et al. (2022), around 100 million tonnes (Mt) of protein-rich waste is 

generated annually, mainly from municipal solid waste, which is inadequately treated. In the 

United States, 18.4 Mt of slaughterhouse waste was generated in 2016 (Loganath and Senophiyah-

Mary, 2020) and globally, 19.71 Mt of poultry meat was produced in 2019, with 20% (i.e., 3.94 

Mt) of it was wasted, causing greenhouse gas emissions (Ghosh et al., 2019; Loganath and 

Senophiyah-Mary, 2020). The poultry industry generates several byproducts, such as viscera, 

bones, blood, heads, feet, and feathers, which form 28–30% of the total weight. Specifically, the 

intestines represent 20–30% of these processing byproducts and are a rich source of proteins and 

lipids (Jamdar & Harikumar, 2005). Poultry waste components, including feathers (85–99% pure 

keratin protein), blood meal (60–80% of crude protein), bones (23–24% of crude protein), heads 

and feet (16% of crude protein), viscera (11–12% of soluble protein), and intestines (53–60% 

protein content), exhibit high protein percentages, indicating their substantial protein content 
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(Lasekan et al., 2013). The fishing industry generates 75.24 Mt of fish waste annually worldwide, 

accounting for 30-70% of the raw material by weight (Shanthi et al., 2021). The composition of 

carbohydrates, protein, and lipids of various feedstocks is provided in Table 2-7. 

 

Table 2-7. Protein, lipid, and carbohydrate content of different substrates derived from 

various animal and plant sources are available for AD. 

Feedstocks (% VS)  

unless indicated otherwise 

Carbohydrate Protein Lipid References 

Blood   5.3  94  0.3  Hallaji et al. (2019) 

Meat extract   3 68  < 1 Kovács et al. (2015) 

Waste activated sludge (g COD L − 

1) 

2.23  9.01  4.01  Kovács et al. (2015) 

Slaughterhouse waste   2.1 70  27  Handous et al. (2019) 

Fish waste (g – 1 TS) 0.85  0.15  - Wu and Song (2021) 

Animal kitchen waste   10 54  35  Kobayashi et al. (2012) 

Bovine blood serum water   26  73 1  Langone et al. (2019) 

 

Many studies have been performed to improve the biohydrogen production potential from 

protein-rich wastes. The hydrogen yield from protein-rich food waste with S. cerevisiae produced 

186.1 mL H2 g
-1 TVS, whereas 171.9 mL H2 g

-1 TVS was produced from the same substrate when 

mixed with hydrogen-producing bacteria derived from activated sludge (Song et al., 2010). The 

authors justified the findings by stating that S. cerevisiae produced some proteinase enzymes that 

facilitated protein degradation besides providing a conducive anaerobic environment for 

hydrogen-producing bacteria (Song et al., 2010).  

Some previous studies have demonstrated that sufficient protein content in the complex 

substrates improves biohydrogen production. For example, Xia et al. (2012) found that adding 

chicken feathers (37% w/w protein) to swine manure increased methane yield from 452 to 496 L 

kg-1 VS fed, indicating a potential improvement in CH4 production. In the same study of anaerobic 

digestion of slaughterhouse sludge, total gas volume was increased by 183%, rising from 104 L in 

controls (sludge only) to 294 L when mixed with feather (23% w/w protein). In another study, 
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using a mixed substrate containing 40% protein (85% slaughterhouse waste, 4% food industry 

residues, 6% hydrolyzing yeast, and 5% manure) yielded 466.8 mL H2 day-1, significantly 

outperforming the control, which produced less than 100 mL H2 day-1 (Karlsson et al., 2008). The 

efficiency improved when the fruit and vegetable waste was supplemented with crude cheese whey 

(739.46 ± 4.6 μg protein mL-1) to produce 10.68 mmol H2 L
-1 h-1 and biohydrogen yield of 450 mL 

H2 g
-1 COD. On the other hand, when only fruit and vegetable waste was used as a single substrate 

(C/N ratio = 46) the biohydrogen production was initiated many days after that obtained when 

these two feedstocks were combined and produced 330 mL H2 g
-1 COD. This fact suggests a lack 

of proteinaceous nutrients in fruit and vegetable waste, essential for biohydrogen production 

(Gomez-Romero et al., 2014). 

 

2.7 Codigestion 

Even if carbohydrates have higher biohydrogen potentials than proteins, carbohydrates are 

needed in AD to balance the carbon-to-nitrogen (C/N) ratio for hydrogen-producing bacteria 

growth. Numerous studies have examined the appropriate nitrogen levels for enhancing hydrogen 

production, but an optimal C/N ratio cannot be universally defined because of variations in the 

fermentation processes. For example, digesting manure as a single substrate (mono-digestion) has 

some drawbacks (Li et al., 2013) since AD depends on substrate characteristics. For example, 

substrates with high nitrogen content produce ammonia during degradation, and high ammonia 

concentration prevents microorganisms from growing. This issue could be solved by co-digesting 

another substrate with low nitrogen content. Ammonia nitrogen is less inhibitory in its ionic form 

(NH4
+) than as free ammonia (NH3), but the partitioning between these forms is dependent on 

temperature and pH. For this reason, ammonia inhibition has been reported in a wide range of total 
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ammonia nitrogen (TAN) concentrations between 1500 and 7000 mg N L−1 (Sun et al., 2016).  Lin 

and Lay (2004) determined that a high concentration of nitrogen (C/N ratio of 47) was necessary 

for improving hydrogen production to a yield of 4.8 mol H2 mol−1 sucrose, while Cheong and 

Hansen (2007) found maximum hydrogen rates of 25 mL H2 h−1 g−1 at lower C/N ratio (30). 

However, the best hydrogen yield of 281 mL H2 g
−1 starch was obtained by Argun et al. (2008) at 

a C/N ratio of 200 and a C/P ratio of 1000, namely, for lower concentrations of nutrients. 

 Bai et al. (2004) conducted batch experiments using a mixture of 40% protein (peptone) and 

60% carbohydrate (glucose). They noticed that mixed substrates improved the biohydrogen yield 

(3.5 to 3.65 mmol H2 COD g-1 ) compared to mono-substrate (0.4-0.5 mmol H2 COD g-1 peptone). 

Dairy manure is usually codigested with another substrate to enhance digestion and increase 

biohydrogen or biogas yield. Generally, the biogas yield of feedstocks with a higher proportion of 

fats and lipids is maintained equal to or more than that of feedstocks containing more nitrogen or 

proteins (Neves et al., 2009). Moreover, feeding poultry manure as the main substrate in co-

digestion helps mitigate GHG emissions and energy production. Nguyen et al. (2021) showed that 

the two-stage co-digestion process involving manure and pineapple waste increased the COD 

removal efficiency, hydrogen production rate, and net energy gains, produced high-quality biogas, 

and significantly reduced fermentation time. The maximum hydrogen and methane production 

rates were 1488.62 and 991.57 mL L-1 d-1, respectively, reaching optimal HRTs of 4.5 h for 

hydrogen and 9 days for methane production. Table 2-8 provides the results of studies on the co-

digestion of dairy manure and other substrates. 

Ruiz and Flotats (2016) found that the mean upper potential for methane production was 356 

NmL CH4 g
−1 VS when using orange peel with bovine manure under mesophilic conditions. Martín 
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et al. (2010) obtained a lower potential of 230 NmL CH4 g
−1 VS using sludge with orange peel 

under mesophilic conditions.  

 

Table 2-8. Selected studies on co-digestion of dairy manure with various fruits and 

vegetables. Wastes. 

Co-substrate Reactor 

 type 

Mixing ratio  

(manure: co-substrate) 

Temp 

 (°C) 

Methane  

or Hydrogen 

yield 

References 

Aloe peel waste Batch 3:1 wt. basis 36 195.1 mL g-1 

VS 

Huang et al., 2016) 

Meat and bone 

meal 

Batch 90:10 VS basis 38 0.25 m3 CH4 

kg-1 VS 

Andriamanohiarisoamanan

a et al. (2017) 

Pineapple  waste CSTR 1:1 and 1:1.5 COD based 37 1488.62 mL 

H2 L-1 d-1   

and 

 991.57 mL 

CH4 L-1 d-1 

Nguyen et al. (2021) 

Corn silage and 

olive pomace  

Batch Cattle  manure 45%, corn 

silage 25%, chicken 

manure 15%, and olive 

pomace 15% w based 

40 50.4 mL H2 g-1 

VS  

Shen et al. (2022a) 

Fruit–vegetable Batch 35: 65 w based 55 126 ± 22 mL 

H2 g−1  VS 

Tenca et al. (2011) 

Sorghum stem Batch 36 C:N based  37 478 mL biogas 

g -1 VS  

Zhang et al. (2016) 

Coffee mucilage Batch 1: 3 w based 35–55  7.6 NL H2 L-1 

d-1 

Hernández et al. (2014) 

 

2.8 Protein Anaerobic Digestion 

The first stage of AD (hydrolysis) is the most important step for methane and hydrogen 

production from protein-rich waste (Xiao et al., 2014). This step dramatically affects methane and 

hydrogen production (Xue et al., 2015). Unlike carbohydrates, proteins possess a unique three-

dimensional structure. Generally, hydrolysis (stage-I) is slow since the protein remains 

unsusceptible to protease enzyme cleavage in its native folded conformation (Carbonaro et al., 

2012). Therefore, hydrolysis is a rate-limiting step in AD of solid and particulate substrates such 

as dairy manure (12 to 24% total solids). The hydrolysis rate is inversely proportional to the solids 

content. Therefore, hydrolysis of dairy manure’s cellulosic or lignocellulosic fraction improves its 
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biomethane yield, requiring lower retention time (Saady et al., 2021).  Besides cellulosic or 

lignocellulosic fractions, fiber and crude protein are the two major animal manure components 

(Shang, 2007; Wen et al., 2007). In protein hydrolysis, complex proteins in animal manure are 

broken down into simpler compounds. This process helps recover protein from manure for animal 

feed or other applications (Zubair et al., 2020). Manure contains organic nitrogen, a mixture of 

proteinaceous compounds, purines, nucleic acids, uric acid, urea, and other compounds containing 

nitrogen. Through enzymatic hydrolysis, these compounds are transformed into ammonium 

(NH4
+) and become available for use by crops (Whalen et al., 2019). 

The hydrolysis step is mostly catalyzed by enzymes. Other than proteases, enzymes such as 

cellulase, amylase, and lipase also break down large molecules of complex substrates into small 

molecules secreted by microbes or plant-based, making them available for other bacteria 

(Abdelgadir et al., 2014). Equations (2-16) to (2-20) show an example of a hydrolysis reaction 

where a protein (Nazifa et al., 2021) and polysaccharide molecule (Abdelgadir et al., 2014) are 

broken down into amino acids and monosaccharides: 

Lipids → Fatty acids                                                                                       (2-16) 

Protein → Amino acids + polypetidase                                                           (2-17)  

(−𝐻𝑁𝑅𝐶𝑂 −)𝑛: 𝐻2𝑂 →  𝐻2𝑁 − 𝑅 − 𝐶𝑂𝑂𝐻                                                (2-18) 

Polysaccharides → Monosaccharides                                                              (2-19) 

𝐶24𝐻40𝑂20: 𝐻2𝑂→ 𝐶6𝐻12𝑂6                                                                           (2-20) 

 

Some challenges may appear during the hydrolysis of nitrogen-rich cellulosic material like 

manure. These challenges include (i) higher protein content (±20% of the dry matter), (ii) large 
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particulate size (75% of the dairy manure has size >0.125 mm), and (iii) low fiber degradability 

(Saady et al., 2021).  

In the presence of protease-producing microorganisms, protein is hydrolyzed to amino acids 

and peptides by the extracellular enzymes (stage I). Then, amino acid units are degraded into 

organic short-chain and branched-chain organic acids, consequently metabolized into hydrogen 

and methane through acetogenesis and methanogenesis (stage II). In anaerobic fermentation, the 

acidogens (responsible for acetogenesis) and methanogens (responsible for methanogenesis) differ 

in their physiology, nutritional needs, growth kinetics, and sensitivity to environmental conditions 

(Kayhanian, 1994).  

 

2.8.1 Mechanism of protein degradation by proteinase 

Protein structure can be categorized into four classes: primary, secondary, tertiary, and 

quaternary (Figure 2-3). In primary structure, amino acid units are connected with covalent peptide 

bonds. The common secondary protein structures observed are the alpha (α) helix, the beta (β) 

sheet, loops, turns, etc. Tertiary and quaternary structures describe how various secondary 

structures in polypeptide chains assemble to form a three-dimensional architecture (Kuhar et al., 

2021). 

Protein is hydrolyzed in stage I of AD to amino acids and peptides by extracellular enzymes. 

The amino acid units are degraded to organic short-chain and branched-chain organic acids, which 

are metabolized into hydrogen and methane through acetogenesis and methanogenesis (stage II).  
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Figure 2-3. Primary, secondary, tertiary, and quaternary structure of proteins. 

 

Bovine serum albumin (BSA), a model protein, is dominated by α-helix (65% α-helix, 25% β-

strand, 6% β-turn, and 2% unordered structures) (Wang & Lee, 2006; Xiao et al., 2014). The 

decrease of the α-helix unit refers to the rupture of hydrogen bonding networks, consequently 

initiating protein degradation during anaerobic digestion for biomethane production (Xiao et al., 

2014).  

Protein hydrolysis by rumen in animals significantly differs from the protein degradation in 

anaerobic digesters. According to Xiao et al. (2014), their proposed metabolic pathway of protein 

degradation for biohydrogen formation shows it can be seen that the hydrogen production from 

protein wastewater comes from the conversion of amino acids to volatile fatty acids (Figure 2-4).  

Metabolic pathways are a series of interconnected chemical reactions that convert one or more 

starting molecules into products through intermediates (Agapakis et al., 2012). The proposed 

metabolic pathway converts protein into hydrogen through a series of enzymatic reactions in 

anaerobic fermentation. NADH-Fd reductase and hydrogenase are the key metalloenzymes 

responsible for hydrogen formation in this metabolic pathway. 
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Figure 2-4. Proposed metabolic pathway for anaerobic bio-hydrogen production from protein-

rich wastewater. Adopted from Xiao et al. (2014). 

 

NADH is oxidized by NADH-Fd reductase to recycle NAD1, while hydrogenase oxidizes 

reduced ferredoxin to produce molecular hydrogen (Vignais et al., 2001). Furthermore, 

oxaloacetate transcarboxylase (OAATC) is a key enzyme involved in the propionic acid synthesis 

and NADH consumption (Xiao et al., 2014). 

In rumen, carbohydrate-fermenting microorganisms degrade proteins, and fermentation of 

amino acids can not yield sufficient energy for microorganism growth. Whereas protein 

degradation in AD is mediated by proteolytic bacteria with energy yield 

(Karasov and Douglas, 2013). For instance, methane production rate from protein substrates added 

to digestate from a single reactor was 96.2 mL CH4 g
-1 VS day-1. Abundance of the potentially 

proteolytic genera Proteiniphilum, Fastidiosipila, and Acetomicrobium was observed in the 
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digester (Perman et al., 2022). Proteiniphilum has been described to degrade peptides, complex 

carbohydrates, and Fastidiosipila has previously been coupled to proteolytic activity in pure 

cultures and AD systems (Hahnke et al., 2016). Proteobacteria degraded 47.42±5.62% protein of 

sewage sludge, and methane and biogas yield were 270±33 and 438±53 mL g-1 VSadded. Moreover, 

the biogas production rate was observed at 0.49±0.06 L day-1 (Zhu et al., 2021). Proteolytic bacteria 

in the anaerobic digesters are gram-positive bacteria from the Clostridia genus, which ferment 

amino acids dominantly (Ramsay and Pullammanappallil, 2001).  

For microbial growth in anaerobic digester, nitrogen is one of the important factors in 

nutritional requirements (Abomohra et al., 2022). In an anaerobic digester, proteins, and amino 

acids usually act as a nitrogen source for microorganisms. Various microorganisms and enzymes 

(extracellular proteases) degrade the protein unit of substrates and convert them into amino acids 

through purine and pyrimidine bases (Fonknechten et al., 2010; Yokoyama et al., 2007). 

Microorganisms use the produced amino acids as a nitrogen source; however, the fermentation 

process forms free ammonia or ammonium ions as the final product (Fonknechten et al., 2010; 

Sharma and Melkania, 2018). Free ammonia is considered a main inhibitor; these molecules reduce 

the specific enzyme activity, alter intracellular pH levels, and may cause proton imbalance after 

diffusing through microbial cells (Wang et al., 2016).  

 

2.8.2 Amino acid metabolism (Stickland reaction) 

Amino acid's structure comprises a central carbon atom linked to a hydrogen atom, an acidic 

carboxyl group (―COOH), and an amino group (―NH2). Additionally, each amino acid also has 

an organic side chain or R group, which is unique among the 20 amino acids. The structure of 

amino acids is provided in Figure 2-5. 



 47 

This R group distinguishes one amino acid from the other, while the α carbon, carboxyl, and 

amino groups remain common to all amino acids. Proline is a minor exception to this structure 

since its R group is linked to the α-amine, which forms a ring-like structure. The general linear 

formula of an amino acid is R-CH(NH2)-COOH. The amino acids are grouped in classes according 

to their side chains (Table 2-9). The approximate molecular weight of a protein is found by the 

number of amino acids multiplied by 110 Da. 

Proteins are hydrolyzed by extracellular enzymes (proteases) into amino acids and 

polypeptides. Then, amino acids are fermented through various pathways and produce different 

products depending on the concentration and type of the amino acids present (Ramsay and 

Pullammanappallil, 2001). Under anaerobic conditions, amino acids follow three pathways: 1) 

oxidative deamination of a single unit of amino acid utilizing hydrogen utilizing bacteria; 2) pairs 

of amino acids can be degraded following the Stickland reaction; 3) reductive deamination of a 

single unit of amino acid (Yin et al., 2016). The general equation for these three pathways (Eqs (2-

21) to (2-23)) of amino acids are as follows (Shen and Sergi, 2022). 

𝑅 − 𝐶𝐻(𝑁𝐻2) − 𝐶𝑂𝑂𝐻 + 𝐻2𝑂 +  𝑂2 → 𝑅 − 𝐶𝑂𝑂𝐻 +  𝑁𝐻3 +  𝐻2𝑂2                           (2-21) 

Amino acid 1 + Amino acid 2 → Organic acid 1 + Organic acid 2 + 𝑁𝐻3                        (2-22) 

𝑅 − 𝐶𝐻(𝑁𝐻2) − 𝐶𝑂𝑂𝐻 + 2𝐻++ 2𝑒− → 𝑅 − 𝐶𝑂𝑂𝐻 +  𝑁𝐻4
+                                        (2-23) 
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Figure 2-5. Standard amino acids at pH 7. Adopted from Roberts et al. (1965). 
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Table 2-9. Molecular and linear formulas of 20 amino acids (Ahern et al., 2018). 

Amino acid Abbreviations Molecular formula Molecular weight 

Alanine Ala A C3H7NO2 89.1 

Arginine Arg  R C6H14N4O2 174.2 

Asparagine Asn N C4H8N2O3 132.1 

Aspartic acid Asp D C4H7NO4 133.1 

Cysteine Cys  C C3H7NO2S 121.2 

Glutamine Gln  Q C5H10N2O3 146.2 

Glutamic acid Glu  E C5H9NO4 - 

Glycine Gly  G C2H5NO2 75.1 

Histidine His  H C6H9N3O2 155.2 

Isoleucine Ile I C6H13NO2 131.2 

Leucine Leu  L C6H13NO2 131.2 

Lysine Lys K C6H14N2O2 146.2 

Methionine Met M C5H11NO2S 149.2 

Phenylalanine Phe F C9H11NO2 165.2 

Proline Pro  P C5H9NO2 115.1 

Serine Ser  S C3H7NO3 105.1 

Threonine Thr T C4H9NO3 119.1 

Tryptophan Trp W C11H12N2O2 204.2 

Tyrosine Tyr  Y C9H11NO3 181.2 

Valine Val V C5H11NO2 117.1 

 

𝑅 − 𝐶𝐻(𝑁𝐻2) − 𝐶𝑂𝑂𝐻 + 𝐻2𝑂 +  𝑂2 → 𝑅 − 𝐶𝑂𝑂𝐻 + 𝑁𝐻3 +  𝐻2𝑂2𝑅 − 𝐶𝐻 (𝑁𝐻2)  (2-24) 

𝐶𝑂𝑂𝐻 +  2𝐻+ +  2𝑒− → 𝑅 − 𝐶𝑂𝑂𝐻 + 𝑁𝐻4
+                                                                  (2-25) 

 

During paired amino acids degradation through Stickland reaction, one amino acid having a 

shortage of one carbon atom than the parent amino acid acts as an electron donor, whereas an 

amino acid having the same carbon atoms as the parent amino acid acts as an electron acceptor 

(Eqs (2-24) and (2-25)) (Chen et al., 2021). Amino acid Leucine can act as an electron donor and 

acceptor (Sangavai et al., 2019). Stickland reaction controls around 90% of the amino acid 
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degradation. The Stickland reaction is the simplest way of amino acids fermentation, which 

provides the bacterial cell with approximately 0.5 mol ATP mol-1 amino acid (Sangavai et al., 

2019). In Stickland reactions, paired amino acids decomposition occurs faster than uncoupled 

amino acids decomposition (Sangavai et al., 2019). 

Amino acids like alanine, histidine, methionine, lysine and cysteine were used by Sharma and 

Melkania (2018) in AD of organic fraction of solid waste for biohydrogen production. Butyrate, 

acetate, propionate, and lactate were the major VFA produced in all samples. Microorganisms 

utilize amino acids and produce acetate and pyruvate, and subsequently, from pyruvate results, 

hydrogen, carbon dioxide, butyrate, and acetate. According to Elbeshbishy et al. (2011), acetic acid 

and butyrate type metabolism is favorable for hydrogen; butyrate is produced with 2 mol hydrogen 

as end products, and acetic acid is produced with 4 mol hydrogen from one-mole glucose 

fermentation (Elbeshbishy et al., 2011). Table 2-10 presents group 1 bacteria, which typically 

utilize the listed amino acids, the type of enzyme production of each bacteria, and the 

characteristics of group 1-V bacteria.  
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Table 2-10. Amino acid-degrading anaerobic bacteria and produced enzymes. Adopted from 

Ramsay and Pullammanappallil (2001). 

Group Species Enzyme production 

by each bacteria 

Utilized Amino 

acids by all 

bacteria of 

group 1  

Characteristics 

of all group 1 

bacteria 

Group I bacteria     

C. sordellii 

C. botulinum types A, B, F 

C. caloritolerans 

C. sporogenes 

C. cochlearium – one strain. 

C. difficile 

C. putrificum 

C. sticklandii 

C. ghoni 

C. mangenotii 

C. scatologenes 

C. lituseburense 

C. aerofoetidum 

C. butyricum 

C. caproicum 

C. carnofoetidum 

C. indolicum 

C. mitelmanii 

C. saprotoxicum 

C. valerianicum 

proteo/saccharolytic 

proteo/saccharolytic 

proteo/saccharolytic 

- 

proteo/saccharolytic 

specialist 

saccharolytic 

proteo/saccharolytic 

specialist proteolytic 

proteolytic 

saccharolytic 

proteo/saccharolytic 

- 

saccharolytic 

- 

- 

- 

- 

- 

- 

proline, serine, 

arginine, 

glycine, leucine, 

isoleucine, 

valine, 

ornithine, lysine, 

alanine, 

cysteine, 

methionine, 

aspartate, 

threonine, 

phenylalanine, 

tyrosine, 

tryptophan, and 

glutamate 

organism that 

carry out 

Stickland 

reaction; 

proline utilized 

by all species; 

δ-

aminovalerate, 

α-

aminobutyrate 

and 

γ -

aminobutyrate 

produced. 

Group II bacteria    

C. botulinum types C 

C. histolyticum 

C. cochlearium – one strain 

C. subterminale 

C. botulinum types G 

P. anaerobius 

P. variabilis 

P. micros 

proteo/saccharolytic 

proteolytic specialist 

proteolytic 

- 

- 

- 

- 

- 

glycine, arginie, 

histidine and 

lysine 

glycine used by 

all species; 

δ-aminovalerate 

not produced, 
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Table 2-10. Continued. 

 

These microorganisms utilize proline and produce δ-aminovalerate, α-aminobutyrate or γ - 

aminobutyrate as intermediates in the fermentation process. This type of reaction has only been 

reported with Clostridial species. Amino acids known to be commonly involved in Stickland 

reactions include proline, serine, arginine, ornithine, glycine, leucine, isoleucine, valine, serine, 

lysine, alanine, cysteine, methionine, aspartate, threonine, phenylalanine, tyrosine, and tryptophan 

(Ramsay and Pullammanappallil, 2001). 

 

Group Species Enzyme production 

by each bacteria 

Utilised Amino 

acids by all 

bacteria of 

group 1  

Characteristics 

of all group 1 

bacteria 

Group III    

C. cochlearium – one 

strain. 

C. tetani 

C. tetanomorphum 

C. lentoputrescens 

C. limosum 

C. malenomenatum 

C. microsporum 

C. perfringens 

C. butyricum 

P. asaccharolyticus 

P. prevotii 

P. activus 

Specialist Proteolytic 

Saccharolytic 

- 

proteolytic specialist 

- 

proteo/saccharolytic 

saccharolytic 

- 

- 

- 

- 

- 

glutamate, 

serine, histidine, 

arginine, 

aspartate, 

threonine, 

tyrosine, 

tryptophan and 

cysteine 

δ-aminovalerate 

not produced; 

histidine, serine 

and glutamate 

used by all 

species. 

Group IV    

C. putrefaciens proteolytic serine and 

threonine 

δ-aminovalerate 

not produced 

Group V    

C. propionicum specialist alanine, serine, 

threonine, 

cysteine and 

methionine 

δ-aminovalerate 

not produced 
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2.9 Challenges of Nitrogen-Rich Sources in Anaerobic Digestion 

Biohydrogen and biomethane production from nitrogen-rich sources in AD can face several 

challenges. The high protein contents in nitrogen-rich waste easily lead to inhibitory levels of 

ammonia, hydrogen sulfide, and long-chain fatty acids or cause foam formation in the digester (Xu 

et al., 2018). Accumulation of ammonia in AD can inhibit the activity of methanogens and reduce 

the overall methane yield. Moreover, the accumulation of volatile fatty acids (VFAs) is another 

common problem in the AD of manure, which can also negatively impact the methane yield. 

 

2.9.1 Ammonia accumulation 

According to Chen et al. (2008), ammonia is one of the primary factors responsible for reactor 

upsets because it is present almost everywhere in the digester and is often generated in high 

concentrations in waste materials. The principal components of animal waste are manure, urine, 

flushing water, and animal dead bodies, known for their high nitrogen content due to the 

decomposition of urea and proteins (Möller and Müller, 2012). Although ammonia can stimulate 

microbial growth at low concentrations, it can be highly inhibitory when its concentration 

surpasses a certain threshold. Research has identified various inhibitory thresholds of total 

ammonia nitrogen (TAN) concentrations ranging from 3.4 to 5.77 g L−1. These high concentrations 

can significantly reduce methane yield during the AD process, ranging from 20% to 100% 

(Climenhaga & Banks, 2008; Yang et al., 2018). The variations in the results can be attributed to 

the variations in temperature, modes and configuration of the reactor operations, and microbial 

communities unique to different systems (Alsouleman, 2019). Examples of various nitrogen-rich 

wastes and their inhibition of AD is presented in Table 2-11. 
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Table 2-11. Examples of the physicochemical characteristics of different nitrogen-rich wastes and their impact on the inhibition of 

AD. 

Type of waste VS  

(%) 

TS  

(%) 

Total 

NH4
+ 

Nitrogen 

(mg L-1) 

Total 

Nitrogen 

(mg L-1) 

TCOD 

(g L-1) 

Reduction in methane  

or biogas yield  

(%) 

References 

Pig manure 4.6 5.9 4000 6700 - 11 g L-1 TAN –50% CH4 yield  

0.3 g L-1 FAN –53% CH4 yield   

Nakakubo et al. (2008) 

Chicken manure  8.27 11.5  6450  104 10 g L-1 TAN –20% biogas yield 

16 g L-1 TAN –100% biogas yield 

Niu et al. (2015) 

Food waste 23.5 25.3 335 6000 181 4.69 g L-1 TAN –100% CH4 Chen et al. (2016) 

Chicken manure 71.87 90.98 - 4.91  8 g L-1 NH4
+ –43% biogas yield  Wu et al. (2016) 

Municipal waste - - 190 –224 - 2.714–3.289 2 g L-1 TAN –50% CH4 Yield Gao et al. (2019) 

Dairy manure 6.24 7.3 2100 3.8 - 3.2 g L-1 –29% CH4 yield Sutaryo et al. (2014) 

TAN = total ammonium nitrogen (i.e., the sum of free ammonia and ionized ammonia); TCOD = total chemical oxygen demand; TS 

= total solids; VS = volatile solids.
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Excess ammonia's impact on thermophilic AD performance was explored by Alsouleman 

(2019). A 25% and 50% nitrogen-rich poultry manure were added to cattle slurry. The long-term 

(81 to 162 days) experiments revealed that adding 25% manure led to restoring the reactor's normal 

functioning by reorganizing the microbial community structure. However, when 50% manure was 

added, despite the microbial community shift after long-term (day 177- 341) acclimation, the 

process was disrupted and eventually failed after a short, steady operation period (between days 

250 and 270). 

 

2.9.1.1 Mechanism of ammonia inhibition 

Free ammonia nitrogen (FAN) is of primary importance to ammonia inhibition in AD (Capson-

Tojo et al., 2017). The accumulation of metabolites such as ammonia and free ammonia in high 

concentrations can impede methanogenesis during AD of protein-rich substrates. These 

metabolites can inhibit microbial activity (Yenigün and Demirel, 2013) by diffusing across the cell 

membrane and leading to cellular content leakage, ultimately affecting microbial cell growth 

(Fagbohungbe et al., 2017). The diffusion of free ammonia into filamentous bacteria cells is faster 

than into non-filamentous cells (Demirel and Scherer, 2008). The normal toxic concentrations of 

free ammonia and total ammonia nitrogen (TAN) are reported to be 600 mg L-1 and 5700 mg L-1, 

respectively (Kovács et al., 2015). Figure 2-6 depicts the indirect effect of free ammonia on the 

methane-producing machinery in bacterial cells. 

During the digestion of protein-rich waste, ammonia is produced as free ammonia and 

ammonium ions (NH4
+) in an aqueous solution. The toxic effect of free ammonia and NH4

+ on 

methanogens involves different inhibitory mechanisms (Wang et al., 2015). 
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Figure 2- 6. Schematic representation of ammonia toxicity during anaerobic digestion (AD) of 

protein-rich biowastes. Modified from Ling et al. (2022) with copyright permission.  

 

Free ammonia can passively diffuse into bacterial cells through cell pores, depending on the 

concentration gradient, and once inside the cells, it can absorb intracellular protons and partially 

convert to NH4
+. This conversion of free ammonia to NH4

+ increases the energy requirement for 

the cell's potassium (K+) efflux to balance the number of protons, which potentially causes 

inhibition of specific enzyme reactions. Moreover, when the K+ pump cannot work efficiently due 

to higher ammonia exposure, the accumulated NH4
+ inside the cells destabilizes the intracellular 

pH, leading to cytotoxicity. Other essential cytosolic cations, such as Mg2+ and Na+ have also been 

reported to be affected by ammonia through a similar mechanism. High ammonia can also disturb 

the uptake of essential trace elements required for cell function and cause micronutrient deficiency. 

NH4
+ also affects the biomethane-synthesizing machinery, inhibiting specific enzymatic reactions 

(Faisal et al., 2021). The methanogen inhibition by ammonia is attributed to changes in pH, NH4
+ 

ion concentration, and interference with biomethane-synthesizing enzymatic reactions. 

Methanogens can acclimatize to high-ammonia stress during long-term AD or induce an inhibited 
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steady state in which free NH3 is limited by VFAs accumulation. The microbial communities 

showed changes from acetoclastic to hydrogenotrophic methanogenesis during acclimatization to 

ammonia, accompanied by syntrophic acetate-oxidizing bacteria (Yan et al., 2019). 

The intracellular NH4
+ accumulation is stopped when FAN is found between intracellular pH 

and extracellular pH (7.0 to 8.5 for most methanogens). Lowering the extracellular pH can reverse 

the intracellular accumulation and alleviate ammonia inhibition. Protein, which is a substrate of 

anaerobic digestion, is a common source of both acid and ammonia. Eq. (2-26) shows that pH 

substantially influences the balance between FAN and NH4
+.  

 

𝑁𝐻3 (Free ammonia Nitrogen or FAN) =  
[TAN]

(1+10pKa−pH)
                                      (2-26) 

 

With a given TAN content, a higher pH increases FAN concentration. When two systems have 

the same TAN content and are operated at 37 °C, for instance, the FAN concentration is around 44 

times greater in a solution with a pH of 9 than a pH of 7, which might lead to a more severe 

inhibitory impact. Moreover, most orders of methanogens develop best in a pH range between 6 

to 8 (Harirchi et al., 2022), highlighting the need to maintain a nearly neutral pH during the AD 

process. 

 

2.9.2 Volatile fatty acids accumulation 

High TAN amounts can cause secondary inhibition in AD reactors due to the buildup of 

intermediate compounds, including volatile fatty acids (VFAs) (Yuan and Zhu, 2016). In AD, 

VFAs such as acetic (C2), propionic (C3), butyric (C4), valeric (C5), and caproic (C6) are produced 
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from organic wastes during acidogenesis and acetogenesis steps, and they are converted to methane 

in methanogenesis step (Harirchi et al., 2022). According to Eqs (2-27) to (2-29), hydrogen is a 

typical by-product of the breakdown of different VFAs. 

 

𝐶𝐻3𝐶𝐻2𝐶𝑂𝑂𝐻 +  𝐻2𝑂 →  2𝐶𝐻3𝐶𝑂𝑂𝐻 +  3𝐻2 +  𝐶𝑂2 + 𝐸𝑛𝑒𝑟𝑔𝑦                         (2-27) 

𝐶𝐻3𝐶𝐻2𝐶𝐻2𝐶𝑂𝑂𝐻 +  2𝐻2𝑂 →  2𝐶𝐻3𝐶𝑂𝑂𝐻 +  2𝐻2 + 𝐸𝑛𝑒𝑟𝑔𝑦                           (2-28) 

𝐶𝐻3𝐶𝑂𝑂𝐻 + 2𝐻2𝑂 →  2𝐶𝑂2 +  4𝐻2 + 𝐸𝑛𝑒𝑟𝑔𝑦                                                    (2-29) 

 

According to Siegert and Banks (2005), souring or over-acidification due to the buildup of 

excessive volatile fatty acids (VFAs) by acidogenic and acetogenic bacteria during AD is the most 

common upset. This reflects a prominent imbalance between acid production and consumption 

rates. This imbalance typically drops the pH sharply, causing the reactor's buffering ability to fail.  

An interesting phenomenon related to VFA and daily methane yield was observed by Zheng et 

al. (2015). The author studied the effect of VFA on manure-switchgrass AD. The VFA 

concentration was more than 6 g L-1 on day 3 and 4, which inhibited methane production and 

delayed the peak of methane production in the 2:2 (manure: switchgrass) digesters until day 6. On 

the other hand, digesters with ratios of 1:3 and 0:4 (manure: switchgrass) stopped producing 

methane when the pH decreased below 6.0, and the VFA was above 7.0 g L-1. In addition, the peak 

in daily methane yield did not appear until the VFA content began to decrease and the pH began 

to recover. The high total VFAs concentration (10 g L-1) in digesters was responsible for the longest 

delay in biogas production from two nitrogen-rich substrates (pig manure and kitchen waste), 

propionic and butyric acid were the major composition of the total VFAs (Tian et al., 2015). 

Butyric acid accounted for a large proportion, and acetic acid and propionic acid accounted for 
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small proportions in AD of manure, rice straw, and pig manure. 1035.30 ± 48.37 mg L-1 was 

obtained at 5:1 (rice straw: pig manure), confirming that butyric acid accumulation was positively 

associated with biohydrogen production (Chen et al., 2021). 

Changes in pH can significantly affect the microorganism’s development and metabolic 

pathways. Excessive VFAs concentration can cause the pH to fall below the ideal range, leading 

to lower biogas output and monetary losses (Theuerl et al., 2019). Acidogenic bacteria may operate 

in a wider range of pH (4.0 to 8.5), but methane-forming archaea are particularly sensitive to pH 

fluctuations and can only withstand a small range (6.5 to 7.2) (Xu et al., 2020). Nevertheless, 

acidification in AD reactors can interfere with the hydrolysis and acidogenesis stages and inhibit 

methanogenesis, such as slowing down or reducing the efficiency of hydrolysis and 

methanogenesis steps (Li et al., 2009). 

The AD performance can be adversely affected by over-acidification in full-scale installations, 

according to laboratory tests carried out in precisely controlled environments by Moeller and 

Zehnsdorf (2016). A full-scale AD reactor fed with animal manure and energy crops encountered 

excessive acidification for just two days, as Moeller and Zehnsdorf's research demonstrated, which 

dramatically declined biogas and power production from 13.5 to 6.9 MWh day-1. Their 

investigation detected the highest acidity as 9196 mg L-1 of VFA. It is crucial to remember that, 

while uncommon, these instances happen and significantly influence the performance. 

VFAs produced in AD may have different effects on the process. This has led to differing 

opinions on which type of short-chain fatty acid is the key indicator of reactor acidification and 

potential process failure. However, studies like Srisowmeya et al. (2020), Wang et al. (2006), and 

Wang et al. (2009) have reported that propionic acid has a greater inhibitory effect on biogas 

production compared to other VFAs. This is due to the slower degradation process and higher 
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sensitivity associated with this VFA. The maximum inhibitory levels of propionic acid in various 

experiments are found from 0.8 g L-1 (Ma et al., 2009) to 21.6 g L-1 (Capson-Tojo et al., 2017), 

depending on factors such as the substrate and inoculant used, reactor configuration, and operating 

conditions. 

 

2.10 Microbiology of Biohydrogen Production  

Microorganisms, specifically hydrogen-producing microorganisms (HPMs), play a vital role 

in the biohydrogen production process of organic matter through AD. AD involves using enzymes, 

such as hydrogenase and ferredoxin (Fd), to produce gaseous hydrogen (Kim and Kim, 2011). 

Hydrogenases are key enzymes many microorganisms use to expel excess reducing power or to 

oxidize molecular hydrogen as an energy and electron source (Yu and Takahashi, 2007). These 

enzymes are usually located at accessible positions from outside by electron shuttles in the 

periplasm of HPMs, which are specialized microbial compartments (Schuchmann et al., 2018). 

The Fd, an iron-sulfur protein, acts as an electron carrier at low redox potential and plays an 

important role in this process. Moreover, hydrogen production is essential in maintaining the 

balanced redox potential of microorganisms. More reduced compounds will form with the 

prohibited hydrogen production (Harirchi et al., 2022). 

Mixed culture fermentation is widely used for biohydrogen and biomethane production in AD 

of nitrogen-rich waste. The process involves the synergistic action of different groups of 

microorganisms, particularly bacteria and archaea (Bharathiraja et al., 2016). The dominant 

communities of HPMs, which can grow faster and have a broader pH range compared to hydrogen-

consuming microorganisms (HCMs), are usually responsible for favorable conditions for hydrogen 

production. HPMs are also more resistant to harsh conditions than methanogens.  
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Several bacterial species are known to play a crucial role in the hydrolysis and fermentation of 

nitrogen-rich waste in AD. These include Clostridium, Bacillus, Enterobacter, and Proteus 

species, among others. Among HPMs, clostridium is considered one of the most effective nitrogen-

rich waste degraders, with some species capable of producing biohydrogen, biomethane, and other 

value-added products (Rawoof et al., 2021). Other bacterial species, such as Bacillus coagulans 

and Enterobacter aerogenes, have also been reported to produce biohydrogen from nitrogen-rich 

waste in mixed culture fermentation (Laxman Pachapur et al., 2015). A list of microbial 

communities involved in protein-rich substrate degradation is provided in Table 2-12. 

Anaerobic digestion of organic waste involves a complex microbial community where 

different bacterial species work synergistically to break down the organic matter into simpler 

compounds, which are further metabolized to produce biogas (Harirchi et al., 2022). The primary 

factor responsible for the changes in the microbiome composition during the digestion of protein-

rich substrates is the formation and accumulation of ammonia. Temperature, solution pH, and 

substrate feeding also contribute to changes in the microbiome composition. In the mono-digestion 

of pig blood and casein, pronounced changes in bacterial communities have been observed, 

including an abundance of Firmicutes, Proteobacteria, and Bacteroidetes. Pig blood (94% protein) 

digestion resulted in an abundance of Dethiosulfovibrio peptidovorans, a strict amino acid-using 

bacterium. Casein (82 % protein) digestion was associated with an increase in Clostridium 

sticklandii, Alkaliphilus oremlandii, and Alkaliphilus metalliredigens (Kovács et al., 2013). 

Similarly, fish waste AD was abundantly associated with Clostridium (in acetogenesis step), 

Cryptanaerobacter (aromatic amino acid biodegrader), Proteiniclasticum (anaerobic proteolytic 

bacteria), and A. colombiense (protein degrader) (Bücker et al., 2020). 
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Table 2-12. Microbial communities involved in protein-rich substrate digestion. 

Waste source Major bacteria 

involved  

Experiment summary References 

Meat extract Cloacamonas 

acidaminovorans 
Bacillus coagulans, 

Bacillus subtilis, 

Candidatus 
Pseudomonas 

fluorescens, 

Limiting factors were NH3 and H2S 

accumulation   

Kovács et al. (2015) 

Pig blood 

protein and 

casein 

Alkaliphilus 

metalliredigens, 

Alkaliphilus oremlandii, 

Dethiosulfovibrio 

peptidovorans 

Essential to have proper process 

control and allow the microbial 

community to adjust to the 

uncommon substrate. 

Treu et al. (2019) 

Slaughterhouse 

waste 

Syntrophomonas sp., 
Coprothermobacter sp., 

Anaerobaculum sp. 

Limiting factors were the substrate's 

lipid content and the microbial 

community's structure.  

Palatsi et al. (2011) 

Meat extract and 

kitchen waste 

Clostridia, 

Thermotogae, 

P. fluorescens, B. 

coagulans, 

B. subtilis 

Acclimation at low substrate levels is 

necessary for the microbial 

community to adapt sufficiently. 

Kovács et al. (2015) 

Fish waste, 

silage, and cow 

manure 

Clostridium sp., 

Syntrophomonas, 

Candidatus 

Cloacimonas 

acidaminovorans 

As microbial communities break 

down the same substrate over time, 

they become less diverse and 

specialized. This process is often 

observed in the presence of high 

concentrations of ammonium and 

VFAs, where syntrophic prokaryotes 

are commonly found.  

Solli et al. (2014) 

Shrimp chaff 

and corn straw 

Proteiniphilum, Ercella Due to optimum C/N, co-digestion of 

protein waste with carbonaceous 

wastes significantly improves 

biomethane yield. 

Ali et al. (2021) 

Cow manure, 

food and 

vegetable waste, 

corn straw 

Bacteroidetes, 
Proteobacteria, 

Firmicutes, 

Fibrobacteres, 

Spirochaetes 

AD increased hydrolysis rates and 

bacterial community diversity 

through differential carbon release 

rates of substrates. 

Wang et al. (2018) 

Fish waste and 

garden grass 

Clostridiales, 

Bacteroidales, 

Cloacimonadales 

Found dependency of archaea and 

bacterial population abundance on 

the substrate composition. 

Puig-Castellví et al. (2020) 

 

Treu et al. (2019) utilized cheese whey in their mono-digestion experiment and observed a 

significant increase in the prevalence of specific microorganisms, including Cloacimonetes (amino 
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acid fermenter and propionate and butyrate oxidizer), Clostridiales spp. (contributed in butyrate 

production), and Aminobacterium colombiense (acetate and propionate producer from amino acid). 

Some previous studies have demonstrated that sufficient protein content balances C:N (20:1 to 

30:1) in the complex substrates, leading to an improvement in biohydrogen production 

(Chowdhury et al., 2022; Łukajtis et al., 2018). Moreover, many studies have been performed to 

improve the biohydrogen production potential using protein-rich wastes. The hydrogen yield from 

protein-rich food waste with S. cerevisiae produced 186.1 mL H2 g
-1 TVS, whereas 171.9 mL H2 

g-1 TVS was produced from the same substrate when mixed with hydrogen-producing bacteria 

derived from activated sludge (Song et al., 2010). The authors justified the findings by stating that 

S. cerevisiae produced some proteinase enzymes that facilitated protein degradation besides 

providing a conducive anaerobic environment for hydrogen-producing bacteria (Song et al., 2010). 

While there are different bacterial species involved in the anaerobic digestion process, some 

of the key species responsible for manure hydrolysis are listed below: 

Hydrolytic bacteria: These bacteria are responsible for the initial step in the anaerobic 

digestion process, which involves the hydrolysis of complex organic compounds into simpler 

compounds. Some of the key hydrolytic bacteria involved in manure hydrolysis are Clostridium 

thermocellum, Clostridium cellulolyticum, and Ruminococcus albus (Basak et al., 2022). 

Acidogenic bacteria: These bacteria utilize the simple compounds produced by hydrolytic 

bacteria and produce short-chain fatty acids, hydrogen, and carbon dioxide as end products. Some 

of the key acidogenic bacteria involved in manure hydrolysis are Acetobacterium woodii, 

Clostridium kluyveri, and Bacteroides thetaiotaomicron (Liu et al., 2018). 

Methanogenic microorganisms (Archea): These bacteria convert the simple compounds 

produced by acidogenic bacteria into biogas, which is composed primarily of methane (CH4) and 
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carbon dioxide (CO2). Some key methanogenic archea involved in manure hydrolysis are 

Methanosarcina barkeri, Methanobacterium formicicum, and Methanococcus jannaschii 

(Czatzkowska et al., 2020). 

 

2.11 Kinetics of Protein Substrate in Anaerobic Digestion 

The kinetics of the anaerobic process are crucial in developing and operating treatment 

systems. Kinetics are based on the biochemistry and microbiology of the process and offer a logical 

foundation for process analysis, control, and design. These kinetics provide a quantitative 

understanding of waste utilization rates, including carbohydrates, proteins, and lipid wastes, and 

they consider operational and environmental factors that can impact these rates. Therefore, a sound 

understanding of process kinetics is essential for optimizing performance, achieving more stable 

operation, and better controlling the AD process (Gavala et al., 2003; Morais et al., 2021). 

In a process consisting of multiple reactions, the rate of the entire process is determined by the 

slowest reaction, called the rate-limiting step. This step typically involves the hydrolysis of solids 

for AD involving suspended organic matter. In most cases discussed in the literature, 

disintegration, solubilization, and enzymatic hydrolysis are expressed using the term 'hydrolysis' 

(Candido et al., 2019; Wouters et al., 2016). The Michaelis–Menten kinetics (Eq. (2-30)) may be 

applied for the hydrolysis of a soluble substrate and is expressed as: 

 

𝑑𝑆 𝑑𝑡⁄ =
(𝑘.𝐸.𝑆)

(𝐾𝑚+𝑆)
=  𝑉𝑚 (𝐾𝑚 + 𝑆)⁄                                                                 (2-30) 

Where E and S are the enzyme and substrate concentrations, k is the maximum hydrolysis rate 

constant, and Km is the half-saturation rate coefficient (Vavilin et al., 2008). 
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Kinetics of the degradation of protein-rich wastes in AD refers to studying the rate and 

mechanism of the breakdown of protein waste materials by microorganisms in anaerobic 

conditions, such as those found in biogas reactors. The rate of protein hydrolysis is affected by the 

accessibility of the protein to the hydrolytic enzymes, which can be influenced by the protein 

structure and properties, such as molecular weight, solubility, and amino acid composition. The 

rate of protein hydrolysis also depends on the microbial community present in the digester, pH, 

and temperature, as different microorganisms produce different types of enzymes that can break 

down proteins at different rates. 

According to Jovanović et al. (2016), the rate of protein hydrolysis generally increases with 

temperature, with the optimum temperature range for protein hydrolysis being around 50-60 °C. 

However, at temperatures above 70 °C, the rate of protein hydrolysis may decrease due to enzyme 

denaturation. pH can also affect the rate of protein breakdown, with the optimum pH range for 

protein hydrolysis is between 6.5 and 8.0. Retention time can influence the protein breakdown rate 

in AD. Longer retention times can lead to higher protein breakdown rates, as more time is allowed 

for the microorganisms to break down the proteins into amino acids (Pilli et al., 2015). A study 

conducted by Duong et al. (2021) found gelatine hydrolysis at pH 5 was 12-fold slower than at pH 

7. Hydrolysis is the rate-limiting step in gelatine degradation at pH 5. Even after long-term 

exposure of the substrate to pH 5 (480 days), the hydrolysis rate constant for protein (0.05 L g−1 

VSS day−1) was still much lower than at pH 7 (0.62 L g−1 VSS day−1).  

The traditional model used for the hydrolysis of particulate material, such as cow manure, is a 

first-order kinetics model for the substrate. This model was developed empirically to encompass 

the combined effects of a series of microscopic processes. It assumes that the rate of hydrolysis is 

not dependent on the concentration of microorganisms involved (López et al., 2021). 
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The differential equation (Eq. (2-31)), addressing hydrolysis as the first-order reaction not 

directly associated with bacterial growth, is: 

 

𝑑𝑆 𝑑𝑡⁄ =  −𝑘𝑆 →
𝑑𝑃

𝑑𝑡
=  𝛼 𝑘 𝑆                                                                                (2-31) 

 

where S is the volatile solids (VS) concentration, P is the product concentration, k is the first-

order rate coefficient, and α is the conversion coefficient of VS to product (Vavilin et al., 2008). 

This does not imply that microbial growth does not exist, but because the biomass is in excess, its 

concentration is approximately constant and does not influence the rates of substrate consumption 

and methane production (López et al., 2021). Table 2-13 summarizes the typical values of rate 

coefficients for different substrates that can be found in the literature. 

When discussing hydrolysis, several different kinetic equations have been reported in the 

literature, including surface-based and Contois kinetics (Lawrance et al., 2022; Ramírez Calderón, 

2020). While some models assume hydrolysis to be a first-order reaction, it is important to note 

that these kinetics are typically only apparent first-order and that the kinetic constants can vary 

greatly depending on a variety of factors, such as the specific type of microorganisms present or 

changes in particle size distribution (Gaibor-Chávez et al., 2019; Lauwers et al., 2013). 

Sanders et al. (2000) proposed a kinetic expression based on surface coverage, which describes 

the presence of hydrolytic exo-enzymes on bacterial-covered particles. This allows for a constant 

hydrolysis constant per unit area, accounting for fluctuations in enzyme concentration. The 

corresponding equation represents this concept (Eq. (2-32)).  
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Table 2-13. Kinetic coefficients of the first-order rate of hydrolysis of different substrates.  

Substrate k (day -1) References 

Primary sludge 0.99 Ristow et al. (2006) 

Slaughterhouse waste 0.35 Lokshina et al. (2003) 

Crushed manure 0.091 to 

0.137 

Momoh and Saroj (2016) 

Cow manure 0.347  Yaldız (2015) 

Flushed manure 0.43 Ma et al. (2013) 

Swine manure and food waste 0.28 Dennehy et al. (2016) 

Fruit residue 0.12 Zhao et al. (2016) 

Sieved manure 0.3 to 0.8 Jabłoński et al. (2015) 

Blood water 0.29 Bauer (2011); Hejnfelt and Angelidaki (2009) 

Milk protein 0.096 Ho et al. (2019) 

Protein 0.02 to 0.03 Gujer and Zehnder (1983) 

Protein 0.65 Flotats et al. (2006) 

Albumin 0.57 Nagase and Matsuo (1982) 

 

𝜇 =  𝑘𝑆𝐵𝐾𝐴                                                                                                   (2-32) 

 

where kSBK (g m−2 d−1) is the surface-based hydrolysis constant and A (m2) is the surface area  

(of substrate) available for hydrolysis. 

In the initial stage, bacteria colonize the particulate matter, secreting hydrolytic enzymes, 

which subsequently cause the degradation of the substrate (carbohydrates, lipids, proteins) surface 

at a constant rate. This phenomenon can be effectively modeled by employing Contois-kinetics, as 

described by Eq. (2-33) while accounting for the enzyme's variable concentrations. 

 

𝜇 =
𝜇𝑚𝑎𝑥𝑆

(𝐾𝑐 𝑋)+𝑆
                                                                                                (2-33) 

 

Here, μ is the specific growth rate, μmax is the maximum specific growth rate, S is the substrate 

concentration, Kc is the growth coefficient of the Contois function, and X is the microbial 
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concentration. This equation is used to model microbial growth on soluble substrates but has also 

been accepted for kinetic modeling of insoluble substrate degradation (Xu et al., 2012). The 

Contois kinetics equation has also been used to associate and investigate the effect of the 

degradation kinetics of substrates in compost matrix (Nelson and Holder, 2009; Nikolaeva et al., 

2009). 

 

2.12 Modeling of Protein Anaerobic Digestion 

Optimizing the AD parameters can considerably improve biogas production. Hence, 

optimizing and stabilizing process parameters is essential for biogas production from organic 

wastes (Menon et al., 2017). However, traditional methods are inappropriate because they require 

numerous tests and consume a long time and a lot of materials. Statistical models are widely used 

to overcome these limitations. Response Surface Methodology (RSM) is a statistical and 

mathematical tool that can evaluate the influence of significant independent parameters, design 

experiments, and optimize and model the desired responses. The RSM approach has many 

advantages, such as reducing the number of experiments, simultaneously understanding the 

interactions of all parameters, and requiring less time and materials. This analysis technique was 

successfully used for optimizing and modeling manure and other organic wastes AD (Cai et al., 

2021; Jacob and Banerjee, 2016; Yılmaz and Şahan, 2020). The statistical technique is beneficial 

because it involves fewer tests and less time than a full-factorial design (Khoobbakht et al., 2016).  

The optimization of several factors (such as pH, temperature, OLR, HRT, substrate 

concentration, and inoculum concentration)  is necessary to improve the response variable, which 

could be biogas production or methane yield in AD. While a single-factor optimization is 

commonly used, it is not sufficient to explain the interactions between different factors. To address 
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this, studies have used response surface methodology (RSM) with Box-Behnken design (BBD) 

(Rai et al., 2019) or with a Central Composite design (CCD) (Yılmaz and Şahan, 2020) to 

investigate the interactions between various factors. These designs are especially useful in 

sequential experiments, allowing the researcher to build on previous factorial experiments by 

adding axial and center points. CCD is a response surface methodology that is used to model the 

response of a system or process to multiple factors. At the same time, BBD is a type of CCD that 

is particularly useful for three-factor models offering some advantage in requiring fewer runs. This 

advantage disappears for four or more factors (Glyk et al., 2015). Both designs involve a 

combination of factorial and axial points that are used to create a model of the system under study, 

and the system’s response is then analyzed using statistical techniques.  

The minimum and maximum values of the independent variables (OLR, time, concentration, 

pH, etc.) need to be extracted from previous literature of similar studies, and the center point (0) 

is determined from this range. Finally, the dependent variables, such as gas yield, substrate 

degradation, etc., are investigated depending on the experiment's objectives. To optimize cattle 

manure and food waste in AD, Liu et al. (2020) examined hydrogen yield using BBD, assuming 

independent variables such as the substrate (manure) mixing ratio, the substrate concentration, and 

HRT having 15 trials, comprising 12 factorial points and 3 center points, were run. In another 

study, Yılmaz and Şahan (2020) studied the influences of independent parameters (manure TS%, 

inoculum ratio, the amount of additive, and particle size of additive) with 30 sets of experiments 

with six replications of the center points. Each independent parameter in CCD was coded at three 

levels (-1 (lowest)), 0 (central), and +1 (highest)). Design Expert software was used to optimize 

and predict the results of the experiments. Finally, a second-order polynomial model function was 

used to describe system behavior. 
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In AD research, linear regression analysis can be used to understand the relationship between 

a dependent variable and one or more independent variables. The simple linear regression equation 

is used to predict the value of the dependent variable based on the value of a single independent 

variable. The formula for simple linear regression (Eq. (2-34)) is: 

 

𝑦 = 𝐵𝑜 +  𝐵1 ∗ 𝑥                                                                                                (2-34)   

  

where y is the predicted value of the dependent variable (i.e., the outcome variable), x is the 

independent variable (i.e., the predictor variable), Bo is the intercept (i.e., the predicted value of y 

when x is equal to 0), and B1 is the regression coefficient (i.e., the change in y for a unit change in 

x). 

On the other hand, multiple variable linear regression equations are used to predict the value 

of the dependent variable based on the values of two or more independent variables. The equation 

(Eq. (2-35)) takes the form: 

 

𝑦 = 𝐵𝑜 + 𝐵1𝑥1 +  𝐵2𝑥2 + ⋯ … + 𝐵𝑛𝑥𝑛                                                         (2-35) 

 

 where x1, x2, ..., xn are the independent variables, B0 is the intercept, and B1, B2, ..., Bn are the 

regression coefficients associated with each independent variable (Tangwe et al., 2022).   

Various kinetic models such as the first-order kinetic model, modified Gompertz model, Chen 

and Hashimoto, and logistic function model are used to closely analyze the microbial kinetics 

involved during the AD process of protein-rich wastes such as cow manure and chicken waste 

(Kafle and Chen, 2016; Siddique and Wahid, 2018). Most studies also aimed to find the most 

suitable kinetic model (i.e., more statistically relative to the experimental values). All these kinetic 
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models (Table 2-14) have different added benefits determining the parameters such as cumulative 

biogas production potential, hydrolysis kinetics, lag phase duration, and maximum methane 

production (Pramanik et al., 2019).  

 

Table 2-14. Kinetic models and description. 

Kinetic model Equation Description 

First-order kinetic 

model 
𝐺(𝑡) =  𝐺𝑜 ∗ (1 − 𝑒−𝑘𝑡) 

 

Where, G(t) = cumulative 

methane yield at digestion time 

t (mLg-1 VS), Go = methane 

potential of the substrate (mLg-

1 VS), K = methane production 

rate constant (first order 

disintegration rate constant) 

(day-1) (Kafle and Chen, 

2016). 

Modified 

Gompertz model 
𝑃(𝑡) = 𝐴 ∗  𝑒𝑥𝑝 {−𝑒𝑥𝑝 [

𝜇

𝐴
(𝜆 − 𝑡) + 1]} 

 

Where P(t) is the cumulative 

biogas production at time t, A 

is the potential biogas 

production, λ is the lag time, µ 

is the maximum biogas 

production rate, and exp is the 

base of the natural logarithm 

(Kafle & Chen, 2016).  

Logistic function 

model 
𝑁𝑡 =  𝑁𝑜/ (1 +  𝑒𝑥𝑝(−(𝜇𝑚𝑎𝑥 ∗ (𝑡−𝑡𝑙𝑎𝑔))) 

 

 

Where Nt is the cell density at 

time t, N0 is the initial cell 

density, µmax is the maximum 

specific growth rate, and tlag is 

the time lag (Kafle and Chen, 

2016). 

 

 

The first-order kinetic model describes the rate of a reaction as being proportional to the 

concentration of a reactant. In the case of methane production, the production rate is proportional 

to the concentration of the substrate being digested. The first-order kinetic model equation relates 

the rate of methane production to the substrate concentration, the substrate's methane potential, 
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and the methane production rate constant. It is commonly used to model the kinetics of methane 

production in AD processes. The modified Gompertz model is commonly used to describe the 

cumulative biogas production in AD processes. The logistic function model is usually used to 

describe the growth of microorganisms in batch culture. 

 

2.13 Proteinase Enzyme 

Decomposition of proteins to amino acids is a critical step, and one of the most important 

preconditions to using the protein-rich substrate is protease activity level in the system. Proteases 

are enzymes found in almost all living organisms at some point during their lifetimes (Hamza, 

2017). These enzymes have been broadly grouped into three primary classes based on the sources 

from which they are obtained: animal proteases, plant proteases, and microbial proteases (Hasan 

et al., 2022). Commonly studied plant proteases include papain from papaya latex, bromelain from 

pineapple stem, ficin from fig fruit, actinidin from kiwifruit, and zingibain from ginger rhizome 

(Gagaoua et al., 2021). Plant proteases are categorized based on their catalytic mechanism. Most 

of the plant proteases are thiol proteases (CP); serine (SP), metallo (MP), and aspartic (AP) 

proteases are represented among the other plant proteases (Gonzalez-Rabade et al., 2011).  

Proteolytic enzymes are a group of enzymes capable of breaking down long protein chains into 

shorter fragments, such as peptides, and subsequently into their amino acids. They cleave peptide 

bonds, which can lead to the degradation of protein substrates into amino acids or can be specific, 

leading to selective protein cleavage for processing post-translational modification (Callis, 1995). 

Proteases are present in microorganisms like bacteria, archaea, algae, viruses, and plants (Dhagat 

and Jujjavarapu, 2022). In animals, proteolytic enzymes are particularly abundant in the digestive 

tract, aiding in the breakdown of dietary proteins. Pepsin is a gastric endopeptidase, i.e., it breaks 
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peptide bonds within the interior of protein molecules. It is one of the proteolytic enzymes present 

in the stomach, and it is responsible for breaking down proteins into smaller peptides and amino 

acids, which the body can absorb and utilize (Bond, 2019). 

 

2.13.1 Plant sources of proteinase enzymes 

Proteinase enzymes are used in various applications, including food processing, 

pharmaceuticals, and industrial processes. Plant sources for proteinase enzymes have gained 

attention due to their advantages over animal-based sources, such as cost-effectiveness and 

environmental sustainability. A literature review on five plant sources (Figure 2-7) of proteinase 

enzymes: papain, bromelain, ficin, actinidin, and zingibain are discussed in the following section: 

 

Figure 2- 7. Different plant proteases with their enzyme number (Madhusankha and 

Thilakarathna, 2021; Mohd Azmi et al., 2023). 
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2.13.1.1 Papain 

Papain is a proteolytic enzyme found in the latex of papaya (Carica papaya) fruit. It has a wide 

range of applications in the food and pharmaceutical industries, including meat tenderization, 

clarification of beer, and anti-inflammatory activity (Silva-López and Gonçalves, 2019). Papain 

has been reported to have broad substrate specificity, making it useful for hydrolyzing proteins of 

various origins (Arvanitoyannis and Varzakas, 2008).   

2.13.1.2 Bromelain  

Bromelain is a mixture of proteolytic enzymes found in the stem and fruit of pineapple (Ananas 

comosus). Bromelain shows anti-inflammatory, anti-cancer, and anti-thrombotic activities and is 

used in various applications, such as meat tenderization, cosmetic products, and digestive aids 

(Nelson et al., 2022). Bromelain has a wide range of substrate specificity and can hydrolyze 

proteins, peptides, and amino acids (Tavano, 2013). A list of studies on biohydrogen production 

using plant proteolytic enzymes is presented in Table 2-15. 

2.13.1.3 Ficin 

Ficin is a proteolytic enzyme extracted from the latex of fig (Ficus carica) trees. Ficin has a 

broad substrate specificity and is used in the food and pharmaceutical industries for meat protein 

tenderization, digestive aids, and anti-inflammatory agents (Ramezani et al., 2003).  

2.13.1.4 Actinidin 

Actinidin is a proteolytic enzyme found in kiwifruit that aids in protein hydrolysis. It is the 

predominant soluble protein in green kiwifruit, accounting for 40% of soluble protein, and belongs 

to the peptidase C1 family of papain-like proteases (Mills et al., 2004). Actinidin can be called 

Actinidia anionic protease, actinidain, and Act d1 (Boland, 2013). 
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Table 2-15. Plant protease enzyme effect on biohydrogen production using different 

substrates. 

Enzyme Substrate Effect on Biohydrogen References 

Papain Glucose HY increased from 69.5 ± 

3.7 to 244.4 ± 19.4 mLg-1 

glucose 

Elsamadony et al. 

(2015) 

Papain Protein HY increased from 52.2 ± 

7.5 to 130.6 ± 8.5 mLg-1 

protein, 

Elsamadony et al. 

(2015) 

Papain Lipids Hydrogen yield increased 

from 43.0 ± 5.3 to 64.8 ± 

3.1 mL g-1 lipid 

Elsamadony et al. 

(2015) 

Bromelain Residual sludge  

of  cows  dung  

biogas plant 

The higher the 

concentration of 

bromelain, the higher 

quantity of hydrogen. 

Cumulative hydrogen yield 

increased from 2.3 to 3.7 

mL g-1 VS for substrate 

concentration of 8.8 gVS L-

1 and 26.4 gVS L-1. 

Cahyari et al. (2018) 

Bromelain Swine manure  At HRT 6 h, hydrogen and 

methane production rate of 

1240 and 812 mL L-1 d-1 

were obtained. 

Nguyen et al. (2022) 

Bromelain Swine manure  Hydrogen and methane 

yield were 26.2 and 8.6 mL 

g-1 COD 

Nguyen et al. (2022) 

Bromelain Cow dung Improved process stability 

in terms of C/N ratio, total 

ammonia nitrogen, VS 

removal and pH. 

highest biogas production 

rate was observed at 12.80 

mL g-1 VS day. 

Hamzah et al. (2022) 

Ficin Anaerobic 

sludge 

The highest yiled obtained 

was 79 mL H2 g−1 total 

sugar without any pre-

treatment 

Özmıhçı et al. (2022) 

Hy = hydrogen yield;  

 

2.13.1.5 Zingibain 

Zingibain is a proteolytic enzyme found in the rhizomes of ginger (Zingiber officinale). It has 

a broad substrate specificity and is used in the food industry for myofibrillar protein tenderization, 

and in the pharmaceutical industry for anti-inflammatory activity and digestive aids (Abdeldaiem 
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et al., 2014). Table 2-16 concisely presents the ideal conditions for plant proteases to effectively 

hydrolyze protein and collagen, including temperature, pH, and time. It also compares hydrolysis 

rates, offering insights to optimize enzymatic breakdown for these molecules. 

 

Table 2-16. pH, temperature and strength of hydrolysis of myofibrillar proteins and collagen 

by various plant and microbial proteases. 

Protease pH Temp. (°C) Hydrolysis 

of 

myofibrillar 

proteins 

Hydrolysis 

of collagen 

References 

Optimal Active 

range 

 Optimal 

 

Active 

range 

Papain 4.0-6.0 4.0 - 9.0 65-75 50-80 Excellent Moderate Arshad et al. (2016) 

Actinidin 4.5-6.0  58-62   Mild Mild  Tantamacharik et al. 

(2018) 

Bromelain 5.0-6.0 4.0 - 7.0 65-75 50-80 Moderate Excellent Madhusankha & 

Thilakarathna (2021) 

Ficin 7 5.0 - 9.0 60-70 45-75 Moderate Moderate Mohd Azmi et al. 

(2023); Madhusankha & 

Thilakarathna (2021) 

Aspergillus 7 5.0 - 9.0 55-60 50-65 Moderate Poor Calkins and Sullivan 

(2007) 

Bacillus < 6.5 2.5 - 7.0 55-60 40-60 Poor Excellent Arshad et al. (2016) 

 

2.13.2 Microbial sources of proteinase enzyme 

Microbial proteases, enzymes produced by microorganisms, have been widely used in various 

industries due to their ability to catalyze the hydrolysis of proteins. In the context of AD,  

microbial proteinases initiate the breakdown of complex substrates like animal manure, food 

waste, and sewage sludge through a process known as proteolysis, which is the enzymatic cleavage 

of peptide bonds within proteins (Kim et al., 2002). This process is crucial for the AD of protein-

rich organic wastes, serving as the first step in converting these substrates into biogas. 

Theoretically, these enzymes operate by recognizing specific sites on the protein substrate where 

they can bind and exert their catalytic action, cleaving the peptide bonds and leading to protein 

decomposition (López-Otín & Bond, 2008). The specificity and efficiency of microbial proteinases 
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towards different protein substrates are influenced by the enzyme's active site geometry and the 

physicochemical environment, including pH and temperature (Goswami et al., 2016). Then, by 

breaking down complex proteins into smaller, more soluble molecules, proteinases increase the 

availability of these substrates for other microorganisms in the AD process. Smaller peptides and 

amino acids are more easily transported across microbial cell membranes, facilitating their uptake 

by a wide range of bacteria and archaea involved in AD (Christensen et al., 2022). Protein 

breakdown products are used in further metabolism, providing nutrients and energy for 

microorganisms' growth, notably within AD systems. This process supports a diverse microbial 

community, including acidogenic bacteria that convert these products into volatile fatty acids, 

hydrogen, and carbon dioxide (Wang et al., 2022). By initiating the breakdown of proteins, 

proteinases contribute to the degradation of waste and enhance the overall efficiency and stability 

of the AD process. 

Many studies investigated the use of microbial proteases in AD, particularly for treating 

protein-rich waste materials. For example, Sellami-Kamoun et al. (2011) evaluated using microbial 

proteases from Bacillus cereus to hydrolyze fish waste. They found that the protease treatment 

significantly increased biogas production compared to the untreated control. Another study by 

Yong et al. (2020) investigated using microbial proteases from Bacillus sp. for the hydrolysis of 

chicken feather waste and found that the protease treatment improved the solubilization and 

biodegradability of the feather waste. 

Microbial proteases produced by fungi, bacteria, and other microorganisms have different 

characteristics and properties that make them suitable for various applications (dos Santos Aguilar 

and Sato, 2018). For instance, some microbial proteases have broad substrate specificity and can 
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hydrolyze various protein types. In contrast, others have specific substrate preferences and are 

more selective in their activity (Solanki et al., 2021). 

Microbial proteases are hydrolytic enzymes that have been extensively studied and are 

considered one of the most important types of enzymes. Over the past decade, proteases produced 

by microorganisms have gained considerable attention due to their potential use in various 

industrial biotechnological processes, including detergent, textile, dairy, pharmaceutical, and 

leather processing. Proteolytic enzymes from microorganisms are preferred in many industrial 

applications due to their economic and technical advantages (Razzaq et al., 2019; Singh et al., 

2016). This protease group represents approximately 60% of the total enzyme sales worldwide 

(Razzaq et al., 2019). 

In meat industries, proteolytic enzymes, both endogenous in meat and exogenously added from 

plant or microbial sources, play a key role in the tenderization process of meat or meat products 

during aging (Bhat et al., 2018). Bacterial proteases can denature meat proteins due to their low 

inactivation temperature and high specific activity. B. subtilis produces two major proteases, 

subtilisin and neutral protease, approved by the US Food and Drug Administration as Generally 

Recognized As Safe (GRAS) strains for use in the meat industry (Contesini et al., 2018). Plant 

proteases such as bromelain and papain have higher hydrolytic activity in myofibrillar proteins 

than bacterial proteases and are widely used for tenderization (Arshad et al., 2016). However, 

bacterial proteases have been found to have intermediate hydrolytic activity for mediating the 

degradation of collagen, which is comparable to the activity of plant enzymes like papain and 

bromelain (Singh et al., 2019). Table 2-17 shows the properties of some proteases from different 

microbial sources. 



79 

 

Naveena et al. (2004) found elastase produced by Bacillus sp. can degrade elastin, collagen, 

and myofibrillar protein when tenderizing meat. The optimal pH range for elastase activity was 

5.5 to 6, while the optimal temperature range was between 10 and 50 oC.  

Hsiao et al. (2014) found that Aspartic proteases, which are commercial proteases derived from 

A. oryzae, remain stable when the temperature is below 70 °C and have a broad pH range. These 

proteases display optimal activity between pH 2.5 and 6, but their activity decreases to almost 20% 

when the temperature rises to 75 °C (Ha et al., 2013).  

 

Table 2-17. Protease-producing microorganism and enzyme characteristics. 

Microorganism Optimum  

pH 

Optimum  

Temperature  

(oC) 

Molecular 

weight 

(KDa) 

References 

pseudoalteromonas sp. 129-1 8 50 35 Wu et al. (2015) 

Alcaligenes faecalis 

APCMST-MKW6 

9 60 49 Maruthiah et al. (2016) 

Bacillus cereus VITSN04 8 30 32 Sundararajan et al. (2011) 

Pseudoalteromonas arctica 

PAMC 21717 

9 40 74 Park et al. (2018) 

Bacillus circulans BM15 7 40 30 Venugopal and Saramma (2007) 

Bacillus sp. 8 65 68 Srinivasan et al. (2009) 

Xenorhabdus nematophila 8 30 39 Mohamed and Hussein (2007) 

Streptomyces nogalator AC 80 7.5 to 8.5 28 66 Mitra and Chakrabartty (2005) 

Bacillus subtilis PE 11 10 60 15 dos Santos Aguilar and Sato (2018) 

Bacillus sp 7 70 - Karikalan and Mohankumar (2016) 
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CHAPTER THREE 

 

ENHANCING MANURE PROTEIN DEGRADATION BY KIWI 

PEEL WASTE: STATISTICAL OPTIMIZATION USING BOX-

BEHNKEN DESIGN AND RESPONSE SURFACE 

METHODOLOGY 
 

Abstract 

 

Anaerobic digestion (AD) of protein-rich waste (PRW) is challenged by ammonia 

accumulation. This study explores the potential of Kiwi peel waste (KPW)-derived proteases 

(actinidin) to enhance manure protein degradation. It used Box–Behnken response surface design 

to optimize the protein quantity and ammonia reduction. It studied the individual and interactive 

effects of manure hydrolysis conditions (manure dosage, KPW dosage, and time). The 

experimental data were assessed through ANOVA analysis, and a highly predictive second-order 

polynomial model was established using multiple regression analysis. The optimal hydrolysis 

conditions for reducing manure protein quantity by 39±0.54% are 4 g VSmanure L
-1, 7.5 g VSKPW L-

1, and 48 h hydrolysis time. However, the optimum hydrolysis conditions for reducing NH3-N by 

64±0.65% are 9 g VSmanure L-1, 7.5 g VSKPW L-1 and 48 h hydrolysis time. Predicted and 

experimentally observed reductions were consistent. The effects of the KPW on functional groups 

and morphological structure of manure were also investigated through Fourier Transform Infrared 

(FTIR) spectroscopy and Scanning Electron Microscopy (SEM).  The disturbance of hydrogen 

bonds and the breaking of amide or N-H bonds within side chains in the hydrolyzed manure sample 

are confirmed through a change and decrease in peak intensity from 3200 to 3400 cm-1. The tests 

characterizing the hydrolyzed substrate and the statistical model data affirm that employing KPW 

for manure hydrolysis is a feasible and economically viable strategy to tackle ammonia buildup. 
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This approach can potentially enhance protein degradation in manure, resulting in increased 

biohydrogen and biomethane production in dark fermentation. These results are based on lab-scale 

experiments. A scale-up study would be crucial to evaluate the feasibility and efficiency of the 

optimized conditions in industrial settings. Also, there is a new scope of research to explore the 

effects of using different types of manure (chicken, pig, etc.) or other slaughterhouse waste to 

understand the model’s viability on different proteinous wastes. To find out the highest operating 

condition, there could be investigations on the stability of actinidin under different environmental 

conditions, such as temperature, pH, nutrients, etc. 

 

Keywords: Atctinidin enzyme, Response Surface Method, Manure protein, Ammonia, 

Hydrolysis, Proteases  

 

3.1 Introduction 

The meat processing industry produces diverse products, including fresh and frozen meat and 

processed products. The production of meat products generates roughly the same volume of waste 

from the slaughterhouses (Wang et al., 2018). These waste materials comprise manure, blood, 

feathers, and organ tissues rich in protein and lipids. Incorrect disposal of such waste harms air 

and water quality and raises concerns about human health due to pathogenic microorganisms 

(Tolera and Alemu, 2020). Furthermore, different categories of cattle produce varying quantities 

of manure, with dairy cows being the highest contributors, further exacerbating waste management 

issues. However, dairy cows are the highest manure producers, generating around 62 kg day-1, 

about 10% of their body weight (Statistics Canada 2006). Traditional waste disposal methods are 

inadequate to address the growing concerns associated with slaughterhouse waste and the inherent 

https://www150.statcan.gc.ca/n1/pub/16-002-x/2008004/article/10751-eng.htm
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variations in manure production. Therefore, exploring innovative and sustainable solutions to 

manage these waste streams effectively and harness their potential for bioenergy production is 

imperative.  

Research has shown that anaerobic digestion (AD) technology can substantially impact waste 

management and the production of biofuels and energy, including biogas, biomethane, and 

biohydrogen (Harris and McCabe, 2015). The methane or hydrogen generated can produce 

electricity or be refined into transportation fuels and renewable natural gas (Kabeyi and 

Olanrewaju, 2022). When examining the AD of slaughterhouse and poultry waste, it becomes 

apparent that such wastes have an imbalanced carbon-to-nitrogen ratio due to their elevated 

nitrogen content. The presence of excessive nitrogen compounds during the AD process leads to 

the accumulation of high levels of ammonia. This, in turn, can disrupt the intracellular pH and 

deactivate essential enzymes by permeating microbial cell walls, thereby impacting biochemical 

reactions during the AD of protein-rich substrates (Wang et al., 2019).  

The biomethane potential of organic substrates, such as protein-rich substrates (manure or 

slaughterhouse waste), depends on their composition, particularly the proportions of proteins, 

carbohydrates, and lipids. These compounds degrade at different rates and yield varying amounts 

of biomethane or biohydrogen (Saady and Hung, 2015; Yang et al., 2015). Unfortunately, the AD 

of protein-rich waste has not been widely adopted due to challenges. 

A significant challenge is the accumulation of elevated ammonia levels during protein-rich 

waste AD, leading to the buildup of volatile fatty acids (VFAs) and process instability. This results 

in low biogas production and low methane yield (Tian et al., 2019). Ammonia is toxic to 

methanogens at concentrations above 3 g NH4
+ N L – 1, especially in its gaseous form (NH3), which 
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can penetrate cells. Some studies reported that even concentrations above 0.15 g NH3-N L– 1 are 

inhibitory in AD (Massé et al., 2014). 

Using a batch reactor is valuable in carrying out studies to understand and analyze the impact 

of various design and operational factors in AD. Batch reactors enable researchers to conduct 

characterization experiments and explore multiple parameters that can affect the results. The 

properties, such as nitrogen removal and substrate degradation, could be monitored and measured 

directly (Coelho et al., 2000). Furthermore, the batch reactor allows for the simultaneous execution 

of multiple experiments and replication (duplicate or triplicate) of experiments. Compared to 

continuous reactors, batch reactors eliminate the influence of certain parameters (reaction kinetics, 

enthalpy of reaction, heat and mass transfer, etc.) that may interfere with the experimental 

outcomes.    

A metabolite that disturbs the stability of AD, reduces the abundance of microorganisms, and 

hampers their activity is referred to as inhibitory. The inhibition caused by a specific substrate is 

called substrate-induced inhibition, as elucidated by Fagbohungbe et al. (2017). Another challenge 

is the unbalanced carbon-to-nitrogen (C/N) ratio due to the high nitrogen content of protein-rich 

wastes; for example, cow manure, poultry manure, slaughterhouse waste, and poultry blood have 

C/N of 18 to 20, 15, 2, and 2.8 (Nazifa et al. 2021). A low C/N ratio, resulting from protein 

degradation, further increases NH3 concentration and hinders the steady-state AD process (Hao et 

al., 2022). Generally, efficient biogas and methane production occur when the C/N ratio is 20 to 

30 (Zheng et al., 2021; Xue et al., 2020). However, the high nitrogen content in protein-rich waste 

limits achieving this optimal C/N ratio for efficient hydrogen and methane production. To 

overcome these challenges, this study explores the potential of plant-derived proteases, such as 
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actinidin, from green kiwifruit peel waste, in enhancing manure protein degradation in the 

hydrolysis stage of AD. 

Proteins are composed of amino acids linked together by peptide bonds. The basic structure of 

an amino acid includes an amine group (NH2), a carboxyl group (COOH), a hydrogen atom (H), 

and a variable R group (side chain). The R group gives each amino acid an unique properties, and 

it can be any one of a variety of functional groups, such as hydroxyl (OH), amine (NH2), carboxyl 

(COOH), sulfhydryl (SH), and more (Damodaran and Parkin, 2017). Enzymes, which are 

specialized proteins themselves, play a crucial role in degrading proteins. Proteolytic enzymes, 

also known as peptidases or proteases, are responsible for breaking down the peptide bonds 

between amino acids. They do this by utilizing their active sites, which have specific shapes that 

match the substrate (protein) structure they are targeting. The enzyme recognizes and binds to the 

target protein at specific sites where peptide bonds must be cleaved. The enzyme catalyzes a 

hydrolysis reaction, in which water molecules are utilized to breakdown the peptide bonds between 

amino acids. This process involves adding a water molecule (H2O) to the peptide bond, causing it 

to split into two amino acids (Qiu et al., 2020). 

Protein-rich waste are hydrolyzed in AD, where various proteolytic bacteria break down 

proteins into amino acids and ammonia. Ammonia generated during hydrolysis exists in two 

primary forms within the aqueous phase of AD reactors: the ionized (NH4
+) and the free gaseous 

ammonia (NH3). Hydrolytic bacteria release protease enzymes to facilitate the breakdown of 

protein-rich waste (Ariaeenejad et al., 2022). However, microbial protease enzymes have 

limitations. Microbial protease enzymes are often substrate-specific; thus, they may not effectively 

break down all types of proteins (Gurumallesh et al., 2019). This limitation can result in incomplete 

degradation of protein-rich substrates, leading to the accumulation of organic matter and potential 
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process inefficiency. Also, the activity of microbial protease enzymes is sensitive to temperature 

and pH. Suboptimal temperature and pH ranges can significantly reduce microbial protease 

efficiency, potentially slowing down degradation (Thapa et al., 2019). 

Plant proteases exhibit similar or sometimes superior efficiency compared to microbial or 

animal proteases in the hydrolysis of protein-based substrates for valorizing by-products, such as 

gelatin, collagen, bird feathers, cheese whey, keratinous materials, soy protein, and fish (David 

Troncoso et al., 2022). Plant proteases have been conventionally utilized for many years in the 

realm of biotechnology. Notably, bromelain (from pineapple) and papain (from papaya) have been 

emphasized. However, in recent years, other plants like kiwi and fig, yielding proteases such as 

actinidin and ficin, respectively, have emerged as valuable protease sources with promising 

commercial prospects. Table 3-2 provides plant proteases extracted from different plant parts, the 

optimum pH, temperature, molecular weight, and their applications in various protein substrate 

hydrolysis. 

Plant-derived proteases are attracting interest because of their strong proteolytic capabilities 

and specificity towards particular substrates. They display excellent stability across broad 

operating conditions (temperatures up to 60 °C and pH 4 to 10); they are cost-effective due to the 

abundant and inexpensive raw materials (Arshad et al., 2016).   

Protein extracts can be derived from various parts of plants, including root, fruit, flower, peel, 

or latex, as outlined in Table 3-1. Sun et al. (2016) conducted a thorough comparative analysis of 

proteolytic activity across 90 plant resources using casein as a substrate at different pH levels (pH 

3.0 to 10.5). Notably, high proteolytic activity (1% casein substrate) was observed for kiwifruit 

extracts (28.8 U g−1) > broccoli (16.9 U g−1) > ginger (16.6 U g−1) > red pepper (15.8 U g−1).
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Table 3- 1. Plant proteases with source and industrial uses. 

Source Protease 

enzyme 

Optimum 

temperature 

(oC) 

pH Molecular 

weight 

(KDa) 

Application References 

Kiwi fruit, peel 

(Actinidia deliciosa) 

Actinidia 

deliciosa 

40 6 24.5 i) Hydrolysis of chicken and fish proteins.  

ii) Solubilization of protein aggregates for alcohol 

production. 

Homaei and Etemadipour 

(2015) 

Fig fruit (Ficus 

carica) 

Ficin 60 8 23.9 i)Tenderizing meat by hydrolyzing myofibrillar 

proteins. ii) Milk coagulation. iii) Producing bioactive 

peptides. iv) Hydrolyzing synthetic fibers. v) 

Biomedical applications: Generating active antibody 

fragments through proteolysis for hemostatic 

purposes. vi) Extracting proteins from barley and malt 

in the brewing industry. vii) Enhancing meat 

tenderness by myofibrillar protein hydrolysis. 

Morellon-Sterling et al. (2020) 

Papaya fruit, root and 

leaves (Carica 

papaya) 

Papain 65 5-9 23.4 i) Tenderizing meat by hydrolyzing myofibrillar 

proteins and connective tissue. ii) In the dairy industry, 

the production of cream cheese, semisoft cheese, and 

protein hydrolysates. iii) Reducing allergenic protein 

levels in cereals for the baking industry. iv) Generating 

bioactive peptides for animal feed. v) Solubilizing 

protein aggregates in the brewing and wine industry. 

Fernández-Lucas et al. (2017) 

Pineapple fruit and 

stem (Ananas 

comosus)  

Bromelain 70 5-10 28 to 32 i) Tenderizing meat by hydrolyzing myofibrillar 

proteins. ii) Producing biopeptide hydrolysates in the 

fish industry. iii) Enabling alcohol production through 

solubilizing protein aggregates. iv) Promoting protein 

degradation in ruminant feed for animal nutrition. v) 

Facilitating protein solubilization in the textile 

industry. 

Arshad et al. (2014) 
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In an in vitro investigation, Kaur et al. (2010) discovered that actinidin protease, which is 

isolated from green kiwifruit, facilitates the digestion of gluten proteins in the small intestine. 

Additionally, Mostafaie et al. (2008) demonstrated that actinidin activity affected collagen 

hydrolysis. According to their research, actinidin may be a useful tool for hydrolyzing collagen 

types I and II. 

Microbial enzymes such as Aspergillus oryzae and Bacillus subtilis elastase enzyme can also 

be used for softening of meat. Qihe et al. (2006) studied the action of Bacillus spp elastase and 

papain proteases, observing a significant degradation of meat protein myofibrils, myofibril 

fragmentation of 230% and 245% by elastase and papain, respectively. Ashie et al. (2002) showed 

that aspartic protease (AP) enzyme from Aspergillus oryzae is of interest in the softening process 

of beef than papain. Abril et al. (2023) investigated the degree of softening of the meat protein 

using several types of enzymes (Aspergillus oryzae 400 proteases (A400) and Aspergillus oryzae 

concentrate protease (ACONC) are two of the proteases from Aspergillus oryzae, along with, 

bromelain, zingibain, papain and ficin). The study showed that plant-extracted proteases led to a 

balanced degradation of collagen and myofibrillary proteins. In contrast, those of microbial origin 

degraded higher myofibrillar protein than collagen (Abril et al., 2023). Additionally, and somewhat 

successfully, attempts have been made to utilise microbial proteinases to assure controlled 

degradation of animal proteins (Singh et al., 2016; Verma et al, 2017). However, because of the 

possible toxicity of the enzyme source, these proteinases have not garnered much attention (Ikram 

et al., 2021). A unique sulfhydryl protease called actinidin (isolated from kiwi fruit), used 

commercially in the meat industry to tenderize meat and enhance the chemical process related to 

the breakdown of myofibrillar proteins to produce peptides (Mohd Azmi et al., 2023). Actinidin's 

benefits over other plant proteases like papain and ficin have led to a wide range of uses in the 
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food sector. Table 3-2 depicts the pH, optimum temperature, and enzymatic hydrolysis potency for 

myofibrillar proteins and collagen, as influenced by different protease enzymes originated from 

microorganisms and plants.  

 

Table 3- 2. pH, Temperature, and strength of hydrolysis of myofibrillar proteins and collagen 

by various enzymes. 

Protease Optimum  

pH 

Optimum 

Temperature 

(0C) 

Collagen 

hydrolysis 

Myofibrillar 

protein 

hydrolysis 

Reference 

Bacillus < 6.5 55 - 60 Excellent Poor Sharma et al. (2017) 

Aspergillus 7.0 55 - 60 Poor Moderate Sharma et al. (2017) 

Ficin 7.0 60 - 70 Excellent Moderate Mazorra-Manzano et al. (2018) 

Bromelain 5.0 - 6.0 65 - 75 Excellent Moderate Mazorra-Manzano et al. (2018) 

Papain 4.0 - 6.0 65 - 75 Moderate Excellent Tacias-Pascacio et al. (2021) 

 

Although the potential of plant proteases gains significance, their application, especially 

actinidin, in the degradation of protein-rich waste remains relatively unexplored. Most existing 

applications have focused on pure proteins, meat, or in-vitro studies, leaving a gap in 

understanding their potential in the complex matrix of manure, a significant protein-rich waste 

source. This study aims to bridge this gap by exploring, for the first time, the protein degradation 

capacity of actinidin from kiwi peel waste (KPW), focusing on dairy manure, an abundant complex 

protein-rich waste from dairy farms. The objective of this research is to screen the hydrolysis 

conditions using Box–Behnken Design and to optimize parameters including manure dosage, Kiwi 

peel waste (KPW) dosage, and hydrolysis time for manure protein and ammonia reduction using 

Response Surface Methodology (RSM).  

Addressing ammonia accumulation in protein-rich waste (PRW) AD is crucial for sustainable 

waste management and energy production. The novel aspect of this study lies in employing Kiwi 

peel waste-derived proteases (actinidin) to enhance manure protein degradation. This offers an 
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economically viable strategy to tackle ammonia buildup and increases biohydrogen and 

biomethane production. 

 

3.2 Materials and Methods 

Several experimental methods were employed to assess the impact of blending various 

proportions of manure, kiwi peel waste (KPW), and duration on the efficient hydrolysis of manure 

protein. The reduction in protein, ammonia, ammonium, and volatile solids (VS) were analyzed in 

the conducted experiments. The following subsections detail the substrates, chemicals, and 

reagents utilized in the laboratory-based optimization of manure hydrolysis. 

 

3.2.1 Chemicals and reagents 

ACS reagent grade (≥ 99.0%) ammonium chloride and sodium chloride were purchased from 

Sigma-Aldrich, USA. To prepare NH3 and NH4, standard reagent-grade ammonium chloride 

(NH4Cl) was used. 2 mL of Ionic Standard Adjuster (ISA) was added to every 100 mL of the 

sample or standard solution for a background ionic strength of 0.10M. Reagent-grade sodium 

chloride (NaCl) was used to prepare 10 M NaOH and 5 M NaOH as ISA for NH3 and NH4 

measurements in the standards and samples. Pierce Coomassie (Bradford) Protein Assay Kit, a 

ready-to-use Bradford assay reagent purchased from Thermo Fisher Scientific, USA, measured 

total protein concentration compared to a protein standard (bovine serum albumin). De-ionized 

water is used for all the sample preparation.  
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3.2.2 Feedstock 

Fresh manure (M) from dairy cows was collected from Lester’s Dairy Farm on the Avalon 

Peninsula in Newfoundland. The manure was collected from under the wet barn’s animal before 

reaching the floor. After collection, the manure was transferred to an air-tight plastic container and 

kept at a temperature of 4 ºC until ready to be used in the digesters. The hydrolysis experiment 

used kiwi peel waste (KPW) as a proteinase enzyme source. The fruits were purchased from local 

groceries in St. John’s and stored refrigerated in plastic bags. The fresh fruits were washed with 

tap water to remove all the dirt, then peeled and cut into small pieces. Finally, small pieces of peels 

were blended using a magic bullet® with a 250-Watt motor and 2000 rpm (LLC Los Angeles, CA 

90025, USA). A 500 mL capacity cup was set onto the motor blade for 60 sec at a constant speed. 

Before being fed to the reactors, these feedstocks (M and KPW) were subjected to physiochemical 

characterization (Table 3-3). 

Table 3- 3. Physiochemical characteristics of the substrates 

Parameter Cow  

Manure (M) 

Kiwi peel Waste  

(KPW) 

pH 7.5 6.5 

Total Solids, TS (%) 14.7 17.03 

Volatile Solids, VS (%) 7 10.17 

Chemical Oxygen Demand, COD (g L-1) 105.3 80.32 

Protein (g L-1) 1.2 0.84 

NH3-N (g L-1) 2.2 - 

NH4-N (g L-1) 2.1 - 

 

3.3 Hydrolysis Tests 

A statistically designed experiment has been conducted with manure and KPW in batch 

digesters. Each experimental condition for optimization tests were tested in duplicate air-tight 0.5 

L Wheaton glass bottles (digester) with a working volume of 0.3 L. Hydrolysis of cow manure 
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with KPW wastes was carried out in the batch reactors at 20±1 oC. KPW were fed in mixing ratios 

of 5-10 g VS L-1 with the manure (4-9 g VS L-1).  

 

3.4 Box-Behnken Design 

Several batches of identical reactors were used to examine the effects of different dosages of 

KPW with different incubation times on dairy manure protein degradation, ammonia nitrogen 

(NH3-N) and ammonium nitrogen (NH4-N) removal, and volatile solids (VS) reduction. The 

Response Surface Methodology (RSM) and Box-Behnken Design (BBD) were employed at three 

levels (− 1, 0, +1) to determine the optimum hydrolysis conditions for protein degradation and 

ammonia removal. Box-Behnken Design (BBD) is a symmetrical experimental design approach 

that facilitates the evaluation of the significant effects of various experimental parameters and their 

interactions (Gulcan et al., 2023). This methodology reduces the overall number of experiments 

required and is considered cost-effective while still providing an opportunity to optimize the 

experimental conditions (Mondal et al., 2017). The RSM and BBD have been applied using 

Minitab® 21.4 Statistical Software (LLC, Pennsylvania, USA). The experimental data were used 

to develop a predictive model for protein and ammonia removal. The model identifies interactional 

effects and optimizes the process parameters to maximize the removal of the applied parameters, 

providing a useful tool for predicting and optimizing the process. Equation 3-1 gives the number 

of experiments/runs for the three-levels in BBD.  

                           𝑁 = 2𝑘 (𝑘 − 1) +  𝐶𝑝                                                                          (3-1)  
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where N represents the number of experimental runs, Cp is the number of central points, and k 

is the number of parameters such as substrate dosage, time, etc. The total number of experiments 

carried out in this study was 15 for manure and KPW, with 12 experiments for each factor (manure 

loading, KPW loading, and time) at three levels and three central experiments. The Box-Behnken 

Design (BBD) methodology employed in this study involved adjusting all factors at three evenly 

spaced levels (-1, 0, +1), as is typical for this approach. The Minitab® 21.4 Statistical Software 

was utilized to generate the experimental points according to the BBD methodology. Table 3-4 

displays the hydrolysis process variables under investigation, which include the dosage of manure 

(g VS L-1), KPW (g VS L-1), and the incubation time (ranging from 3 to 48 h).  

 

Table 3- 4. Levels of different variables for Box-Behnken Design for manure and kiwi peel 

waste. 

Factors Codes 

Level 

Low  

(-1) 

Intermediate  

 (0) 

High  

(+1) 

Manure proportion (g VS L-1) A 4 6.5 9 

Kiwi peel waste (KPW) proportion (g VS L-1) B 5 7.5 10 

Time (h) C 3 25.5 48 

 

The manure dosage was between 4 to 9 g VS L-1, KPW dosage was between 5 to 10 g VS L-1, 

and incubation time was varied from 3 to 48 h.  The matrix transformation (Table 3-5) served as 

the basis for the experimentation. With these experimental combinations, four parameters were 

monitored, viz. reduction (%) of protein, NH3-N, NH4-N, and VS. The three process factors were 

the independent variables (parameter), and reduction (%) was the dependent variable (response). 

In Figure 3-1, the overall process diagram is displayed.  

The BBD is utilized to analyze the quadratic response and produces a mathematical model of 

a second-degree polynomial equation (Equation (3-2)) that can predict the optimal conditions. 
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𝑌 = 𝛽0 + 𝛽1𝛽1 + 𝛽2𝛽2 + 𝛽3𝛽3 + 𝛽11𝛽21 + 𝛽22𝛽22 + 𝛽33𝛽23 + 𝛽12𝑋1𝑋2 + 𝛽23𝑋2𝑋3 

                 +𝛽13𝑋1𝑋3                                                                                                             (3-2) 

where, Y is the dependent or response variable (removal or reduction (%) of protein, NH3-N, 

NH4-N, and VS); The coefficients for linear expressions are β0, β1, β2, and β3. Quadratic 

coefficients are β11, β22, and β33, and interaction coefficients are β12, β23, and β13. The independent 

variables are represented by the variables X1, X2, and X3. 

 

Table 3- 5. Matrix transformation of Box-Behnken Design for manure and kiwi peel waste 

(KPW) hydrolysis. 

Run Manure  

(g VS L-1) 

KPW 

(g VS L-1) 

Time  

(h) 

1 4 5 25.5 

2 9 5 25.5 

3 4 10 25.5 

4 9 10 25.5 

5 4 7.5 3 

6 9 7.5 3 

7 4 7.5 48 

8 9 7.5 48 

9 6.5 5 3 

10 6.5 10 3 

11 6.5 5 48 

12 6.5 10 48 

13 6.5 7.5 25.5 

14 6.5 7.5 25.5 

15 6.5 7.5 25.5 

 

3.5 Analytical Methods 

The substrates were meticulously characterized based on their TS, VS, pH, NH3-N, and NH4-

N prior to experiment. The TS and VS were conducted following the standard methods for 

examining water and wastewater (Method no. 1684) (APHA, 1998). The pH of any sample was 
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recorded by pH meter (PH/ORP Temperature Control Monitor, PH-204, 110 V, USA). All the 

characterizations were conducted in duplicated. The measurements of protein quantity, NH3-N, 

NH4-N, and VS were conducted as explained in sections 3.5.1 to 3.5.3. Sample preparations for 

the characterization tests by Fourier transform infrared spectroscopy (FTIR) and Scanning electron 

microscope (SEM) are discussed in sections 3.5.4 and 3.5.5.  

 

 

Figure 3- 1. Schematic of the experimental setup and responses of the hydrolysis process 

optimization test. 

 

3.5.1 Protein quantity measurement  

Protein quantuty was measured using Bradford technique (Kielkopf et al., 2020). The Bradford 

technique is based on the absorbance shift that can be seen in an acidic Coomassie® Brilliant Blue 

G-250 dye solution (Bradford, 1976). The dye turns blue when introduced to a protein-containing 

solution because it attaches to the protein molecules, which are previously reddish brown in colour. 

It is believed that the dye binds to the protein through the sulfonic groups' electrostatic affinity. 

When the acidic dye solution binds to protein molecules, its peak absorbance shifts from 465 to 

595 nm (Bonjoch and Tamayo, 2001). Therefore, all the samples were measured using a UV-
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spectrophotometer (GENESYS 10S UV-VIS, Thermo Scientific, Madison, USA) at an absorbance 

of 595 nm mixed with Coomassie® Brilliant Blue, which allowed an accurate quantification of the 

protein content of a sample. With the integration of a protein solution, the acidic Coomassie dye 

reagent undergoes a chromatic transformation, transitioning from a brown hue to a blue shade. 

This alteration in color corresponds directly to the quantity of protein present in the specimen. 

Consequently, protein assessments are conducted by juxtaposing the color reaction against protein 

assay standards. Bovine Serum Albumin (BSA) was used as a protein standard to prepare a 

standard curve and a standard curve equation. Later, the standard curve equation was used to 

calculate the protein concentrations of unknown sample based on their respective absorbance 

values measured from a UV-spectrophotometer at an absorbance of 595 nm. The reduction (%) in 

protein quantity is calculated from the difference between the control and sample values following 

statistical matrix runs. 

 

3.5.2 NH3-N and NH4-N measurement 

The ammonia gas sensing electrode (Cole-Parmer model #K-27502-00) and ammonium glass 

electrode (Cole-Parmer #K-27502-03) were used to measure the NH3-N and NH4-N of the 

samples. By serial dilution, a three-point calibration curve (Appendix A) is prepared as per the 

Cole-Parmer model guideline manual delivered with the respective electrodes. The calibration has 

been performed using 1, 10, and 100 ppm of the standard ammonia and standard ammonium 

solutions. A 100 mL solution from each digester was withdrawn immediately after preparation 

(time = 0), serving as a control. After a specific time, the 100 mL samples were withdrawn from 

the digester bottles, and values were measured (Figure 3-2). The difference in the readings between 

the control and the samples provided the data on the reduction of NH3-N or NH4-N. 
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Figure 3- 2. Ammonia and ammonium measurement using (a) ammonia (b) and ammonium 

probes. 

 

3.5.3 Volatile solids measurement 

Volatile solids (VS) represent the amount of volatile (organic) matter present in the 

undissolved solid fraction of the measured solution that is lost on ignition of dry solids for 1 h at 

550 °C. The first step in determining VS is to determine the total solids (TS). Total solids are the 

remaining dry solids present in a vessel after the evaporation and drying of a sample at 105 oC in 

an oven. A digital balance (Denver instrument model A-160, USA) was used to measure the 

samples’ mass for TS and VS determination (Figure 3-3). Finally, the data on the removal of VS 

content is calculated from the VS of the control and that of the samples.  

 

Figure 3- 3. (a) Samples for total solids (TS) or volatile solids (VS) determination in the oven 

and (b) measuring the weight of the aluminum pans for TS or VS reduction 

determination. 

https://en.wikipedia.org/wiki/Volatility_(chemistry)
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3.5.4 Fourier transform infrared spectroscopy (FTIR) 

Fourier transform infrared spectroscopy (FTIR), the most widely used type of infrared 

spectroscopy, was used to identify the samples' functional groups. The basis for all infrared 

spectroscopies is the idea that the type of vibration (bending or stretching) that an infrared beam 

causes in a sample relies on the atoms that make up the bond. The transmittance pattern varies for 

distinct molecules due to the fact that different bonds and functional groups absorb different 

frequencies (Mohamed et al., 2017).  

Prior to FTIR analysis, the liquid samples were dried for 24 hours at 70–80 oC. A little over 

0.5 g of dehydrated materials were placed at a 4 cm-1 angle in an FTIR spectroscopy machine 

(PerkinElmer Spectrum IR-C115599, USA). The range of the spectra was adjusted to 4000–650 

cm-1. Wavenumber (cm-1) was shown on the x-axis of the graph, and transmittance was plotted on 

the y-axis, to record the spectrum. 

 

3.5.5 Scanning electron microscope (SEM) 

The surface morphology of the control and samples after 6, 12, 24, and 48 h were analyzed 

using a Scanning Electron Microscope (SEM) (Model JEOL JSM 7100F, USA). The samples 

underwent a sputtering technique to apply a gold covering. Carbon tape was used to affix each 

sample separately under a microscope holder. High vacuum conditions and a 20 kV accelerating 

voltage were used to capture the images with a different magnification range (400x to 4000x). 
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3.6 Statistical Analysis of Experimental Results  

The maximum protein, ammonia, ammonium, and VS reduction were represented as a 

response, whereas the dosages of manure, KPW wastes, and time were represented as independent 

variables. The statistical significance of the regression model was tested using the Analysis of 

Variance (ANOVA) technique. ANOVA was performed to study the effect of the parameters on 

protein quantity, NH3-N, NH4-N, and VS reduction and to verify the derived model's variability. 

The strength or goodness of the model was explained by the coefficient of determination 

(regression coefficient, R2) and adjusted regression coefficient R2-adjusted value. Three-

dimensional (3D) interfaces, two-dimensional (2D) contour plots, and the experimental matrix 

were produced. It is required to minimize the dosages of manure, KPW, and time and maximize 

the reductions in optimizing the parameters employed in hydrolysis. Results of RSM optimisation 

could be utilised to determine optimal hydrolysis condition parameters of manure for anaerobic 

co-digestion, maximizing protein degradation or ammonia removal and minimizing reaction time, 

and substrate quantity. The RSM gave the optimal solution, and the highest desirability of the 

optimal set was selected. The effects of these three independent variables for the maximum protein, 

ammonia, ammonium and VS reduction were assessed statistically and described with MINITAB 

21.1. (Minitab, LLC, USA). 

 

3.7 Results and Discussion 

This research conducted laboratory experiments to gather numerical data. Experiments were 

conducted to hydrolyze manure using various combinations of manure and kiwi peel waste as 

suggested by Box-Behnken Design matrix. The analysis focuses on determining the quantity of 

protein degradation and ammonia, ammonium, and VS reductions during manure hydrolysis. The 



155 

 

following subsections (3.8.1 to 3.8.5) will present and discuss the outcome obtained from each 

experiment. 

 

3.7.1 Overall experiment 

The fifteen combinations of manure dosage (g VS L-1), kiwi peel waste (g VS L-1), and time 

(h) were designed by BBD based on RSM and were run experimentally in duplicates, as 

summarized in Table 3-6. The experimental and predicted values as a response are given in the last 

four columns of Table 3-6.  

 

Table 3- 6. Box-Behnken Design with predicted and experimental responses for manure and 

kiwi peel waste. 

Experimental response  

(reduction (%)) 

Predicted response  

(reduction (%)) 

Run Protein  NH3-N NH4-N VS Protein  NH3-N NH4-N VS 

1 20±0.71 41±1.1 74 ±0.7 26.7±0.51 18 41 72 26 

2 21±0.95 44±0.98 73 ±0.21 33.7±0.57 23 40 75 25 

3 22±0.15 39±1.05 69 ±0.6 27.0±0.45 21 39 67 21 

4 21±1.5 43±0.56 70 ±0.25 28.5±0.11 22 42 72 31 

5 6±0.85 13±0.7 25 ±0.43 15.7±0.8 6 12 29 11 

6 9±1.05 16±0.9 30 ±0.32 29.3±0.7 11 16 32 30 

7 39±0.61 62±0.25 55 ±0.65 29.6±0.23 39 61 73 29 

8 37±1.5 64±0.65 83 ±0.32 28.7±0.19 32 64 81 27 

9 7±0.95 15±0.56 26 ±0.45 26.6±0.65 8 14 39 26 

10 9±0.55 12±0.75 27 ±1 22.7±0.11 6 15 21 21 

11 37±1.05 63±1.05 83 ±0.95 29.2±0.21 35 62 83 31 

12 39±0.54 61±0.91 73 ±0.87 28.6±0.32 33 61 75 29 

13 22±0.35 42±0.77 75 ±0.13 38.1±0.33 21 42 73 33 

14 20±0.25 43±0.65 67 ±0.19 41.4±0.29 21 42 73 38 

15 20±0.51 43±0.23 72 ±0.29 35.4±0.49 21 42 73 35 

 

The experimental reduction (%) of protein quantity, NH3-N, NH4-N, and VS ranged from 6 to 

39%, 13 to 64%, 46 to 83%, and 16 to 41%, respectively. The highest protein reduction was 

observed in run 7 (manure 4 g VS L-1, KPW 7.5 g VS L-1, and time 48 h). In comparison, the 
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highest NH3-N reduction was observed in run 8 (manure 9 g VS L-1, KPW 7 g VS L-1, and time 48 

h).  The highest NH4-N (83%) was achieved in runs 7 and 11. The considerable variations in the 

reduction of protein, NH3-N, NH4-N, and VS indicate that the degradation pathways of feedstock 

in the co-digestion of manure and KPW were complex. 

 

3.7.2 ANOVA and response model  

Analysis of variance (ANOVA) was used to assess the statistical significance of the 

components and verify the suitability of the chosen quadratic model. The ANOVA of the results 

(Table 3-7) and (Table 3-8) illustrates the significance of the second-order polynomial for the 

protein quantity reduction and NH3-N reduction after hydrolysis. 

 

Table 3- 7. ANOVA table for a quadratic model of protein reduction with three-factor Box-

Behnken Design for manure and kiwi peel waste (KPW). 

Source DF Adj SS Adj MS F-Value p-Value 

Model 9 1854.77 206.09 818.15 0.000 

Linear 3 1833.27 611.09 2425.98 0.000 

A-Manure VS (g L-1) 1 0.33 0.33 1.29 0.307 

B-KPW VS (g L-1) 1 4.22 4.22 16.77 0.009 

C-Time (h) 1 1828.72 1828.72 7259.89 0.000 

Square 3 15.56 5.19 20.59 0.003 

A2-Manure VS (g L-1)*Manure VS (g L-1) 1 0.17 0.17 0.67 0.449 

B2-KPW VS (g L-1)*KPW VS (g L-1) 1 0.31 0.31 1.23 0.318 

C2-Time (h)*Time (h) 1 15.49 15.49 61.49 0.001 

2-Way Interaction 3 5.94 1.98 7.86 0.024 

AB-Manure VS (g L-1)*KPW VS (g L-1) 1 0.65 0.65 2.59 0.168 

AC-Manure VS (g L-1)*Time (h) 1 5.19 5.19 20.61 0.006 

BC-KPW VS (g L-1)*Time (h) 1 0.09 0.09 0.36 0.572 

Error 5 1.26 0.25   

Lack-of-Fit 3 0.28 0.09 0.19 0.898 

Pure Error 2 0.98 0.49   

Total 14 1856.03    

R2   R2 (adjusted)  R2 (predicted)  

0.9993  0.9981  0.9964  
KPW = Kiwi peel waste. 
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When the p-value is less than 0.05, it indicates significance (Guo et al., 2009), and a p-value 

lower than 0.01 indicates a high significance (Taherdanak et al., 2015). On the other hand, when 

the p-value is higher than 0.05, it suggests insignificance (Balat, 2008; Dolly et al., 2015). 

Accordingly, the model is statistically significant based on its p-value (< 0.0001) (Table 3-7 and 

3-8).  

 

Table 3- 8. ANOVA table for a quadratic model of NH3-N reduction with three factors Box-

Behnken Design for manure and kiwi peel waste (KPW). 

Source DF Adj SS Adj MS F-Value p-Value 

Model 9 4791.27 532.36 197.09 0.000 

  Linear 3 4730.50 1576.83 4730.50 0.000 

    A-Manure VS (g L-1) 1 18.00 18.00 54.00 0.001 

    B-KPW VS (g L-1) 1 8.00 8.00 24.00 0.004 

    C-Time (h) 1 4704.50 4704.50 14113.50 0.000 

  Square 3 60.02 20.01 60.02 0.000 

    A2-Manure VS (g L-1)*Manure VS (g L-1) 1 0.01 0.01 0.02 0.895 

    B2-KPW VS (g L-1)*KPW VS (g L-1) 1 3.39 3.39 10.17 0.024 

    C2-Time (h)*Time (h) 1 57.85 57.85 173.56 0.000 

  2-Way Interaction 3 0.75 0.25 0.75 0.187 

    AB-Manure VS (g L-1)*KPW VS (g L-1) 1 0.25 0.25 0.75 0.046 

    AC-Manure VS (g L-1)*Time (h) 1 0.25 0.25 0.75 0.325 

    BC-KPW VS (g L-1)*Time (h) 1 0.25 0.25 0.75 0.426 

Error 5 1.67 0.33   

  Lack-of-Fit 3 1.00 0.33 0.10 0.535 

  Pure Error 2 0.67 0.33   

Total 14 4792.93    

R2   R2 (adjusted)  R2 (predicted)  

0.9997  0.9990  0.9963  
KPW = Kiwi peel waste. 

 

The elevated F-value suggests that the regression model equation accounts for a significant 

portion of the response variation (Monte et al., 2011). The model F-value, 818 and 197 (Table 3-7 

and 3-8), and p-value (<0.001) suggestes that the model is highly significant. From Table 3-7, the 

p-value (< 0.05) implies that the linear (B, C), square (C2), and interaction (AC) were significant 
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terms for protein reduction in this study. At the same time, A, A2, B2, AB, and BC were insignificant 

(p-value > 0.05). Similarly, for NH3-N reduction (Table 3-8), equivalent p-value and the associated 

coefficient estimates showed that, amongst the factors used in the study, A (manure), B (kiwi peel 

waste), C (time), the square effect of factors B2 (kiwi peel waste), C2 (time) and interactive effect 

of AB (manure * kiwi peel waste) had a significant effect on NH3-N removal. At the same time, 

the rest of the interactions were insignificant. 

The developed model for protein and NH3-N reduction, which reduced ammonia accumulation 

in the reactor, had R2 values of 0.9993 and 0.9997 and R2 predicted values of 0.9981 and 0.9990. 

The high R2 value obtained from the constructed statistical model indicates its successful alignment 

with the experimental data and its ability to account for the observed variations. Furthermore, the 

high R2 values for both statistical models demonstrate that these models effectively elucidate the 

differences present among the independent factors. The result demonstrated that the models can 

explain 99% of the variability in the response variable. Moreover, the R2 predicted (0.9981) and 

R2 adjusted (0.9964) values for the protein reduction, and R2 predicted (0.9990) and R2 adjusted 

(0.9963) values for the NH3-N reduction were close, which is favorable. This suggests that any 

potential block effect is minimal, and the developed models are the most suitable for optimization 

purposes. The predicted R2 value of protein reduction (0.9964) and NH3-N reduction (0.9963) 

exhibited a satisfactory level of concordance with the adjusted R2 value of 0.9981 and 0.9990. The 

insignificance of the Lack-of-Fit (F-value) values, 0.19 (Table 3-7) and 0.10 (Table 3-8), indicate 

that a considerable portion (19% and 10%) of the lack of fit can be attributed to random noise 

(Casabar et al., 2020). The experimental test data underwent multiple regression analysis, leading 

to the derivation of the second-degree polynomial Eqs (3-3) and (3-4). 
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Protein reduction (%) = 1.53 + 0.636 ∗ 𝐴 −  0.053 ∗ 𝐵 +  0.05771 ∗ 𝐶 +  0.0343 𝐴 ∗ 𝐴 +

 0.0464 𝐵 ∗ 𝐵 +  0.004046 𝐶 ∗ 𝐶 −  0.0647 𝐴 ∗ 𝐵 −  0.02026 𝐴 ∗ 𝐶 +

 0.00269 𝐵 ∗ 𝐶                                                      (3-3) 

NH3-N reduction (%) = 2.92 +  0.327 ∗ 𝐴 +  1.527 ∗ 𝐵 +  1.4721 ∗ 𝐶 +    0.0067 𝐴 ∗ 𝐴 −

 0.1533 𝐵 ∗ 𝐵 −  0.007819 𝐶 ∗ 𝐶 +  0.0400 𝐴 ∗ 𝐵 −  0.00444 𝐴 ∗ 𝐶 +

 0.00444 𝐵 ∗ 𝐶                                                                    (3-4)  

where A, B, and C represent manure loading, kiwi peel waste loading, and reaction time, 

respectively. 

 

3.7.3 Interactive effects of parameters 

The present research comprehensively examined the three-dimensional (3D) representations 

and contour plots to understand how various parameters interact and impact protein and ammonia 

reduction. Figure 3-4 illustrates the interaction effects between two factors on protein reduction 

using 3D response surface plots constructed based on Eq. (3-3). 

Variations of manure and KPW dosages markedly affect protein reduction (Figure 3-4 (a)). 

Increasing the KPW from 5 to 10 g VS L-1 increased protein reduction (36% to 39%). However, 

protein reduction decreased from 38% to 36% with increasing the manure dosage from 4 to 9 g 

VS L-1. The highest protein reduction (37-39%) is observed at a lower manure dosage (4-5 g VS 

L-1) with a higher KPW dosage (8-10 g VS L-1). Proteins in manure are derived from various 

sources, including animal feces, urine, and organic feed materials. This results in a mixture of 

proteins with different primary structures and compositions, making the overall protein structure 

complex and heterogeneous (Delve et al., 2001).  
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Figure 3- 4. Contour response surface and 3D plots of the interactive effect of (a) and (b) manure 

with kiwi peel waste (KPW) dosage, (c) and (d) manure dosage with hydrolysis time, 

and (e) and (f) KPW dosage with time on protein reduction.  
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Dairy manure and other nitrogen-rich lignocellulosic materials contain proteins that render a 

solution's total protein concentration inappropriate for fast degradation in a hydrolysis reaction. 

The higher the manure dosage, the more complex structures provide instability and resistance 

against protein degradation. Most of the proteins in manure exist in a form that can combine with 

other compounds, such as cellulose, lignocellulose, and hemicellulose (Liao et al., 2008). Figures 

3-4 (b) and (c) show that reaction time favors protein reduction without being greatly affected by 

the manure or KPW dosage. The highest protein reduction (39%) is obtained at the end of the 

experiment (48 h). Chen et al. (2019) reported a high reaction time (10 days) to reduce pig manure 

nitrogen and carbon by 24% and 46%, respectively.  

Manure is a rich potential supply of proteins and carbohydrates that can be processed to 

produce mono-sugars and amino acid intermediates that are useful. Figures 3-4 (b), (d), and (f) 

show the contour shape indicating the interaction between the factors. Circular contour shape 

demonstrates the interaction between any two factors is least significant (Shamsul et al., 2017). 

The partially elliptical contour plots that have been observed for manure and KPW interaction 

suggest the interaction between them is not entirely insignificant. However, the ANOVA study 

reported none of the manure * kiwi peel waste (0.168) and kiwi peel waste * time (0.572) 

interactions were significant (Table 3-7). On the other hand, ANOVA shows that the manure-time 

interaction is highly significant (p-value = 0.0006), showing linear plots in the contour graph. 

Similar disagreement between the ANOVA study and the contour plot has been observed in a 

previous study on co-digestion of pineapple waste and cow dung (Hamzah et al., 2022). 

Figure 3-5 illustrates the impact of the interaction between two factors on the reduction of 

NH3-N, as depicted by three-dimensional response surface plots derived from Equation (3-4).  
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Figure 3- 5. 3D plots and contour response surface of the interactive effect of each variable on 

NH3-N reduction; (a) and (d) manure with kiwi peel waste (KPW) loading, (b) and (e) 

manure with hydrolysis time, and (c) and (f) KPW with time on NH3-N reduction. 
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Figure 3-5 (a) presents the response surface for NH3-N reduction with respect to manure and 

KPW loading. NH3 reduction (%) increased from 61 to 62.5 as the manure increased from 4 to 9 

g VS L-1 at the KPW dosage of 5 g VS L-1. Also, ammonia reduction (%) increased from 61.5 to 

64 with an increase of KPW dosage from 5 to 7.5 g VS L-1. On the other hand, ammonia reduction 

increased significantly with the increase in KPW dosage from 5 to 7.5 g VS L-1, then decreased 

with a further increase in KPW dosage at 10 g VS L-1 across all the manure dosage values 

monitored. This suggests that KPW present at 10 g VS L-1 is insufficient to degrade manure 

nitrogen molecules as free NH3.  

At the KPW dosage of 7.5 g VS L-1, hydrolysis might have reached an optimal condition where 

the enzyme concentration and other factors (pH and temperature) are conducive to efficient protein 

hydrolysis. This results in the maximum achievable ammonia reduction at this particular KPW 

dosage. Further increase of the KPW dosage to 10 g VS L-1 might be experiencing a decreasing 

trend. This means that adding more KPW beyond the optimal dosage does not lead to a 

proportionate increase in enzyme activity. Other factors, such as substrate availability or enzyme-

substrate interactions, may start to limit the rate of ammonia reduction. Another reason is likely 

that at the higher KPW dosage, the substrate (manure) becomes saturated with enzymes. This 

means that more enzyme molecules are available than the substrate molecules to act upon. In this 

situation, adding extra KPW does not significantly increase ammonia reduction because the 

substrate is already saturated with enzymes. 

A similar phenomenon was reported during the hydrolysis of cornstalk waste with the enzyme 

cellulase. When the enzyme concentration increased from 5 to 10 g L-1, the average hydrogen (H2) 

production rate increased from 8.0 to 11.5 mL g-1 h-1, whereas a further increase of enzyme 

concentration to 15 g L-1 decreased the H2 production rate to 7.9 mL g-1 h-1 (Ma et al., 2011). A 
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higher dose of KPW (10 g VS L-1) might lower the system pH, subsequently lowering the ammonia 

removal. Various phenolic compounds, including protocatechuic acid, chlorogenic acid, caffeic 

acid, rutin, p-hydroxybenzoic acid, and quercetin, are abundantly found in different components 

of kiwi fruit, with the highest concentrations observed in the peel (Wang et al., 2018). Sahu et al. 

(2017) found lower total ammonia nitrogen and free ammonia nitrogen removal under acidic 

conditions. A drastic increase in ammonia removal was obtained when the pH was increased, 

particularly at pH 6.5 to 8. Figure 3-5 (b) shows the response surface for ammonia reduction with 

respect to manure and time. Figures 3-5 (b) and (c) show that a high contact time favors the 

reduction of NH3-N, without being greatly affected by the manure or KPW dosage.  This implies 

that a longer contact between the reactants (manure and KPW) enhances the conversion of NH3-

N (ammonia nitrogen) into other forms. This suggests that the hydrolysis reaction is not 

instantaneous and requires sufficient time for the complete breakdown of the complex organic 

compound like manure. 

The maximum ammonia reduction was found at a manure dosage of 9 g VS L-1 (Figure 3-5 

(c)) and KPW dosage of 5 g VS L-1 at 48 h (Figure 3-5 (e)). This is also consistent with the results 

obtained from the protein reduction experiments. The contour plot of the manure-KPW interaction 

(Figure 3-5 (b)) shows that the contour plot was semi-elliptical, indicating a good interaction 

between the two factors (Liu et al., 2020). The interaction is also supported by a low p-value 

(0.046) (Table 3-7). However, the interaction between time and manure dosage and between time 

and KPW dosage were more constant than the interaction between manure and KPW, which 

seemed relatively flat near the optimal point. 
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3.7.4 Effect on ammonium reduction  

Figure 3-6 shows the NH4-N concentrations in run 1 to run 15. During runs 2, 4, 6, and 8, the 

NH4-N concentration of the control digester is high (682, 991, 957, and 906 ppm), reflecting the 

high manure loading in each run, with a dosage of 9 g VS L-1. In the rest of the sets, the control 

NH4-N concentration began to diverge, reflecting the effect of different proportions of manure in 

each digester. The most common inorganic type of nitrogen in manure is ammonium nitrogen 

(NH4-N). The higher manure loading is the reason for the high NH4-N concentration in control 

sets 2, 4, 6, and 8 compared to other control test runs (Babaee et al., 2013). Figure 3-6 also 

demonstrates the system’s NH4-N removal efficiencies for the tested hydrolysis time (3 to 48 h). 

It shows that this bioreactor could reduce NH4-N quantity for the time being experimented. The 

NH4-N reduction (%) increased from 26±0.45% to 83±0.95%, depending on the hydrolysis time 3 

to 48 h. This NH4-N reduction efficiency is at the same level reported by other studies on the effect 

of long retention time in the hydrolysis of swine manure and pineapple waste, showing 78% and 

85% NH4-N removal at 6 and 24 h, respectively (Nguyen et al., 2022).   

 

 

Figure 3- 6. NH4-N concentration of control and after 3 to 48 h in the test samples. 
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Nitrogen in the feedstock plays a crucial role in a bioprocess. When utilizing actual feedstock 

in a bioreactor, the effectiveness of removing ammonia and ammonium directly impacts the quality 

of the hydrolyzed substrate. As demonstrated in Figure 3-6, the system’s ammonia and ammonium 

removal efficiencies provide a comprehensive overview of the results obtained from the conducted 

experiments. According to Figure 3-6, the system exhibited varying efficiency in removing 

ammonium, ranging from 25±0.43% to 83±0.95% with an average of 60.6±0.69% and from 

12±0.75 to 64±0.65% for ammonia reduction with an average of 40.1±0.7%. In this case, lower 

NH4-N reduction (55±0.65%) was obtained where the KPW proportions were almost double than 

manure loading, such as in run 7 (55 ±0.65%) compared to runs 8 (83±0.32%), 11 (83±0.95%), 

and 12 (73±0.87%) for 48 h. A considerably low ammonium reduction is observed where the KPW 

proportions are higher (acidic condition) than manure loading, similar to the ammonia reduction 

during the same study. Sahu et al. (2017) found lower total ammonia reductions at pH 5 (25%) 

compared to pH 6.6 (85%), which shows a similar trend to this study.  

 

 

Figure 3- 7. NH3 and NH4-N reduction efficiency of kiwi peel waste and manure hydrolysis as 

per statistical design. 
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Overall, the ammonium reductions were more prominent than ammonia reduction (Figure 3-

7) in all runs except run 7, where NH4 reductions (55±0.65%) were less than NH3 reduction 

(62%±0.25). In the case of manure, which is rich in organic matter, hydrolysis leads to the 

breakdown of proteins, peptides, and other nitrogen-containing organic compounds into amino 

acids. These amino acids are further hydrolyzed into simpler forms, such as ammonium ions 

(NH4
+), through the action of enzymes (Ma et al., 2020). To make the concept clearer, Eqs (3-5) 

and (3-6) present some typical examples of amino acid (glycine and alanine) hydrolysis reactions 

(Alexandrova and Jorgensen, 2011). 

The most basic amino acid is glycine, which has a hydrogen atom as a side chain. When 

hydrolyzed, it undergoes the reaction in Eq. (3-5). This reaction breaks the peptide bond between 

the amino group (NH2) and the carboxyl group (COOH), resulting in the formation of ammonium 

ions (H3N
+) and the carboxylate ion (COO-) along with hydroxide ions (OH-). Schematic of 

hydrolysis of glycine showing three steps: before, during, and post hydrolysis by-products are 

presented in Figure 3-8. 
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Figure 3- 8. Schematic drawing of hydrolysis of glycine. 

 

𝐻2𝑁 −  𝐶𝐻2 −  𝐶𝑂𝑂𝐻 +  𝐻2𝑂 →  𝐻3𝑁 + −𝐶𝐻2 − 𝐶𝑂𝑂−  +  𝑂𝐻−                              (3-5) 

𝐻2𝑁 −  𝐶𝐻(𝐶𝐻3) − 𝐶𝑂𝑂𝐻 +  𝐻2𝑂 →  𝐻3𝑁 + −𝐶𝐻(𝐶𝐻)3 −  𝐶𝑂𝑂− + 𝑂𝐻−             (3-6) 

 

Alanine is another common amino acid; its hydrolysis can be represented in Eq. (3-6).  Again, 

the peptide bond is cleaved, leading to the formation of ammonium ions (H3N
+), the alanine 

carboxylate ion (COO-), and hydroxide ions (OH-) (Taniguchi, 2010). These equations illustrate 

the general process of amino acid hydrolysis. In the context of manure decomposition, various 

enzymes facilitate the hydrolysis of complex proteins and peptides into these simpler nitrogen-

containing compounds. This breakdown is essential for nutrient cycling and releasing valuable 

nitrogen sources like ammonium ions, which plants and microorganisms can utilize in the 

ecosystem. The hydrolysis of amino acids is a fundamental step in transforming organic nitrogen 

within manure and has significant implications for nutrient availability and soil fertility. 
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The ammonium ions have a higher solubility in water than ammonia gas; hence, ammonium is 

typically more readily dissolved (Franus and Wdowin, 2010; Vassileva and Voikova, 2009). In 

addition, this could be attributed to the function of KPW, which contains proteinase enzyme, which 

aid in the dissolution of ammonium nitrogen and inorganic ammonia in soluble components during 

hydrolysis or proteolysis reactions. (Li et al., 2016). Plant proteinase enzyme was shown to be 

effective in total ammonium nitrogen solubilization (Nguyen et al., 2022). In the present study, the 

dissolved NH4-N could also be used in the biological conversion of NH4
+ into nitrogen gas (such 

as NH3) and biomass. In the hydrolysis experiment of manure and KPW, the removed NH4-N and 

NH3-N may be processed by metabolism to produce biomass and nitrogen gas through an 

enzymatic reaction. Although biomass fluctuations in the liquid suspension were not measured in 

the current work, previous studies reported that 40 to 42% of NH4-N can be incorporated into 

biomass (Hoppensack et al., 2003; Sun et al., 2016; Sun et al., 2017). To gain a comprehensive 

understanding of the mechanisms involved in removing ammonium vs ammonia, additional 

information, such as changes in substrate concentration and measurements of enzyme kinetics, is 

essential. These factors need to be thoroughly investigated in order to achieve a clearer elucidation 

of the processes responsible for ammonium or ammonia removal. Table 3-9 provides an evaluation 

comparing the reduction of ammonia and/or protein in manure across different factors, 

emphasizing the study’s results. 
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Table 3- 9. A comprehensive comparison of ammonia and/or protein reduction from manure 

across various variables. 

Substrate Ammonia / 

Ammonium removal 

(%) 

Protein 

degradation 

(%) 

Time 

(days) 

Reacto

r 

 type 

References 

Manure and Kiwi peel waste 64% 39% 2 Batch This study 

Poultry manure, cheese factory, 

and coffee house waste 

73% (NH3-N)  - 0.25 Batch Adghim et al. (2022) 

Chicken manure 18% (NH4
+-N) - 1 Batch Yin et al. (2019) 

Food waste 15.4 -16.4%  per day 

(NH3-N)  

- 2-5 Batch Serna-Maza et al. 

(2014) 

Chicken manure 50% (for total NH4-N  

2000 mg/L)  

30% (for total NH4-N  

2000 mg/L) 

- 30  CSTR Niu et al. (2013) 

Livestock and poultry farm slurry 75.81% (NH3-N) - 3  Batch Yang et al. (2017) 

Chicken manure 

Bovine manure from breeding farm 

 45.8% 

46.4% 

10  

10  

- 

- 

Chen et al. (2019) 

Chen et al. (2019) 

Waste-activated sludge and resin  21.8% 0.33 Batch Pang et al. (2020) 

 

3.7.5 Effect on volatile solids reduction  

Volatile solids (VS) can serve as a valuable tool for evaluating the efficiency of AD, estimating 

the biogas production potential of various biomass materials, and determining the level of biomass 

decomposition (Orhorhoro et al., 2017). The inorganic fraction refers to the residual matter that 

remains after biomass combustion at 550 oC. VS represents the organic matter present in the 

substrate, including proteins, carbohydrates, and lipids. During biological treatment processes, 

such as AD or composting, organic matter degradation reduces the VS. Figure 3-9 presents the 

amount of VS reduction over the hydrolysis of manure and KPW as per statistical modeling.  

Maximum VS destruction of about 41±0.29% was observed with manure and KPW in run 14, 

whereas the lowest VS reduction was 15.7±0.8% (run 5). However, within each run, VS reduction 

efficiency significantly increased with time. Overall, VS reductions amongst runs differed 

significantly; VS removal (calculated from control to sample VS) ranged from 15±0.89% to 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/farm-animal
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29±0.89% in 3 h, 26-41±0.77% in 25.5 h, and 27-29±0.57% in 48 h with an increasing removal 

rate as time increased. 

 

 

Figure 3- 9. Volatile solids (VS) reduction in 15 experimental sets for manure protein hydrolysis 

by KPW. 

 

The efficiency of VS removal in this system was comparatively lower when compared to 

findings from long-term studies that involved the processing of pig manure (46.4±20%) (Gómez 

et al., 2019), fruit and vegetable waste (70.9%), pig manure (97.53%) (Yang et al., 2020), while a 

few other studies revealed similar values 38-51% VS reduction of waste activated sludge co-

digested with food waste (Liu et al., 2019), 32-34% for citrus fruit waste (Lukitawesa et al., 2018), 

23% for waste activated sludge (Wu et al., 2015), and 34-41% for pineapple peel and chicken 

manure (Kumar et al., 2017). The average VS reductions were 23±0.48% at 3 h, 33±0.53% at 25.5 

h, and 28±0.26% at 48 h. This indicates that the VS reduction initially increased, reaching its peak 

at 25.5h. After this peak, there was a decline in the average VS reduction by 48h, although this 

reduction at 48h was still higher than the reduction observed at 3 h. Liu et al. (2019) also observed 

a similar result, 38% VS reduction at 8 h. In contrast, a further increase in time (25 h) caused a 
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51% reduction during the co-fermentation of food waste and waste-activated sludge. This could 

be due to increased non-disintegrated carbon and nitrogen residue, particularly cellulose, 

hemicellulose, lignin, and protein, which have comparatively lower biodegradability (Jabeen et 

al., 2015). During hydrolysis, enzymatic action breaks down complex organic compounds such as 

proteins, carbohydrates, and fats, converting them into simpler soluble compounds. This process 

increases VS reduction as the readily available organic matter is rapidly degraded by hydrolytic 

enzymes. However, as the hydrolysis proceeds and the readily accessible organic compounds are 

depleted, the process slows down. This can lower the VS reduction as the remaining substrate 

becomes more resistant to disintegration. These compounds may require a longer retention time or 

specialized treatment to be further broken down. Table 3-10 provide some previous studies 

corresponding different VS reduction amount. 

 

Table 3- 10. Reported volatile solids reduction of various substrates in anaerobic digestion. 

Substrate VS reduction (%) Time (day) References 

Cow manure 40±1.2 1  This study 

Digester sludge 46-65 3  Kumar et al. (2006) 

Swine manure and corn stover 7-33 15  Arias et al. (2021) 

Cow manure and pineapple peel  41.72 80  Kumar et al. (2017) 

Cow manure and pineapple leaf 30.86 80  Kumar et al. (2017) 

Waste activated sludge 23 3  Wu et al. (2015) 

Pig manure 46±20  18  Yang et al. (2020) 

Pig manure 19.68 ± 4.66 6  Adghim et al. (2022) 

Rumen waste 32 7  Issah & Kabera (2021) 

Mixed food waste 64 1  Kiran et al. (2015) 

 

 

   

3.8 Optimization and Model Validation 

In hydrolysis reactors, protein degradation and ammonia removal should be maximized 

because high ammonia removal and high protein degradation can reduce ammonia accumulation 

problems, consequently supporting a high gas yield in the digesters. Different combinations were 
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responsible for different optimum outputs, such as run 8 (manure 9 g VS L-1 and KPW 7.5 g VS 

L-1 for 48 h) for maximum NH3-N removal (64±0.65%), run 7 (manure 4 g VS L-1 and KPW 7.5 

g VS L-1 for 48 h) for maximum protein reduction (39±0.61%) and run 14 (manure 6.5 g VS L-1 

and KPW 10 g VS L-1 for 48 h) for maximum VS reduction (41±0.29%). The maximum NH4-N 

removal (83±0.32%) was observed in run 8 (manure 9 g VS L-1 and KPW 7.5 g VS L-1 for 48 h) 

and 11 (manure 6.5 g VS L-1 and KPW 5 g VS L-1 for 48 h). However, average VS reduction was 

observed at 25.5 h; after that, VS reduction decreased over time for all combinations. At the 

beginning of hydrolysis (3 h), there might be a lag phase where the enzymes in the KPW establish 

their activity for the substrate (manure). The acceleration period (up to 25.5 h) represents a phase 

where the hydrolysis process becomes more efficient. Enzymes may have familiarized to the 

substrate, and their activity has increased, leading to a higher rate of VS reduction. Conditions 

during this phase may be favorable for enzyme activity, such as optimal pH, temperature, and 

substrate availability. Beyond 25.5 h, the system may enter a plateau phase where the available 

substrate (manure) starts to become limited. Enzymes may also experience a decline in activity 

over time due to factors such as depletion of essential cofactors, accumulation of inhibitory by-

products, or changes in environmental conditions (Gonzalez and Aranda, 2023). Manure is a 

complex substrate with a variety of organic compounds. The initial rapid reduction may involve 

the breakdown of more easily degradable components, while the slower phase may involve the 

breakdown of more complex and recalcitrant materials (Dalby et al., 2021; Labatut, 2012). 

Therefore, achieving optimal conditions for all responses simultaneously is challenging as their 

respective regions of interest vary. Hence, the responses were superimposed based on the defined 

constraints to determine the optimization region. The overlaying method employed constraints to 

set the NH3-N removal (%), NH4-N removal (%), and protein degradation within a specified range; 
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40%, 70% and 20% as maximum value, respectively. To validate the models, optimal parameters, 

9 g VS L-1 manure, 7.5 g VS L-1 kiwi and time 24 h were chosen as presented in Table 3-11. 

 

Table 3- 11. Ammonia nitrogen and protein reduction under optimum conditions. 

Manure 

dosage  

(g VS L-1) 

Kiwi waste  

dosage  

(g VS L-1) 

Time 

(h) 

Reduction (%) 

NH3-N  Protein  NH4-N  VS  

9 7.5 24 39 18.5 68 28.4 

9 7.5 24 41 21.9 67 25.7 

9 7.5 24 38 19.2 65 20.0 

 

From Table 3-10, the experimental average optimal responses for the NH3-N and protein 

reduction (%) were 39.3±0.9% and 19.87±0.55%, respectively. In addition, the NH4-N and VS 

reduction (%) were 66.7±1.01% and 24.7±0.57%, respectively. The specified conditions were 

implemented in successive triplicate experiments, which indicated their effectiveness in achieving 

the desired removal of NH3-N and protein reduction, along with a satisfactory NH4-N and VS 

reduction.  

 

3.9 Chemical and Morphological Analysis  

Section 3.10 focuses on chemical and morphological Analysis. This section is divided into two 

parts. In the first part, 3.10.1, we will look at FTIR (Fourier Transform Infrared Spectroscopy), a 

method used to identify different functional groups involved. The second part, 3.10.2, discusses 

SEM (Scanning Electron Microscopy), which helps us see the small details and surface patterns 

of materials. Both these methods are important for understanding what our materials are made of 

and how they look up close upon hydrolysis. 
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3.9.1 FTIR  

The impact of hydrolysis on the degradation of manure and KPW was examined by conducting 

thorough Fourier transform infrared spectroscopy (FTIR) analysis on samples for up to 48 h. The 

FTIR plots of manure and kiwi waste pre- and post-hydrolysis have differences, and the functional 

groups changed over hydrolysis time (Figure 3-10). 

Significant peaks emerged at 3290, 2919, 2851, 1610, 1420, 1245 and 1034 cm-1 (Figure 3-9 

(control)). In the FTIR analysis, a broad band around 3290 cm− 1 correspond to amide A absorption 

characteristics (Zhou et al., 2016). This peak is typically observed in the region of 3300-3500 cm-

1. It corresponds to the stretching vibration of the N-H bonds involved in hydrogen bonding. The 

absorption band at 3290 cm-1 decreased over time and shifted to 3340 cm-1 during enzymatic 

hydrolysis (Figure 3-10 (48 h)).  

 

 

Figure 3- 10. FTIR spectrum of manure and kiwi peel waste at 0 h (control) and 48 h. 

 

The observed shift and decreased peak in the spectrum is ascribed to the perturbation of 

hydrogen bonds and the breaking of amide bonds or N-H bonds within the side chains and might 

be indicating the cleavage of peptide bonds and the release of amino groups, which contributes to 
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the deformation of the sample protein structure (Rabotyagova et al., 2008). The bands at 2851 and 

2919 cm− 1 represent the CH3 and CH2- asymmetric vibration mode, respectively. The band at 2851 

and 2919 cm− 1 shifted to a lower frequency (2845 and 2910 cm-1), indicative of bond alteration 

(Sionkowska, 2006). 

The wavenumber range of 1700-1600 cm-1 corresponds to the Amide I region, and it arises 

from the stretching vibration of C=O bonds within the amide group. On the other hand, the 

wavenumber range of 1580-1420 cm-1 is associated with the Amide II region. The presence of 

Amide II is attributed to the stretching vibrations of N-H and C-H bonds. Among these regions, 

Amide I exhibits the most pronounced transmission band and is highly responsive to variations in 

hydrogen-bonding environments, particularly in relation to secondary structures such as α-helix, 

β-sheet, turn, and unordered conformations (Miller et al., 2013). Amide III peak is usually found 

in the 1200-1350 cm-1 range, which signifies the N-H bending and C-N stretching coupled with C-

C stretching (Prajapati et al., 2021). The regions of amide I (1600-1700 cm-1) and amide II (1580-

1420 cm-1), which provide insights into protein’s secondary and tertiary structure, have been 

examined extensively as they exhibit the most prominent spectral alterations resulting from 

digestion. Upon hydrolysis by KPW proteases, the amide I band centered around 1610 and 1700 

cm− 1 is shifted towards lower wavenumber 1597 and 1738 cm-1
, whereas a sharp peak around 1420 

cm− 1 (Amide II) disintegrated into small irregular peaks in the course of hydrolysis time which 

are explained by the free carboxylates COO−'s antisymmetric stretching (Güler et al., 2016) and 

the distinct increase at 1597 cm-1 after hydrolysis (before hydrolysis at 1610 cm-1), corresponding 

to the scissoring vibration of NH3 
+ (Böcker et al., 2017). Amide II arises from the combined 

vibrational modes of N-H bending and C-N stretching in the protein backbone. Changes in the 

Amide II peak during hydrolysis can indicate modifications in the protein’s secondary structure 
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(Bai et al., 2023). The easily identified absorption peak at 1100-1000 cm−1 corresponding to 

crystalline cellulose and amorphous cellulose (Zhu et al., 2021), particularly a sharp peak at 1034 

cm-1 shifted at 1039 cm-1 confirms hemicellulose distortion in both of the samples (Cheng et al., 

2014).  

 

3.9.2 SEM 

 Scanning electron microscope (SEM) analysis assesses the effectiveness of hydrolysis 

techniques by comparing the structural changes observed in samples subjected to different 

conditions or treatments. The morphology of manure and KPW before and after 6, 12, 24, and 48 

h hydrolysis was observed by SEM at different magnifications (Figure 3-11). 

In SEM images of the sample before hydrolysis (control sample), the surface typically 

appeared rough and heterogeneous (Figure 3-11 (a) and (b)). The image reveals a complex 

structure consisting of organic matter, fibrous materials, particulate components, and inorganic 

particles. The unhydrolyzed sample had dense and intact tissue with wrinkled planes, probably 

contributing to the fibrous part of the manure, similar to the SEM observations of chicken manure 

by Ormaechea et al. (2018) showing the substrate with heterogeneous size particles corresponding 

to the plant remnants that have not been broken down by an animal's digestive system. The 

enzymatic activity derived from KPW modulated the intracellular packing of nonfibrillar/ fibrillar 

protein and different ratios of biopolymers such cellulose, hemicellulose, and lignin in manure. 
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Figure 3- 11. Scanning electron microscope (SEM) images of (a) and (b) manure-kiwi peel waste 

(KPW) substrate control, and after hydrolysis at (c) and (d) 6 h,  (e) and (f) 12 h, (g) 

and (h) 24 h, and (i) and (j) 48 h.  
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Hydrolysis is a process that breaks down complex organic compounds, such as proteins, 

carbohydrates, and lipids, into simpler forms. As a result, the complex manure-KPW structure 

undergoes significant alterations (Figure 3-11 (c) and (d) to (i) and (j)). The surface appeared 

smoother and more homogeneous compared to the pre-hydrolysis state. The distinct particles, 

fibers, or other structures observed before hydrolysis are less pronounced or completely absent 

after hydrolysis. In the hydrolyzed sample for 6 h (Figure 3-11 (c) and (d)), the fibrils demonstrate 

characteristic cross-striation patterns characterized by irregular intervals almost similar to the 

control sample, suggesting the protease enzyme took more than 6 h to fully function. This result 

also reinforces our previous statistical modeling result, showing higher protein degradation was 

achieved after 24 h (Figure 3-11 (g) and (h)) and highest at 48 h (Figure 3-11 (i) and (j)). The 

texture of the fibrous structure of the control manure-KPW sample was rougher than that of fiber 

in the sample at 24 and 48 h. This means that more substances were attached to the surface of the 

fiber's main structure in the control sample compared to the hydrolyzed sample (Molinuevo-Salces 

et al., 2012).  

Liao et al. (2004) conducted chemical composition analysis and SEM of manure before 

hydrolysis, which provided evidence indicating that majority of such compounds mostly nitrogen-

based component, such as proteins. Ganesh Kumar et al. (2008) findings from 72 h of hydrolysis 

of high protein content tannery solid waste align with and support the current study outcomes. The 

unhydrolyzed protein-rich solid waste was visualized with vertical and longitudinal fibrillar tissue 

fibers; however, 72 h hydrolysis altered the microstructural arrangements, and fibrillar tissue was 

completely damaged.  
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3.10 Conclusions 

This study has successfully demonstrated the potential of Kiwi peel waste (KPW)-derived 

proteases to mitigate ammonia accumulation during anaerobic digestion of protein-rich waste. 

Through statistical experimental design and analysis, optimal hydrolysis conditions were 

established, leading to significant reductions in manure protein quantity and ammonia 

concentration. The results from the hydrolysis experiment revealed that the dosage of pineapple 

peel waste with manure had an impact on manure’s protein quantity and ammonia reduction. As at 

4 g VS L-1 of manure mixed with 7.5 g VS L-1 of KPW for 48 h, the maximum protein quantity 

reduction observed was 39±0.54%. However, 9 g VS L-1 of manure mixed with 7.5 g VS L-1 of 

KPW for 48h provided maximum NH3-N reduction (64±0.65%). In addition, two more data were 

measured NH4-N and VS reduction (%), a similar loading of manure, KPW, and hydrolysis time 

(9 g VS L-1, 7.5 g VS L-1, and 48 h) showed 83±0.32% NH4-N reduction along with 41.4±0.29 % 

VS reduction at 6.5 g VSmanure L
-1 7.5 VSKPW 25.5 h. The response surface methodology's 

chosen experimental design turned out to be a reliable and affordable way for analysing, 

researching, and maximising the combined impacts of the three process factors: manure dosage, 

KPW, and time to reduce manure complex and NH3-N accumulation. After the experimental data 

from the BBD matrix were examined, a very significant regression quadratic model equation (R2 

= 0.99; p < 0.0001) was produced for both protein reduction and NH3-N reduction. The optimal 

value of NH3-N (39.3±0.9%), protein (19.87±0.55%), NH4-N (66.7±1.01%) and VS (24.7±0.57%) 

reduction were achieved when the dosages were loaded as 9 gVSmanure L
-1, 7.5 gVSKPWL-1 for 24h. 

Moreover, the integration of FTIR spectroscopy and SEM provided deeper insights into the 

structural changes induced by the treatment, reinforcing the effectiveness of the approach. Notably, 

the study offers an economically viable solution with the added benefit of enhancing biohydrogen 
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and biomethane yields by reducing ammonia accumulation and degrading protein quantity, which 

is essential for sustainable energy production by anaerobic digestion. 
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CHAPTER FOUR 
 

ENHANCING MANURE PROTEIN DEGRADATION BY 

PINEAPPLE PEEL WASTE: STATISTICAL OPTIMIZATION 

USING BOX-BEHNKEN DESIGN AND RESPONSE SURFACE 

METHODOLOGY 
 

Abstract 

 

Animal farms generate large amounts of manure suitable as feedstock for producing biogas by 

anaerobic digestion (AD). However, AD encounters difficulties when manure contains excessive 

protein levels. This study investigates using pineapple peel waste (PPW)-derived protease enzyme 

(bromelain) to enhance manure’s protein hydrolysis and improve biogas production. It aims to 

improve the degradation of manure protein and mitigate the inhibitory ammonia accumulation 

problem. The study applied a Box–Behnken design and analyzed the data using the Response 

Surface Methodology (RSM) to optimize protein reduction and diminishing ammonia levels. It 

examined the single and two-way impacts of parameters such as manure dosage, PPW dosage, and 

hydrolysis duration. The statistically derived optimal hydrolysis condition for 36±0.25% protein 

reduction was observed at 9 g VSmanure L
-1, and 4 g VSPPW L-1

 at 48 h hydrolysis. However, the 

highest reduction of ammonia nitrogen (NH3-N) by 72±0.48% was achieved under the optimal 

combinations of 6.5 g VSmanure L
-1, and 7 g VSPPW L-1 at 48 h hydrolysis. Fourier Transform Infrared 

(FTIR) spectroscopy and Scanning Electron Microscopy (SEM) analyses revealed changes, 

particularly weakening and cleavage of hydrogen and amide I, II and III bonds, confirming 

hydrolyzed manure's structural and morphological alterations. The hydrolyzed substrate 

characterization, paired with the rigorously developed statistical data, strongly supports using PPW 

as an effective agent to address the ammonia accumulation challenges. PPW significantly and 
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effectively enhances protein breakdown within manure, potentially increasing hydrogen and 

methane generation during AD.  

 

Keywords: Manure, pineapple peel, nitrogen-rich feedstock, statistical optimization, FTIR, 

SEM. 

 

4.1 Introduction 

With energy consumption escalating sharply and provoking global concern, the energy 

shortage problem is intensifying. Projections suggest that by 2030, approximately 1.4 billion 

individuals may be at risk of lacking access to contemporary energy resources (Marie et al., 2021). 

In 2019, Canada generated 632.2 TWh of electricity, with hydro sources contributing 60% of this 

total. The rest came from diverse sources, such as biomass (1%), wind (5%), solar (0.3%), nuclear 

(15%), and natural gas (11%) (Tian et al., 2023; Giacosa & Walker, 2022). By 2021, Canada’s 

energy use had risen by 2.8%, reaching 8,167 petajoules (Statistics Canada, 2022). Waste 

generation (such as animal manure and household, slaughterhouse, food, municipal, and 

agricultural waste) increased dramatically as a result of the growing population. Around 100 

million tonnes of protein-rich waste (high in nitrogen content) are produced yearly, including 

slaughterhouse remnants, animal manure, and discarded meat products (Li et al., 2018). Each year, 

the livestock industry in Canada produces over 146 million tonnes of manure. This by-product of 

livestock farming, while often viewed as waste, is also a source of energy through biogas 

production (Wang et al., 2022). In recent years, the volume of waste directed towards anaerobic 

digestion (AD) within the European Union (EU) has seen an annual growth rate of 25%, driven by 

https://www150.statcan.gc.ca/n1/daily-quotidien/221206/dq221206e-eng.htm
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substantial financial investments in both the biomass and Waste-to-Energy sectors (Ibarra et al., 

2023). 

This process uses four steps—hydrolysis, acidogenesis, acetogenesis, and methanogenesis—

to transform protein-rich substrates into bioenergy, particularly biogas and biomethane, thus 

helping to manage the large amounts of such waste (Li et al., 2018). Protein-rich wastes, 

originating mainly from animal sources, such as slaughterhouse waste and livestock manure (from 

cows, pigs, cattle, chickens, etc.), have high protein content. These materials can cause ammonia 

build-up in digesters, which can impair performance unless a carbon source is added in AD to 

balance the carbon-to-nitrogen (C/N) ratio of the feedstock (González et al., 2022). The release of 

ammonium ions (NH4
+) from protein breakdown can hinder AD when concentrations exceed 4.8 

g NH4
+ N L-1 (Astals et al., 2018). The inhibitory threshold for total ammonia concentration in 

biogas production varies with several factors, such as the nature of the substrate, acclimation, 

operational duration, pH, and temperature. Free ammonia (NH3), which can cross cell membranes, 

is chiefly responsible for inhibition because it disrupts proton balance and potential to cause 

potassium deficiency. In contrast, the ammonium ion (NH4
+) is comparatively less toxic. 

Anaerobic microbial communities that have adapted to ammonia were found to be inhibited at 

NH3 concentrations ranging from 0.7 to 1.1 g NH3 N L-1 (Kovács et al., 2013). The slow AD rates 

and inhibition issues from specific components in protein-rich wastes have been linked to limited 

biogas reactor performance. Industries like livestock farms, abattoirs, and those processing dairy 

products also generate protein-rich wastewater. If challenges in their AD are addressed, these 

protein-rich biomasses could become highly beneficial biogas sources. Additionally, the by-

product of this AD process is an eco-friendly residue that serves as a high-quality agricultural 

fertilizer. 
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Mixing substrates with varying C/N ratios through co-digestion is an effective tactic to improve 

degradation efficiency and prevent the build-up of toxic levels of ammonia. Studies indicate that 

the ideal C/N ratio for efficient AD is between 20:1 to 30:1 (Banks and Heaven, 2013). However, 

the C/N ratios found in manure and various slaughterhouse wastes fall below this optimal range. 

Amino acids are the building blocks of proteins, which are composed of amino acids joined by 

peptide bonds by enzyme proteases that follow various fermentation pathways depending on their 

types and concentrations (Tavano, 2013). Protease enzymes can be derived from plants, microbes, 

or fungi. For many years, plant proteases such as actinidin from kiwifruit (Actinidia lindl), ficin 

from fig (Ficus carica), papain from papaya (Carica papaya), and bromelain from pineapple 

(Ananas comosus) have been utilized traditionally (Mohd Azmi et al., 2023). Misran et al. (2019) 

noted that pineapple peels have a higher bromelain activity than the flesh. So far, only a few studies 

have explored the various applications of bromelain. Table 4-1 summarizes various applications 

of bromelain with different substrates in bioenergy and bioprocessing fields. 

It shows that swine manure and pineapple waste can produce biohythane (a mixture of methane 

and hydrogen), with significant hydrogen and methane production rates and effective removal of 

COD and ammonium. The hydrolysis of aquaculture sludge with bromelain greatly enhances COD 

solubility (Syahirah & Nazaitulshila, 2018). Bromelain’s application in meat processing results in 

extensive proteolysis, improving the breakdown of proteins in rejected meat from chicken, squid, 

and beef. 

Additionally, the enzyme contributes to biogas generation, with a mix of cow dung and 

pineapple waste yielding high methane levels. These studies illustrate bromelain’s potential in 

enhancing waste conversion to valuable bioproducts. Plant proteases can be extracted in vitro 

(using organs, tissues and cells) or in vivo (using a biological vector to express a particular 
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vegetable protein) or directly from vegetable biomass (roots, fruits, flowers and latex) through 

conventional agriculture. (David Troncoso et al., 2022).  

 

Table 4- 1. Application of bromelain in various studies. 

Application Substrate Results References 

Biohythane (H2 and 

CH4) generation 

swine manure and 

pineapple waste 

▪ H2 production rate is 1240 

mL L-1 d-1 

▪ CH4 production rate is 812 

mL L-1 d-1 

▪ COD removal is 50-75.2 % 

▪ Ammonium removal is 77.5-

80.3 % 

(Nguyen et al., 2022) 

Improvement of 

hydrolysis solubility  

Aquaculture sludge ▪ COD solubilizations with 

bromelain-treated sludge 84% 

(Syahirah & 

Nazaitulshila, 2018) 

Hydrolysis of 

rejected meat in 

chicken, squid, and 

beef. 

Meat myofibrillar protein ▪ Extensive proteolysis and a 

reduction in the number and 

intensity of the protein bands in 

all of the treated samples. 

(Sunantha & Saroat, 

2011) 

Biogas generation Cow dung ▪ 1:1.5 ratio of cow dung and 

pineapple fruit waste resulted in 

63.81% CH4 and 34.47% CO2 

(Unnikrishnan & 

Ramasamy, 2022) 

Biogas generation Abattoir effluent 

(manure, blood, urine, 

fat, lumen and intestine) 

▪ Maximum biogas yield is 

1.98 m3 

(Otieno et al., 2023) 

 

Every prior attempt at ammonia adaptation had the trait of mixing a significant amount of 

carbon-rich materials to the substrate with a high nitrogen content in order to get it closer to the 

suitable C/N/P ratio (Hernández Regalado et al., 2022). However, few studies have explored the 

potential of using protease enzymes derived from plant waste to break down proteins in protein-

rich wastes. Pineapple waste is an excellent feedstock for co-digestion, given its high carbohydrate 

levels (about 40 g kg-1), allowing for fast hydrolysis and organic matter acidification (Wijeratnam 

et al., 2005). It also contains bromelain enzyme that aids in the hydrolysis of soluble organic 

compounds into digestible forms for AD and can potentially reduce pollutant content and ammonia 

nitrogen levels (Syahirah and Nazaitulshila, 2018). Thus, pairing pineapple waste with manure 
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could optimize the C/N ratio, enhance the efficiency of biogas production, stabilize the process, 

and lower treatment costs for these organic wastes. 

The information that is currently available indicates that the study's data are the first of their 

sort on the hydrolysis of manure using pineapple peel waste. Although few previous researchers 

had evaluated the mono digestion of pineapple waste (Rani & Nand, 2004) and mono digestion of 

protein-rich waste such as pig blood or casein (Kovács et al., 2013) and co-digestion of abattoir 

effluent with pineapple waste in AD, there is, however, no documentation on the optimal 

conditions for the protein and ammonia reduction when co-digesting pineapple peel waste and 

manure. This study is the first to elucidate the quantitative and morphological characteristics and 

show the morphological changes caused by pineapple peel waste to manure during hydrolysis over 

time. This study aims to identify optimal hydrolysis conditions using Box–Behnken Design and 

Response Surface Methodology (RSM), focusing on variables such as the amounts of manure (M), 

pineapple peel waste (PPW), and the duration of hydrolysis, to maximize the reduction of protein 

and ammonia in manure. 

This research significantly enhances these waste streams’ optimal and sustainable utilization 

as viable energy resources. The findings contribute to a deeper understanding and optimization of 

the hydrolysis stage of the AD process, paving the way for its establishment as an efficient 

treatment strategy for PPW and manure. Such advancements will bolster energy recovery from 

complex protein-rich wastes and promote environmental sustainability and resource conservation. 

 

4.2 Materials and Method  

The sub-sections below give an overview of the feedstocks, reagents, and chemicals used in 

the lab to improve the process of manure hydrolysis. 
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4.2.1 Chemicals and reagent 

Ammonium chloride and sodium chloride of ACS reagent grade (≥ 99.0%) were procured from 

Sigma-Aldrich, USA. Standard reagent-grade ammonium chloride (NH4Cl) was employed to 

generate NH3 and NH4. A 2 mL quantity of Ionic Standard Adjuster (ISA) was introduced to each 

100 mL sample or standard solution to achieve a background ionic strength of 0.10M. Reagent-

grade sodium chloride (NaCl) was utilized to prepare 10 M NaOH and 5 M NaOH as ISA for NH3 

and NH4 measurements in both standards and samples. The Pierce Coomassie (Bradford) Protein 

Assay Kit, a pre-made Bradford assay reagent (Thermo Fisher Scientific, U.S.A.), was employed 

to determine the total protein concentration relative to a bovine serum albumin protein standard. 

De-ionized water was utilized for all aspects of sample preparation. 

 

4.2.2 Feedstock 

Dairy cow manure (M) in its fresh state was collected from a local dairy farm in St. John’s, 

Newfoundland. The manure was obtained from beneath the animals in the wet barn before it 

reached the floor. After collection, the manure was transferred to an air-tight plastic container and 

stored at a temperature of 4 ºC until it was fed to the digesters. Pineapple peel waste (PPW) served 

as the source of proteinase enzyme in the hydrolysis experiment. These fruits were procured from 

local groceries in St. John’s and stored refrigerated in plastic bags. The fresh fruits were peeled, 

sliced into little pieces, and cleaned with tap water to get rid of any debris (Figure 4-1).  
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Figure 4- 1. Clean pineapple peel cuts ready for blending using a blender. 

 

The peel pieces were blended using a magic bullet® with a 250-watt motor running at 2000 

rpm (LLC Los Angeles, CA 90025, USA). A 500 mL capacity cup was affixed onto the motor 

blade and operated for 1 minute at a constant speed. Before feeding the reactors, both feedstocks 

(M and PPW) underwent physiochemical characterization (Table 4-2). 

 

Table 4- 2. Physiochemical characteristics of the substrates. 

Parameter Cow Manure  
(M) 

Pineapple  
peel waste 
(PPW) 

pH 7.5 5.9 
Total Solids, TS (%) 14.7 21 
Volatile Solids, VS (%) 7 19 
Chemical Oxygen Demand, COD (g L-1) 105.3 87 
Protein (g L-1) 1.2 1.2 

NH3-N (g L-1) 2.2 - 
NH4-N (g L-1) 2.1 - 

 

4.3 Hydrolysis Tests 

A designed experiment incorporating statistical methods was executed using manure and 

PPW in batch digesters. Each set of conditions for optimization tests was evaluated in duplicate 

samples in air-tight 0.5 L Wheaton glass bottles (referred to as digesters), each having a working 
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volume of 0.3 L. The hydrolysis of cow manure with PPW wastes took place in the batch 

reactors at 20±1 oC. PPW was introduced in mixing ratios ranging from 1 to 7 g VS L-1 in 

conjunction with the manure (4 to 9 g VS L-1). 

 

4.4 Box-Behnken Design 

Multiple batches of identical reactors were employed to investigate the impact of varying 

dosages of PPW over different incubation periods on the degradation of dairy manure protein, 

removal of ammonia nitrogen (NH3-N) and ammonium nitrogen (NH4-N), and volatile solids (VS) 

reduction. Response Surface Methodology (RSM) and Box-Behnken Design (BBD) were 

implemented, employing three levels (−1, 0, +1) to determine the optimal conditions for protein 

degradation and ammonia removal. BBD is an experimental design approach characterized by 

symmetry, facilitating the assessment of the significant effects of diverse experimental parameters 

and their interactions (Beg & Akhter, 2021). This method reduces the overall number of required 

experiments, providing a cost-effective means to optimize experimental conditions (Ince & Kaplan 

Ince, 2017). The application of RSM and BBD utilized Minitab® 21.4 Statistical Software (LLC, 

Pennsylvania, USA). The collected experimental data were used to construct a predictive model 

for removing protein and ammonia. By identifying interactional effects, this model seeks to 

optimize process parameters to maximize the removal of specified parameters. Equation (4-1) 

outlines the number of experiments or runs for the three levels in the Box-Behnken Design (BBD): 

 

                           N = 2k (k − 1) + Cp                                                                       (4-1)  
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This study used the BBD methodology to investigate hydrolysis by conducting 17 

experimental runs for manure and PPW. Each factor, manure loading, PPW loading, and time, 

was examined in 12 experiments at three levels and five central experiments. N denotes the 

number of experimental runs, Cp represents the central points number, and k indicates the 

number of parameters, such as substrate dosage and time.  

Following the conventional approach, the BBD methodology was employed by adjusting all 

the factors at three evenly spaced levels (-1, 0, +1). The experimental points, generated according 

to the BBD methodology, were facilitated using Minitab® 21.4 Statistical Software. The 

hydrolysis process was examined based on the manure dosage (g VS L-1), PPW (g VS L-1), and 

the incubation time (from 4 to 48 h) (Table 4-3). 

 

Table 4- 3. Variations in levels for different parameters in the Box-Behnken Design applied 

to manure and pineapple peel waste. 

Factors Codes Low level 

(-1) 

Intermediate  

level (0) 

High level  

(+1) 

Manure proportion (g VS L-1) A 4 6.5 9 

Pineapple peel proportion (g VS L-1) B 1 4 7 

Time (h) C 4 26 48 

 

The quantity of manure ranged from 4 to 9 g VS L-1, the PPW dosage varied from 1 to 7 g VS 

L-1, and the incubation time spanned 4 to 48 h. The experiments were executed following the 

matrix transformation detailed in Table 4-4. These experimental combinations involved 

monitoring four parameters: the reduction (%) of protein, NH3-N, NH4-N, and VS. The 

independent variables (parameters) were the three process factors, while the reduction (%) 

represented the dependent variable (response). The overall process diagram is depicted in Figure 

4-2. 
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The BBD is employed to analyze quadratic responses, generating a mathematical model of a 

second-degree polynomial equation (Eq. (4-2)) that can predict optimal conditions. 

 

𝑌 = 𝛽0 + 𝛽1𝑋1 + 𝛽2𝛽𝑋2 + 𝛽3𝑋3 + 𝛽11𝑋21 + 𝛽22𝑋22 + 𝛽33𝑋23 + 𝛽12𝑋1𝑋2 + 𝛽23𝑋2𝑋3 

                 +𝛽13𝑋1𝑋3                                                                                                     (4-2)   

     Where Y is the dependent or response variable (removal % or reduction %) of protein, 

NH3-N, NH4-N, and VS); β0, β1, β2, β3 are coefficients of linear expressions; β11, β22, β33 are 

quadratic coefficients; β12, β23, β13 are interaction coefficients; X1, X2, X3 represents the 

independent variables. 

 

Table 4- 4. Transformation of the matrix in the Box-Behnken Design applied to the 

hydrolysis of manure and pineapple peel waste (PPW). 

Run Manure VS  

(g L-1) 

PPW VS  

(g L-1) 

Time 

(h) 

1 4.0 4 48 

2 6.5 1 48 

3 9.0 4 48 

4 6.5 4 26 

5 6.5 4 26 

6 6.5 7 4 

7 9.0 4 4 

8 9.0 7 26 

9 6.5 1 4 

10 6.5 7 48 

11 6.5 4 26 

12 4.0 7 26 

13 9.0 1 26 

14 6.5 4 26 

15 6.5 4 26 

16 4.0 1 26 

17 4.0 4 4 

                                      PPW = pineapple peel waste; VS = volatile solids 
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Figure 4- 2. Illustration of the experimental arrangement and outcomes of the optimization tests 

for the manure and pineapple peel waste hydrolysis. 

 

4.5 Analytical Methods 

The substrates were characterized for total solids (TS), volatile solids (VS), pH, NH3-N, and 

NH4-N. pH values were measured with a pH meter (pH/ORP Temperature Control Monitor, pH-

204, 110 V, USA), and all characterizations were performed in duplicate. Protein, NH3-N, NH4-N 

and VS were quantified according to the procedures explained in sections 4.5.1 to 4.5.3. The 

sample preparation for FTIR and SEM characterization is outlined in sections 4.5.4 and 4.5.5. 

 

4.5.1 Protein quantity measurement  

Protein concentration was assessed using the Bradford method (Kruger, 2009), which relies on 

the absorbance shift monitored in an acidic Coomassie® Brilliant Blue G-250 dye solution 

(Bradford, 1976). The dye binds to protein molecules in the presence of protein, inducing a color 
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change from reddish brown to blue (Figure 4-3). It is assumed that the dye's sulfonic groups attract 

the protein electrostatically to bond to it. The peak absorbance of the acidic dye solution shifts 

from 465 to 595 nm after it binds with protein molecules (Bonjoch & Tamayo, 2001). 

Consequently, all samples were analyzed using a UV-spectrophotometer (GENESYS 10S UV-VIS, 

Thermo Scientific, Madison, USA) at an absorbance of 595 nm, combined with Coomassie® 

Brilliant Blue. This approach ensured precise quantification of the protein content in each sample. 

Bovine Serum Albumin (BSA) served as the protein standard for creating a standard curve and its 

corresponding equation. Subsequently, this standard curve equation was applied to determine the 

protein concentrations of individual samples using their absorbance values measured at 595 nm 

with a UV-spectrophotometer. The reduction (%) in protein content was computed by comparing 

the sample and control values, as determined through statistical matrix runs. 

 

 

Figure 4- 3. A mixture of Coomassie dye and samples ready for protein quantity measurement. 

 

 

4.5.2 NH3-N and NH4-N measurement 

The ammonia gas sensing electrode (Cole-Parmer model #K-27502-00) and ammonium glass 

electrode (Cole-Parmer #K-27502-03) were employed to assess the NH3-N and NH4-N levels in 

the samples. A three-point calibration curve (Appendix A) was established through serial dilution, 
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adhering to the guidelines outlined in the Cole-Parmer model manual accompanying the respective 

electrodes. The calibration involved using standard ammonia and ammonium solutions at 1, 10, 

and 100 ppm concentrations. Control samples were obtained by withdrawing 100 mL from each 

digester immediately after preparation (time = 0). Subsequently, 100 mL samples were drawn from 

the digester bottles at specified intervals, mixed with 1 mL ISA, and the readings were recorded 

(Figure 4-4). The difference in readings between the control and the samples provided the 

reduction of NH3-N or NH4-N. 

 

 

Figure 4- 4. Ammonium measurement using Cole Parmer ammonium probe meter connected 

with a pH-ORP monitor. 

 

4.5.3 Volatile solids measurement 

The removal of volatile solids (VS) is calculated using the measured VS of the control and that 

of the samples using the procedure of the standard methods (APHA-2540D). The first step involves 

determining the total solids (TS) (APHA-2540B), representing the remaining dry solids in a vessel 

after drying the sample at 105 °C in an oven. A digital balance (Denver instrument model A-160, 

USA) was employed to weigh the samples to measure TS and determine VS.  
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4.5.4 Fourier transform infrared spectroscopy (FTIR) 

Understanding waste materials' state, stability, and reactivity is crucial for predicting their 

future behavior and degradability potential. Fourier transform infrared spectroscopy (FTIR) 

offers general insights into the chemistry of waste materials (Smidt & Meissl, 2007). For this 

purpose, liquid samples were withdrawn from the digesters at specific intervals (0 and 48 h) and 

oven-dried at 70-80 oC for 24 h before being subjected to FTIR. Approximately 0.5 g of the dried 

samples were analyzed using FTIR spectroscopy (PerkinElmer Spectrum IR-C115599, USA) 

with a spectral range of 650 to 4000 cm−1 and a resolution of 4 cm−1. The resulting spectrum 

displayed wavenumber (cm−1) on the X-axis and transmittance on the Y-axis.  

 

4.5.5 Scanning electron microscope (SEM) 

Analyzing the microstructural changes occurring in the samples during the hydrolysis period 

of 0 to 48 h using Scanning Electron Microscopy (SEM) (JEOL JSM 7100F, USA) facilitated the 

examination and validation of the results obtained in this study. The samples underwent a 

sputtering technique to apply a gold covering. Carbon tape was used to affix each sample 

separately under a microscope holder. High vacuum conditions and a 20 kV accelerating voltage 

were used to capture the images with a different magnification range (400x to 4000x). 

 

4.6 Statistical Analysis of Experimental Data  

Analysis of Variance (ANOVA) tests the statistical significance of the regression model, with 

coefficients of determination (R2) assessing the model strength and goodness of fit. R2 values range 

from 0 to 1, where a higher value indicates a better fit of the model to the data. Response Surface 

Methodology (RSM) optimization, aided by two-dimensional (contour) and three-dimensional 
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(surface) plots, aims to minimize manure dosage, PPW dosages, and time while maximizing 

parameter reductions. The optimal hydrolysis conditions are determined by RSM for anaerobic co-

digestion, emphasizing maximal protein degradation or ammonia removal with minimal reaction 

time and substrate quantity. MINITAB 21.1 software (Minitab, LLC, Pennsylvania, USA) is used 

for statistical evaluation of the effects of independent variables and the relation between the 

variables. 

 

4.7 Results and Discussion 

This research employed laboratory experiments to collect numerical data, specifically focusing 

on various combinations of manure (M) and pineapple peel waste (PPW) hydrolysis as guided by 

the Box-Behnken Design matrix. The analysis aimed to determine the extent of protein 

degradation, ammonia, ammonium, and volatile solids (VS) reduction during manure hydrolysis. 

Section 4.8.1 presents the overall experimental result, and subsequent subsections (4.8.2 to 4.8.5) 

discuss the outcomes derived from each experiment along with relevant references. 

 

4.7.1 Overall experiment 

The experimental outcomes and the predicted values as responses are presented in the final 

four columns of Table 4-5. Seventeen combinations of manure dosage (g VS L-1), PPW (g VS L-

1), and time (h) were systematically designed using the BBD within the framework of RSM; the 

details of these experimental combinations are provided in Table 4-3, and Table 4-4.  

The observed reductions vary across different experimental runs, with protein quantity 

decreasing by 5% to 36%, NH3-N decreasing by 8% to 71%, NH4-N decreasing by 12% to 73%, 

and VS decreasing by 6% to 30%. Notably, the most significant reduction in protein occurred in 
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run 3 (36±0.25% involving 9 g VS L-1 manure, 4 g VS L-1 PPW, and a 48-h duration) and 10 

(36±0.53% involving 6.5 g VS L-1 manure, 7 g VS L-1 PPW and 48 h). The highest NH3-N 

reduction was noted in run 10 (72±0.48% from 5 g VS L-1 manure, 7 g VS L-1 PPW and 48 h). 

Runs 1 (4 g VS L-1 manure, 4 g VS L-1 PPW and 48 h), 2 (6.5 g VS L-1 manure, 1 g VS L-1 PPW 

and 48h), and 3 (with 9 g VS L-1 manure, 4 g VS L-1 PPW and 48 h) stood out for achieving the 

highest NH4-N reduction at 72%, 72%, and 73%, respectively.   

 

Table 4- 5. Box-Behnken Design with predicted and experimental responses for manure and 

pineapple peel waste. 

 
Experimental response  

(reduction (%)) 

Predicted responses  

(reduction (%)) 

Run Protein  NH3-N NH4-N VS Protein  NH3-N NH4-N VS 

1 35±0.32 71±0.51 72±0.21 31±0.98 39 71 72 32 

2 34±0.53 68±0.33 72±0.15 29±0.55 34 66 71 29 

3 36±0.25 68±.55 73±0.54 32±0.35 39 69 74 32 

4 24±0.55 49±0.24 43±0.22 19±0.11 28 51 43 22 

5 24±0.65 41±0.71 40±0.35 21±0.87 27 43 41 22 

6 7±0.12 9±0.43 12±0.21 6±0.75 5 13 9 7 

7 5±0.60 8±0.32 12±0.55 6±0.12 6 7 11 8 

8 25±0.26 41±0.55 43±0.32 19±0.21 25 40 42 21 

9 5±0.56 8±0.5 12±0.58 7±0.55 6 8 12 8 

10 36±0.53 72±0.48 69 ±0.09 30±0.12 39 75 75 32 

11 24±0.25 38±0.21 41±0.92 19±0.19 25 36 40 19 

12 24±0.44 41±0.54 41±0.84 20±0.23 25 43 39 22 

13 22±0.15 39±0.25 40±0.23 19±0.43 25 40 38 23 

14 24±0.65 40±0.51 41±0.39 20±0.55 24 40 42 25 

15 24±0.32 42±0.33 43±0.36 21±0.51 23 42 41 21 

16 23±0.21 41±0.46 42±0.23 20±0.32 21 41 40 20 

17 8±0.32 10±0.67 12±0.65 7±0.29 7 11 12 8 

 

4.7.2 ANOVA and response model  

Once the design is chosen, subsequent experimental data will be presented through a surface 

plot and a second-order regression equation. Analysis of Variance (ANOVA) will further assess 

the model's quality. This involves comparing the variation attributed to treatment effects 
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(alterations in variable levels) with the inherent random errors in the measurements of the 

responses, providing a reliable means to evaluate the model fit (Chen et al., 2022). Through this 

comparison, assessing the significance of the regression employed for predicting responses 

becomes feasible, considering the various sources of experimental variance. The coefficient of 

determination, denoted as R2, represents the fraction of the overall variability in the response 

variable that can be accounted for by the independent variable. This metric serves as a means to 

assess the effectiveness and quality of the fit of the polynomial model. Overall, if the model is 

insignificant, the p-value will be greater than 0.05, while the p-value less than 0.05 proves the 

model is significant (Casabar et al., 2020). The ANOVA, conducted on the outcomes and presented 

in Tables 4-6 and 4-7, provides insights into the importance of the second-order polynomial 

concerning the reduction in protein quantity and NH3-N after hydrolysis. 

In Tables 4-6 and 4-7, an ANOVA was conducted to determine how the variables and 

interactions among the variables affect the outcome. The ANOVA results consist of 17 cycles 

(Table 4-5). The calculated F-value for the model for protein reduction was 279.24, and 159.4 for 

NH3-N reduction, with a p-value of 0.0008 and 0.0009, respectively, indicating that the model 

terms are statistically significant. The coefficient of determination (R2) was used to assess the 

model's accuracy. The R2 values obtained for protein and NH3-N reduction were 0.9998 and 

0.9660, respectively, suggesting that the model explains 99.98% and 96.6% of the total variation, 

respectively, leaving only 0.02% and 3.4% unaccounted for. 

This indicates an excellent correlation between experimental and fitted values. This high R2 

value indicates a correlation between predicted data and experimental data. The elevated adjusted 

coefficient of determination, R2 adjusted (0.9395 and 0.8968), supports the model’s high 

significance. 
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Table 4- 6. ANOVA table for a quadratic model of protein reduction with three-factor Box-

Behnken Design for manure and pineapple peel waste (PPW). 

Source DF Adj SS Adj MS F-Value p-Value 

Model 9 1717.73 190.86 279.24 0.0008 

   Linear 3 1671.00 557.00 11029.28 0.000 

A-Manure VS (g L-1) 1 0.23 0.23 4.51 0.071 

B- Pineapple VS (g L-1) 1 8.60 8.60 170.34 0.000 

C-Time (hrs) 1 1662.17 1662.17 32912.99 0.000 

  Square 3 42.13 14.04 278.09 0.000 

A2 -Manure VS (g L-1)*Manure VS (g L-1)  1 0.15 0.15 2.92 0.131 

B2-Pineapple VS (g L-1)*Pineapple VS (g L-1) 1 1.28 1.28 25.36 0.002 

C2- Time (h)*Time (h) 1 39.35 39.35 779.25 0.000 

2-Way Interaction 3 4.60 1.53 30.35 0.000 

AB- Manure VS (g L-1)*Pineapple VS (g L-1) 1 1.62 1.62 32.09 0.001 

AC-Manure VS (g L-1)*Time (h) 1 2.68 2.68 53.11 0.000 

BC-Pineapple VS (g L-1)*Time (h) 1 0.30 0.30 5.85 0.046 

Error 7 0.35 0.05     

Lack-of-Fit 3 0.20 0.07 1.79 0.288 

Pure Error 4 0.15 0.04     

Total 16 1718.08       

R2   R2 (adj.)  R2 (pred.)  

0.9998  0.9395  0.9080  

 

Table 4- 7. ANOVA table for a quadratic model of NH3-N reduction with three-factor Box-

Behnken Design for manure and pineapple peel waste (PPW). 

Source DF Adj SS Adj MS F-Value p-Value 

Model 9 7459.07 828.79 159.40 0.0009 

  Linear 3 7450.07 2483.36 1676.18 0.000 

A- Manure VS (g L-1) 1 6.19 6.19 4.18 0.080 

B- Pineapple VS (g L-1) 1 4.39 4.39 2.96 0.129 

C- Time (h) 1 7439.49 7439.49 5021.40 0.000 

  Square 3 4.84 1.61 1.09 0.414 

AA- Manure VS (gL-1)*Manure VS (gL-1) 1 0.98 0.98 0.66 0.042 

BB- Pineapple VS (g L-1)*Pineapple VS (g L-1) 1 0.74 0.74 0.50 0.052 

CC-Time (h)*Time (h) 1 3.37 3.37 2.27 0.070 

2-Way Interaction 3 4.15 1.38 0.93 0.073 

AB-Manure VS (g L-1)*Pineapple VS (g L-1) 1 0.87 0.87 0.59 0.049 

AC- Manure VS (g L-1)*Time (h) 1 0.41 0.41 0.28 0.091 

BC-Pineapple VS (g L-1)*Time (h) 1 2.87 2.87 1.94 0.147 

Error 7 10.37 1.48     

  Lack-of-Fit 3 1.61 0.54 0.25 0.861 

  Pure Error 4 8.76 2.19     

Total 16 7469.44       

R2   R2 (adj.)  R2 (pred.)  

0.9660  0.8968  0.8170  
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Furthermore, the R2 predicted (0.9080 and 0.8170) indicates favorable agreement between 

experimental and predicted values for protein and ammonia reduction, respectively. Notably, R2 

predicted aligns reasonably well with R2 adjusted, affirming that the model effectively captures 

system response within the experimental range, providing reliable estimates. A lack-of-fit (LOF) 

test was conducted, and its results indicated insignificance, confirming the satisfactory fit of the 

developed model to the data. As depicted in Tables 4-6 and 4-7, the LOF test results for both 

responses were not statistically significant, providing 0.288 for protein reduction (Table 4-6) and 

0.861 for NH3-N reduction (Table 4-7). The obtained p-values for LOF have p > 0.05, proving that 

both responses were insignificant. Table 4-6 provides the p-values for each variable, indicating 

that manure (A), pineapple (B), and time (C) exert a significant (p < 0.05) influence on protein 

reduction. Additionally, BB, CC, AB, AC, and BC interactions significantly impact the reduction 

of manure protein. Similarly, the ANOVA table for NH3-N (Table 4-7) indicates that C, AA, AC, 

and BC have a significant impact (p < 0.05). The data analysis for protein and NH3-N reduction 

led to the derivation of the second-order polynomial model (Eqs 4-3 and 4-4). 

 

Protein reduction (%) = 4.403 − 0.405 ∗ 𝐴 +  0.391 ∗ 𝐵 +  0.9034 ∗ 𝐶 −  0.0299 𝐴 ∗ 𝐴 −

 0.0613 𝐵 ∗ 𝐵 −  0.006317 𝐶 ∗ 𝐶 +  0.0849 𝐴 ∗ 𝐵 +  0.01489 𝐴 ∗ 𝐶 −

 0.00412 𝐵 ∗ 𝐶                                                (4-3) 

 

NH3-N reduction (%) = 10.15− 1.45 ∗ 𝐴 − 0.864 ∗ 𝐵 +  1.469 ∗ 𝐶 +   0.0774 𝐴 ∗ 𝐴 +

0.0467 𝐵 ∗ 𝐵 −  0.00185 𝐶 ∗ 𝐶 +  0.0622 𝐴 ∗ 𝐵 −  0.0058 𝐴 ∗ 𝐶 +

 0.01284 𝐵 ∗ 𝐶                                                               (4-4)  
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Where A, B, and C represent manure loading, pineapple peel waste loading, and reaction time, 

respectively. In Eq. (4-3) and (4-4), the interactions (BC) and (AC) have negative coefficients, 

implying that the maximum protein reduction occurs at the center point. Additionally, if one 

variable increases while the others decrease beyond the center point, there is no significant impact 

on the protein or ammonia reduction. The negative regression coefficients for the square terms 

(AA, BB, CC) of Eq. (4-3) indicate that deviating from the center level reduces the optimal protein 

reduction, and (CC) of Eq. (4-4) indicates that deviating from the center level reduces the optimal 

ammonia reduction. This observation may be attributed to variations in parameter levels from the 

central points (Nashiruddin et al., 2022). 

 

4.7.3 Interactive effects of parameters 

The present investigation utilized three-dimensional (3D) and contour plots to assess the 

interactions among parameters such as manure, PPW, and time and their impact on protein and 

ammonia reduction. Figure 4-5 was generated by examining the relationships between two 

independent variables, with a third parameter held constant at optimal conditions. 

This response surface plot, Figure 4-5 (a), depicts the combined effect of two independent 

variables, manure (x-axis) and PPW (y-axis) - on the response variable (protein reduction (%)), 

with the third factor (time) held constant at the midpoint level. The manure variable ranges from a 

low coded level of -1 to a high coded level of +1. Based on the axis labels, the corresponding 

manure’s low amount is 4 g VS L-1 and the high amount is 9 g VS L-1. Similarly, the PPW variable 

ranges from a low coded level of -1 (1 g VS L-1) to a high coded level of +1 (7 g VS L-1). The 

response variable protein reduction (%) is represented vertically on the z-axis. Lower points 

indicate less reduction, while higher points indicate more reduction.  
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Figure 4- 5. 3D and contour response surface plots of the interactive effect of (a) and (b) manure 

with pineapple peel waste (PPW) dosage, (c) and (d) manure dosage with hydrolysis 

time, and (e) and (f) PPW dosage with time on protein reduction.  
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The plot shows that protein reduction increases by up to 25.2 % in a dose-dependent manner 

as manure increases from 4 to 9 g VS L-1 and PPW amounts increase from 1 to 7 g VS L-1.  

The peak response (maximum protein reduction 25.2 %) occurs when both factors are at their 

high coded levels of +1, corresponding to 9 g VS L-1 manure and 7 g VS L-1 PPW. The positive 

correlation suggests that increased PPW amounts likely lead to higher concentrations of proteases, 

facilitating a more effective breakdown of proteins within a larger quantity of manure. Proteases 

can decompose proteins or peptides of manure by catalyzing hydrolysis of peptide bonds (Zhai et 

al., 2022). Figure 4-5 (c) This plot depicts the interaction of manure (x-axis) and time (y-axis) on 

protein reduction, with the PPW amount held constant at the midpoint. 

The sharp upward slope along the y-axis indicates that reaction time favors protein reduction 

without being greatly affected by the manure dosage. The sharp upward slope along the y-axis 

from 5.3% to 32% at 4 g VS L-1 manure loading indicates that time (h) has a pronounced positive 

effect on protein reduction.  

This is likely because the extended hydrolysis duration, facilitated by the protease enzymes 

from KPW, enhances the breakdown of proteins in the manure. With higher protein reduction of 

35.3% at 48 h compared to 8.1% at 4 h, the longer duration allows the reactions to proceed further. 

A similar study by Johny et al. (2021) reported 30 to 45 h for the highest enzymatic digestion of 

chicken egg white protein using protease from pineapple using Box-Behnken design. As the PPW 

dosage rises from 1 to 7 g VS L-1, there is an evident increase in protein reduction, ranging from 

5.3% to 7.9%. The most substantial protein reduction, reaching 36.3%, occurs when utilizing the 

highest PPW dosage of 7 g VS L-1 coupled with the longest time (48 h). This finding indicates a 

synergistic effect of elevated PPW dosage and extended time on achieving the maximum reduction 

in protein content. Figure 4-5 (b) shows a contour plot exhibiting the effect of manure and PPW 
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on protein reduction (%). Figure 4-5 (b) shows the contour lines are evenly spaced, indicating a 

relatively linear increase in protein reduction when moving from lower to higher PPW and manure 

concentrations. A steep gradient or slope in the contour lines was observed moving from the x-axis 

(4 to 6 g VS L-1 manure) to the y-axis (4 to 7 g VS L-1 PPW). This visually indicates the strong 

positive effects of increasing both substrates. ANOVA table for protein reduction (Table 4-6) also 

proves a strong interaction between manure and PPW (p < 0.05) (Otieno et al., 2023). The 

concentric nature of the contour lines shows manure has a slightly stronger effect than PPW. The 

lines are more “stacked” vertically as manure increases. The evenly spaced, linear contour lines 

with manure on the y-axis and time on the x-axis indicate that the effect of one factor on the 

response variable is influenced by the level of the other factor (Choojit et al., 2018). The slope of 

the contours is steepest moving along time (y-axis), reflecting the dual positive effects of manure 

and time (Dahunsi et al., 2022). The evenly spaced horizontal contour lines indicate time's 

constant, linear impact in Figure 4-5 (f). As before, increasing either variable increases protein 

reduction. The effect of time is linear, while the effect of PPW is exponential. 

Figure 4-6 presents a comprehensive graphical representation of the interactive effects of 

various treatment parameters on NH3-N reduction. This figure is divided into three main parts, 

each illustrating different combinations of variables through both contour response surfaces and 

3D plots. The interaction between manure and PPW dosage is presented in parts (a) and (b). Parts 

(c) and (d) focus on combining manure dosage and hydrolysis time. Lastly, parts (e) and (f) 

investigate the effects of varying PPW dosage with time. 

Three-dimensional response surface plots based on Eq. (4-4) demonstrate the interaction 

effects of two factors on NH3-N reduction (Figure 4-6).  
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Figure 4- 6. 3D and contour response surface of the interactive effect of (a) and (b) manure with 

pineapple peel waste (PPW) dosage, (c) and (d) manure dosage with hydrolysis time, 

and (e) and (f) PPW dosage with time on NH3-N reduction. 
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Figure 4-6 (a) shows the interaction between PPW (g VS L-1) and manure (g VS L-1) on 

ammonia reduction (%). As PPW dosage increases, a greater NH3-N reduction is observed. At 9 g 

VS L-1 manure dosage, increasing the PPW dosage from 1 to 7 g VS L-1 increased NH3-N reduction 

from 39% to 41.4%.  The combination of the lowest manure dosage (4 g VS L-1) with the highest 

PPW dosage (7 g VS L-1) provides the highest NH3-N reduction (42.2%). This suggests that PPW 

and manure work synergistically to reduce ammonia. The PPW likely provides enzymes like 

bromelain that help break down proteins and reduce ammonia (Agrawal et al., 2022). Meanwhile, 

the manure provides bacteria and other microorganisms that can metabolize and reduce ammonia 

(Kim et al., 2021). The C/N ratio is crucial in biological processes.  

Manure typically has a high nitrogen content (Gong et al., 2020), and adding PPW, which likely 

has a higher carbon content (Zhu et al., 2019), may improve the C/N ratio. A balanced C/N ratio 

(20 to 30) is favorable for microbial activity involved in ammonia reduction (Wang et al., 2014). 

The interaction of manure (g VS L-1) and time (h) on ammonia reduction (%) is presented in Figure 

4-6 (c). Ammonia reduction increases over time for all manure concentrations from 4 to 9 g VS L-

1. At 48 h, a manure dosage of 4 and 9 g VS L-1 provided a maximum ammonia reduction of 70.2% 

and 68.9%, respectively. Lower manure concentrations lead to faster and more significant 

ammonia reduction. At higher manure concentrations, inhibitory substances, such as excessive 

ammonia, may accumulate, hindering microbial activity and creating a counterintuitive effect. On 

the other hand, a higher PPW dosage led to faster and greater ammonia reduction over time. 

Ammonia removal reached 69.1% after 48 h at a PPW dosage of 7 g VS L-1, while a 65.3% 

reduction was observed at a PPW dosage of 1 g VS L-1 (Figure 4-6 (e)). Elevated enzyme activity 

in PPW, like bromelain, accelerates protein breakdown into ammonia (Paridhi et al., 2022).   
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Figure 4-6 (b) depicts the impact of the interaction between manure and PPW on ammonia 

reduction (%) at a constant 26 h hydrolysis time. The contour plot’s shape can reveal the 

significance and interaction among variables. A larger gradient indicates a more substantial impact 

on the experiment. Elliptical contour lines indicate strong interaction, while circular contour lines 

suggest no interaction (Açıkel et al., 2010). The contour plot (Figure 4-6 (b)), exhibiting an 

elliptical shape, signifies a substantial interaction between manure and PPW factors (Li et al., 

2017), also aligns with the p-value (p <0.05) presented in Table 4-7. The observed linear contours 

with parallel horizontal lines in the contour plot of manure (x-axis) and time (y-axis) (Figure 4-6 

(d)) and PPW (x-axis) and time (y-axis) (Figure 4-6 (f)) suggest that changes in time have a 

consistent effect on the response variable (ammonia reduction) across different manure or PPW 

dosage. Likewise, changes in manure or PPW concentration have a consistent effect across 

different time points. This independence suggests that the impact of one variable does not depend 

on the level of the other, supporting the notion of their independence (Srinivasa et al., 2023). The 

ANOVA table (Table 4-7) also shows no significant two-way interaction between manure and time 

or PPW and time (p > 0.05).  

 

4.7.4 Effects on ammonium reduction 

Figure 4-7 allows us to easily compare and contrast the results between the control and the 

sample treated with PPW across all experimental sets. In all experimental sets, the NH4-N of the 

sample treated with PPW is lower than that in the control. This indicates that the treatment with 

PPW consistently reduces NH4-N concentration. The extent of reduction varies across 

experimental sets. For instance, set 1 shows a substantial reduction of 72±0.21% (from 1028.90 

ppm (control) to 279.83 ppm (treated)). Conversely, set 7 only shows a relatively minimal 
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reduction of 6±0.12% (from 1459.61 ppm (control) to 1272.34 ppm (treated)). The highest NH4-

N concentration in the control is observed in set 7 at 1459.61 ppm (manure 9 g VS L-1). In contrast, 

the lowest NH4-N concentration in the control is observed in set 12 at 897.81 ppm (manure 4 g VS 

L-1), showing that higher manure loading causes higher NH4-N. When manure is added to a 

digester, the organic nitrogen in the manure begins to break down in a process called 

mineralization. During mineralization, organic nitrogen is converted into inorganic forms, with 

ammonium (NH₄⁺) being one of the primary products. This process increases the concentration of 

NH₄-N in the system (Bhogal et al., 2016). The rate of NH4-N reduction is influenced by the time 

allowed for hydrolysis. The efficiency of decreasing NH4-N levels rose from 12±0.21% to 

73±0.54%, contingent on a hydrolysis duration ranging from 4 to 48 h. Allowing more time for 

the hydrolysis process can lead to an increased enzymatic action (Shahi et al., 2020). Arun and 

Sivashanmugam (2017) found that protease activity increased from 10.95 (U/ml) on day 1 to 76.53 

(U/ml) on day 3. This performance in reducing NH4-N aligns with prior research by Nguyen et al. 

(2022) on prolonged hydrolysis in treating swine and pineapple wastes, which reported reductions 

of 78% and 85% over periods of 6 and 24 h, respectively.  

 

 

Figure 4- 7. Ammonium nitrogen (NH4-N) concentration of control and in the test samples. 
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Figure 4-8 presents the reduction efficiency of ammonia nitrogen (NH3-N) and ammonium 

nitrogen (NH4-N) achieved through the hydrolysis of pineapple peel waste and manure, as outlined 

by the statistical design of the study. 

 

 

Figure 4- 8. Ammonia nitrogen (NH3-N) and ammonium nitrogen (NH4-N) reduction efficiency 

of pineapple peel waste and manure hydrolysis as per statistical design. 

 

Overall, a noticeable trend emerges from the data, as represented in Figure 4-8. The reduction 

percentages for ammonium (NH4-N) are predominantly higher than those for ammonia (NH3) 

across most runs. Notable exceptions are run 1, 12, 13, 14, 15, and 16, where NH4-N reduction is 

recorded as the same or slightly higher at 72±0.21%, 41±0.84, 40±0.23%, 41±0.39%, 43±0.36% 

and 42±0.23%, respectively, while NH3 reduction stands at 71±0.51%, 41±0.54%, 39±0.25%, 

40±0.51%, 42±0.33% and 41±0.46%, respectively. Runs 1, 2, 3, and 10 consistently show high 

reduction percentages for NH3 and NH4-N. This is especially pronounced for run 1, where NH3 

and NH4-N exhibit nearly identical reduction rates of 71±0.51% and 72±0.21%, respectively. Such 

high efficiencies could indicate optimum substrate concentrations and treatment times, favoring 

maximum nitrogenous compound breakdown, as Fuchs et al. (2018) suggested. Runs 4, 5, 12, 15, 
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and 16 demonstrate a mid-tier reduction efficiency ranging from 40±0.22% to 43±0.36%. The NH3 

and NH4-N reductions here are fairly close, suggesting a balanced enzymatic and metabolic 

activity under these conditions (Dai & Karring, 2014). Runs 7, 8, 9, and 17 display a pronounced 

disparity between NH3 and NH4-N reduction rates. Specifically, run 7 stands out, with NH3 was 

reduced by 8±0.32%, while NH4-N was reduced by only 12±0.55%. The divergence could be 

attributed to the inherent differences in pH, solubility, and enzymatic degradation rates between 

NH3 and NH4-N. NH3 and NH4-N are interrelated, with the balance between them influenced by 

factors like pH (Park et al., 2015). Runs 11 (38±0.21% and 41±0.92%), 13 (39±0.25% and 

40±0.23%), and 14 (40±0.51% and 41±0.39%) manifest slight variances in reduction percentages 

between NH3 and NH4-N. While not as pronounced as in the previous group, the differences still 

underscore the intricate balance of enzymatic processes and substrate availability. 

  

4.7.5 Effects on volatile solids reduction 

Figure 4-9 presents the VS reduction in the hydrolysis of manure by PPW as per the statistical 

modeling. The VS play a pivotal role in anaerobic digestion, serving as the primary substrate that 

undergoes microbial degradation. During the hydrolysis, these solids are broken down into smaller, 

soluble compounds, paving the way for subsequent biological processes. This step is crucial as it 

impacts the digestion process's efficiency and efficacy. VS are commonly perceived as an indicator 

of the organic component within the total solids (TS). However, a more precise characterization 

would regard it as the portion of the material in a sample that evaporates upon ignition. To ascertain 

the VS content, one ignites the residual solids from the TS determination at 500-550 °C, although 

some loss due to volatilization might have occurred during the total solids measurement (Telliard, 

2001).  
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Figure 4- 9. Volatile solids (VS) reduction in the experimental sets for manure protein hydrolysis 

by pineapple peel waste. 

 

In the assessment of VS reduction across 17 experimental sets, the maximum VS reduction 

observed was 32±0.35% in run 3 (manure: 9 g VS L-1, PPW: 4 g VS L-1, time: 48 h), while the 

minimum reduction was 6±0.75% in run 6 (manure: 6.5 g VS L-1, PPW:7 g VS L-1, time: 4 h). 

Within individual runs, the VS reduction efficiency increased considerably over time, highlighting 

the temporal aspect of the hydrolysis process. When collated, the VS reductions amongst runs 

displayed significant differences. VS removal ranged from 6±0.75% to 7±0.6% at 4 h, 19±0.11% 

to 21±0.87% at 26 h, and 29±0.55% to 31±0.98% at 48 h. This data indicates an increasing removal 

rate as time progresses, with certain runs achieving peak reduction efficiencies at 48 h. Similarly, 

with the rise in time from 7 to 15 days, the VS reduction grew from 41.0% to 51.2% and further 

reached 63.4% at 25 days during municipal sludge hydrolysis (Wang et al., 2022). In another study, 

the co-digestion of cattle manure and corn stover pre-digested for 3 days yielded a VS reduction 

of 43.3%, while a 7-day pre-digestion resulted in an efficiency of 51.8% (Joseph et al., 2019). 

Ameen et al. (2021) observed analogous results, noting a 57 ± 2% reduction in VS after 48 h 

hydrolysis of animal manure combined with microbial biomass. 
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4.8 Optimization and Model Validation 

Optimizing protein degradation and ammonia removal in hydrolysis reactors is crucial, as it 

minimizes ammonia accumulation, promoting higher gas yields in digesters. Different run 

combinations yielded optimal results: run 10 achieved the highest NH3-N removal (72±0.48%), 

run 3 provided maximum NH4-N removal (73±0.54%); and run 3 and 10 had maximum protein 

reduction (36±0.25% and 36±0.53). Similarly, run 3 and 10 show the peak VS reduction 

(30±0.32% and 30±0.12). Various mixtures led to distinct optimal results, such as manure 9 g VS 

L-1, PPW 4 g VS L-1 and 48 h (run 3), and manure 6.5 g VS L-1, PPW 7 g VS L-1 and 48 h (run 10). 

Thus, optimizing all four responses under identical conditions is challenging due to their distinct 

combination of substrate loading. The technique set constraints for NH3-N removal, NH4-N 

removal, and protein degradation at maximum values of 50%, 60%, and 30%, respectively. To 

confirm the models, optimal settings of 9 g VS L-1 manure, 6 g VS L-1 PPW, and a duration of 26 

h were selected (Table 4-8).  

The optimal settings for verifying the models were at manure dosage: 9 g VS L-1, PPW dosage: 

6 g VS L-1, and 26 h hydrolysis time. The expected outputs were 40% and 42% NH3-N and NH4-

N reduction, along with 25% protein reduction. The test under these conditions (manure dosage: 9 

g VS L-1, PPW dosage: 6 g VS L-1, and 26 h hydrolysis time) reduced NH3-N by 39.5±3.4%, 

protein by 23±2.1%, NH4-N by 42±1.8%, aligning with the predicted data. This suggests that the 

models effectively forecast the hydrolysis process. In consecutive quadruplicate tests using the 

defined conditions, desired reductions in NH3-N, protein, NH4-N, and VS were effectively 

achieved. 

 

 



232 

 

Table 4- 8. Ammonia nitrogen, ammonium nitrogen, and protein reduction under optimum 

conditions. 

 

Dosage (g VS L-1) Time 

(h) 

Reduction (%) 

Manure   PPW NH3-N  Protein  NH4-N  VS  

9 6 26 43 25 39 22 

9 6 26 41 25 44 22 

9 6 26 35 20 42 19 

9 6 26 39 22 43 21 

 

4.9 Chemical and Morphological Analysis  

Subsection 4.10.1 examines Fourier Transform Infrared Spectroscopy (FTIR), a technique 

used for detecting and identifying functional groups involved. Subsection 4.10.2 covers SEM 

(Scanning Electron Microscopy), which allows the examination of the minute structural details 

and surface textures of materials before and after hydrolysis. Both these techniques are crucial for 

thoroughly understanding the studied materials' composition and physical appearance.  

 

4.9.1 Fourier Transform Infrared (FTIR) spectroscopy  

The study assessed the influence of hydrolysis on the decomposition of manure and pineapple 

peel waste through an extensive analysis using Fourier Transform Infrared (FTIR) spectroscopy, 

spanning a duration of up to 48 h. Variations in the FTIR spectra within the sample mixture were 

identified by focusing on the wavenumber range of 4000 to 400 cm-1. The FTIR graphs depicting 

the changes in manure and PPW characteristics before and after hydrolysis displayed discernible 

distinctions, with alterations observed in the functional groups as hydrolysis progressed (Figure 4-

10). 
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Figure 4- 10. FTIR spectrum of manure and pineapple peel waste at 0 h (control) and 48 h. 

 

Prominent peaks were observed at 3299, 2920, 2851, 1630, 1548, 1414, 1244, and 980 cm-1, 

as depicted in Figure 4-10 (control). Strong and broad peaks in 3550-3200 cm-1 belong to O-H 

stretching (Boukaoud et al., 2021). A peak at 3299 cm-1 indicates O-H stretching from alcohols, 

phenols, or N-H stretching from primary or secondary amines. In the 48-h sample, the peak’s 

intensity became broader and shifted to 3285 cm-1, suggesting an increase in the number of 

hydroxyl (alcohol or phenol) or amine groups as a result of the hydrolysis process. A shift to a 

lower wavenumber (3285 cm-1) suggests the presence of more hydroxyl (alcohol) or amine groups 

in the sample. These groups are known for forming hydrogen bonds, which can cause this shift in 

IR spectra (Cheng et al., 2013). The peaks at 2920 cm-1 and 2851 cm-1 in control correspond to C-

H stretching vibrations typical of alkanes. After 48 h hydrolysis, the peaks increased with slight 

shifting towards 2922 and 2852 cm-1; it could indicate the samples have not undergone significant 

changes or fewer alterations of alkane groups. However, shifting could suggest a change in the 

molecular environment, possibly due to the formation of new compounds or alteration of existing 

ones (Cheng et al., 2013). The spectral domain from 1700 to 1200 cm-1 encompasses a composite 
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assortment of vibrational bands attributed to the molecular constituents of fatty acids, proteins, and 

polysaccharides. The 1600 to 1800 cm-1 represents the Amide I peak, the Amide II peak at 1580 to 

1400 cm-1, and the Amide III peak at 1200 to 1350 cm-1. Within the analyzed spectrum, three 

principal peaks are distinctly prominent in the control: the 1630 cm-1, associated with C=O 

stretching and C-N stretching vibrations; the Amide II peak at 1548 cm-1, corresponding to N-H 

bending and C-N stretching vibrations; and the Amide III 1244, which is characteristic of peptide 

bond vibrations (CO-NH). The prominence and intensity of these peaks are intricately connected 

to the protein content present in the samples (Fagbemi et al., 2020). The peak in the Amide I region 

has an intense or shifted position; it implies that the secondary structure of proteins has been 

disrupted. For example, a sharp peak and a shift towards 1633 cm-1 might suggest an increase in 

beta-sheet content, which is a sign of protein disintegration or unfolding (Furlan et al., 2007). The 

Amide II band is typically sharp and well-defined in spectra 1548 and 1414 cm-1 of 0 h sample, 

reflecting the combination of N-H bending and C-N stretching vibrations. A noticeable decrease 

in the intensity (loss of peak at 1414 cm-1) or a shift of this band (at 1537 cm-1) in the 48-h sample 

indicates a loss of native protein structure, potentially due to proteolysis. Since proteinase enzymes 

break peptide bonds, the N-H bending and C-N stretching vibrations would be affected, leading to 

a less defined Amide II region (Stani et al., 2020). The Amide III region can be complex due to the 

mixture of vibrations involved, but it generally provides additional confirmation of the protein's 

secondary structure. Changes in this region, such as a reduction in intensity or a shift in peaks 

(from 1244 cm-1 to 1237 cm-1), would further corroborate the alteration or distortion of the protein 

structure (Lazarevska & Makreski, 2015). The region dominated by polysaccharide peaks is 

centered between 1150-900 cm−1 (El Darra et al., 2017), where the peak around 1032 cm−1 (48 h 

sample) is generally associated with OH stretch of carbohydrate. The carbohydrate region at 980 
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cm-1 in control (between 1150 and 900 cm−1) transformed into spectra with a less sharpened peak 

(1032 cm−1) in 48 h sample, proving the C-O peak (1032 cm−1)  decreased as hydrolysis proceeded 

(Andrade et al., 2019). A clear reduction in the intensity of the Amide bands and shift towards 

frequencies associated with unfolded proteins provide strong evidence of the proteolytic action of 

enzymes from the PPW. 

  

4.9.2 Scanning Electron Microscopy  

Evaluation through Scanning Electron Microscopy (SEM) is employed to determine the 

efficacy of hydrolysis methods by observing the morphological alterations in samples exposed to 

varying conditions or treatments. The structural transformation of manure and PPW at sequential 

hydrolysis intervals of 6, 12, 24, and 48 h was meticulously documented using SEM at various 

magnifications, as depicted in Figure 4.11. 

The control sample (Figure 4-11 (a) and (b)) presents a relatively rough and fibrillar, intact 

morphological structure. The fibrous elements of manure are clearly visible, with distinct, 

unbroken strands that indicate their native, unaltered state. The surface is heterogeneous with areas 

of compaction and pockets of porosity, typical of organic waste material.  

After 6 to 12 h (Figure 4-11 (c) to (f)), there appears a noticeable change in the morphology. 

The fibrous structures appear less defined, suggesting the initiation of protease activity. The 

protease enzymes begin to break down protein structures, leading to a more amorphous and 

fragmented appearance. The edges of the fibrous elements may appear frayed, indicative of 

enzymatic digestion at the surface. 
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Figure 4- 11. Scanning electron microscope (SEM) images of (a) and (b) manure-pineapple peel 

waste (PPW) substrate control, and after hydrolysis at (c) and (d) 6 h, (e) and (f) 12 h, 

(g) and (h) 24 h, and (i) and (j) 48 h. 
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Shuai et al. (2022) observed similar findings; natural pea protein exhibits a tightly bound, non-

uniform spherical shape. Following enzymatic treatment with agents such as flavourzyme, 

neutrase, alcalase, and trypsin, the spherical conformation of the protein is disrupted, resulting in 

fragmented structures. 

At the 24-hour (Figure 4-11 (g) and (h)), the SEM images show an even greater degree of 

structural breakdown. The fibrous structures from the initial manure are becoming increasingly 

diffuse, and the porosity is more widespread. This indicates extensive proteolysis. After 48 h 

(Figure 4-11 (i) and (j)), the transformation is profound. The structural integrity of the original 

material is largely lost, replaced by a highly porous matrix that lacks a defined shape. This is 

characteristic of the final stages of protease action, where the resultant peptides and amino acids 

may be washed away or further degraded and fragmented, leaving behind a significantly altered 

microstructure. The results of this study agree closely with those reported by Islam et al. (2021), 

who observed that the protein in grass turtle muscle was broken down into smaller fragments with 

reduced particle size following the application of the papain enzyme during 8 h of hydrolysis. In 

addition, Ganesh Kumar et al. (2008) examined the 72 h hydrolysis of protein-laden tannery solid 

waste, and their results corroborate the results of the present study. The unhydrolyzed protein-rich 

solid waste initially displayed longitudinal and vertical fibrillar tissue fibers. Yet, after undergoing 

hydrolysis for 72 h, there was a significant alteration in the microstructural configuration, leading 

to the complete degradation of the fibrillar tissues. 

 

4.10 Conclusions 

This investigation has conclusively shown that proteases from pineapple peel waste (PPW) can 

effectively reduce protein content and ammonia build-up in the anaerobic digestion of protein-rich 
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waste. Using careful experimental design and statistical analysis, the study established the best 

conditions for manure protein hydrolysis, achieving notable decreases in protein levels and 

ammonia. The experiments indicated that varying the amounts of manure and PPW significantly 

impacted the reduction of manure proteins and ammonia. Specifically, a mixture 9 g VSmanure L
-1, 

and 4 g VSPPW L-1 over 48 h degraded protein by 36±0.25% and NH4-N by 73±0.54%, while 6.5 

g VSmanure L
-1, and 7 g VSPPW L-1 over 48 h reduced NH3-N by 72±0.48% and volatile solids (VS) 

by 30±0.12%.  

The resulting data produced a highly significant (R2 = 0.99; P < 0.0001) quadratic regression 

model for both protein and NH3-N reduction. Fourier Transform Infrared (FTIR) spectroscopy and 

Scanning Electron Microscopy (SEM) enabled an enhanced understanding of the structural 

modifications resulting from the treatment, thus affirming the proposed method’s efficacy.  
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CHAPTER FIVE 
 

ENHANCING BIOHYDROGEN PRODUCTION FROM 

MANURE AND KIWI PEEL WASTE: BOX-BEHNKEN DESIGN 

AND RESPONSE SURFACE METHODOLOGY OPTIMIZATION 
 

Abstract 

 

Energy needs are rising with growth and development, prompting a shift towards renewable 

energy to cut carbon emissions and mitigate climate change. In this aspect, reusing materials, 

including turning livestock waste into energy, is gaining attention. This study optimized manure 

and kiwi peel waste (KPW) anaerobic digestion (AD) under a fixed dose of oleic acid for 

biohydrogen production. Biohydrogen yield was optimized using manure (M) to kiwi peel waste 

(KPW) ratio (M:KPW; 0.5 to 1.5), pH (4 to 6), and inoculum dosage (4 to 7) through Box Behnken 

Response Surface Design. The results showed strong interaction between the factors (p <0.05) and 

directly impacted biohydrogen production. Optimal conditions for the highest accumulative 

biohydrogen yield (mL g-1 VS) of 389±11 on day 6 and 510±7 on day 12 include M:KPW ratio of 

0.5, pH 5, and inoculum 4 g VS L-1. At these optimal conditions (substrate:KPW ratio of 0.5, pH 

5, and inoculum 4 g VS L-1), pure proteins, albumin and casein, produced biohydrogen yield (mL 

H2 g
−1 VSsubstrate) of 200±3 on day 6 and 554±3 at day 12 while casein produced 245±3 on day 6 

and 400±4 at day 12. For manure:KPW, albumin, and casein, biohydrogen was mainly produced 

through the acetate pathway. This study's findings can help policymakers create strategies to 

promote biohydrogen from livestock waste as an essential green energy source for the economy. 

Future studies may compare the efficiency of biohydrogen production from other livestock or 

slaughterhouse waste, such as blood, skin, etc., to determine the most effective substrates for AD. 

Keywords: Manure, Biohydrogen, Response surface methodology, Kiwi peel waste. 
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5.1 Introduction 

Modern economies' dependence on fossil fuels is unsustainable and harmful to the environment 

due to pollutant emissions and resource depletion. Hydrogen is a highly efficient alternative fuel, 

boasting a greater calorific value of 140 MJ kg-1 compared to methane's 50 MJ kg-1  and ethanol's 

27 MJ kg-1 (Shanmugaratnam et al., 2021). Additionally, it is a clean energy source because its 

combustion generates heat and water only (Awasthi et al., 2022). However, the existing hydrogen 

production landscape is suboptimal, with more than 96% still generated from fossil fuels (Zhang 

et al., 2017). Industrial hydrogen production predominantly employs various reforming methods 

like steam methane reforming, partial oxidation, autothermal reforming, and steam iron processes. 

These techniques require operating at high temperatures, typically between 500 to 1000 ℃ (Kumar 

et al., 2021). In this regard, producing biohydrogen through biological and greenhouse gas-free 

techniques offers an eco-friendly and sustainable solution.  

Key agro-industrial wastes include processed fruits, meats, vegetables, manure, and dairy 

products (Yaashikaa et al., 2022). High organic content and large volumes make the treatment of 

agro-industrial wastes essential before disposing of them in the environment. Current 

nonbiological treatment methods are costly and not environmentally friendly. A viable solution is 

to treat these effluents biologically, such as through anaerobic digestion (AD), which also allows 

for the generation of valuable by-products (methane, volatile fatty acids, fertilizer, and fibers), 

thereby reducing costs and addressing socio-environmental concerns (Awasthi et al., 2022).  

AD is an eco-friendly approach for managing organic solid and liquid wastes. Its benefits 

include reduced chemical usage, minimal excess sludge production, and energy conservation by 

generating biofuels such as hydrogen and methane (Awasthi et al., 2022; Li et al., 2020). The 

typical AD process involves two stages: first, dark fermentation by bacteria, breaking down 
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complex organics into simpler compounds like volatile fatty acids (VFAs), ammonia, hydrogen, 

and carbon dioxide (CO2). This is followed by methanogenesis, where archaea produce methane 

from acetate (as VFA) and/or hydrogen and CO2. However, this sustainable process can be 

significantly hindered when fed with protein-rich substrates, posing a challenge for the anaerobes 

involved. 

Ammonia, a by-product of the anaerobic decomposition of protein wastes (manure, cheese 

whey, slaughterhouse waste, etc.), can potentially inhibit the process. Specifically, free ammonia 

(NH3) is the primary inhibitor, with its proportion in total ammonia-nitrogen increasing at high pH 

levels (≥ 7.0) and temperatures (Wang et al., 2016). Methanogenesis, particularly affected by 

ammonia, faces challenges as methanogenic archaea are highly sensitive to ammonia. 

Consequently, an alternative approach could be suppressing methanogenesis to increase hydrogen 

production from acetate, potentially addressing this inhibition issue. Enhancing H2 yield (mL H2 

g−1 VSsubstrate) has been considered as the main aim for the efficiency of those alternative 

approaches. 

Various inhibitors and stressing agents have been investigated, including heat shock for 

inhibiting H2 consuming microorganisms (Yin et al., 2014), aeration to enrich H2 producing 

bacteria and inhibit H2 consumers (Zhu & Béland, 2006), irradiation (Elbeshbishy et al., 2010), 2-

bromoethansulphonate (BES) or 2-bromoethansulphonate acid (BESA) (Kumar et al., 2016), 

chloroform (Chang et al., 2011), acetylene (Tiantao et al., 2009) and long chain fatty acids 

(LCFAs). However, long-term studies have shown that heat shock, aeration, irradiation, etc., are 

time-consuming and ineffective in the long term because of their limited scope and low yield 

(Rafieenia et al., 2018; Shanmugam et al., 2016). Chemical inhibition appears economically viable 

for full-scale applications due to its low energy needs and minimal capital expenses. However, 
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these methods have not received much attention in recent years due to several limitations, such as 

flammability issues with acetylene, significant cost concerns with BESA, and the inability of 

chloroform to inhibit all hydrogen consumers (Luo et al., 2010; Wong et al., 2014). On the other 

hand, the inhibitory effects of LCFAs on gram-positive bacteria have been established over the 

past decades. LCFAs can adhere to the cell walls of methanogens, which resemble those of gram-

positive bacteria, thereby decreasing permeability and restricting the transport of soluble substrates 

(Elsamadony et al., 2021). LCFAs are affordable and eco-friendly alternatives to toxic chemical 

inhibitors. They have been effectively used to suppress methanogenesis and boost hydrogen 

production with linoleic (LA) (Saady et al., 2012), oleic (OA) (Shanmugam et al.,2014), palmitic, 

(PA) (Veeravalli et al., 2013) and lauric acids (LUA) (Shanmugam et al., 2014) showing notable 

inhibitory effects on methanogens.   

Veeravalli et al. (2014) achieved a 99.86 mL H2 g
−1 VS from switchgrass hydrolysate by pre-

treating granular sludge with 1750 mg L−1 LA. In another study, Shanmugam et al. (2016) informed 

a hydrogen yield of 2.58 mol mol−1 glucose using LA in thermophilic dark fermentation, the 

highest among various pre-treatment methods like acid, heat shock, alkali and BES. Earlier, 

Shanmugam et al. (2014) found that combining LA and LUA to granular sludge cultures with 

glucose reduced hydrogen consumption by 65% and 86%, respectively. Furthermore, Chaganti et 

al. (2013) observed a hydrogen yield of 1.94 mol mol−1 xylose after adding 2,000 mg L−1 of LA to 

mixed anaerobic culture. 

While there has been limited research on enhancing hydrogen yield using LCFAs, mostly with 

simple carbohydrate feedstocks like glucose, xylose, or carbohydrate-rich wastes, exploring their 

impact on hydrogen production from resistant, protein-rich wastes presents an intriguing study 

area. Using LCFAs to suppress methanogenic activity and enhance hydrogen production in the 
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anaerobic digestion of protein-rich wastes could be a cost-effective approach suitable for full-scale 

application due to its scalability and environmental benefits. 

Kiwi peel waste (KPW), a by-product of Actinidia deliciosa, accounts for a substantial fraction 

of organic waste, with about 25% of kiwi production discarded. While often landfilled, leading to 

environmental problems, it is rich in carbohydrates and a promising candidate as a substrate in AD 

(Baumguertner et al., 2019). While Lee et al. (2021) have demonstrated the use of manure and 

food waste for ethanol production using BBD, its application in biohydrogen production from 

manure and kiwi peel waste (KPW) in a batch reactor with a mixed culture remains unexplored. 

Response Surface Methodology (RSM) optimizes various factors to achieve maximum response. 

It involves mathematical and statistical techniques for modeling and analysis when multiple 

variables influence a response. Among RSM methods, Box–Behnken Design (BBD) is widely used 

due to its simplicity and efficiency in fewer experiments. It effectively estimates first- and second-

order coefficients, including interactions. 

This study is designed to explore the synergistic effects of KPW and OA on biohydrogen and 

methane production during AD of manure. Specifically, this study aims to optimize the manure-

to-KPW ratio, pH levels, and inoculum dosage to evaluate their collective impact on gas 

production using a statistical approach. KPW serves a dual role, being not only a complex substrate 

rich in carbohydrates but also a source of the protease enzyme actinidin, which is anticipated to 

enhance the breakdown of protein-rich substrates and, consequently, higher gas yields. In addition, 

the study will optimize the manure:KPW ratio of manure and kiwi peel waste, pH levels, and 

inoculum dosage to investigate their collective impact on gas production in the presence of OA. 

OA will be examined for its role as a metabolic modulator, potentially inhibiting methanogenic 

pathways and favoring hydrogen production. Another objective was to examine the impacts of 
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these three factors in the presence of OA on hydrogen and methane production using pure protein 

substrates (albumin and casein), as very little data exists in the literature.   

5.2 Materials and Methods 

 

5.2.1 Chemicals and reagents 

The Pierce Coomassie (Bradford) Protein Assay Kit, a pre-prepared Bradford assay reagent 

obtained from Thermo Fisher Scientific, U.S.A., was utilized to determine the total protein 

concentration. This measurement was compared to a protein standard (bovine serum albumin) 

purchased from Thermo Fisher Scientific, U.S.A. Sodium Hydroxide Pellets form was purchased 

from MilliporeSigma™, U.S.A., ACS reagent grade, ≥97.0% purity and technical grade (90%) 

oleic acid (OA) was purchased from Sigma-Aldrich, U.S.A. De-ionized water is used for all the 

standard and sample preparation. As a sample of model proteins, albumin in lyophilized powder 

form (≥96%) (Sigma Aldrich, New Zealand) and casein (technical grade, Sigma Aldrich, U.S.A.) 

were used. 

 

5.2.2 Inoculum 

The Riverhead Wastewater Treatment Facility, a traditional treatment facility located in St. 

John's, Newfoundland and Labrador, Canada, provided the inoculum. The flocculent culture was 

collected in a 20-litre plastic bucket. The top layer of water was carefully decanted, and the 

remaining substance was stored at 4 oC in a glass jar for preservation and subsequent use. Before 

its use in batch studies, the inoculum's total solids (TS), volatile solids (VS), and pH were 

determined to be 5.1%, 3.9%, and 7.8, respectively. 
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5.2.3 Feedstock 

Fresh dairy cow manure (M), collected from a local farm (Lester’s Dairy Farm, Newfoundland) 

farm used in the hydrolysis experiment (described in Chapters 3 and 4), was used for biohydrogen 

production. Upon collection, manure was sealed in an airtight plastic container and stored at 4°C 

for use in biohydrogen digesters. Kiwi peel waste (KPW) was used as a co-substrate for the 

biohydrogen experiment. The kiwi fruits, bought from local groceries in St. John's, were washed, 

peeled, and the peels were cut into small pieces. These pieces were blended using a Magic Bullet® 

with a 250-watt motor at 2000 rpm for 60 s. The manure and KPW were analyzed 

physiochemically (Table 5-1) before being introduced to the anaerobic digesters. 

 

Table 5- 1. Physiochemical characteristics of the substrates. 

Parameter Cow  

Manure (M) 

Kiwi peel Waste  

(KPW) 

pH 7.5 6.5 

Total Solids, TS (%) 14.7 17.03 

Volatile Solids, VS (%) 7 10.17 

Chemical Oxygen Demand, COD (g L-1) 105.3 80.32 

Protein (g L-1) 1.2 0.84 

NH3-N (g L-1) 2.2 - 

NH4-N (g L-1) 2.1 - 

 

5.3 Batch Anaerobic Digestion Tests 

A statistically designed experiment was conducted using different proportions of manure and 

kiwi peel waste (manure:KPW), pH, and inoculum dosage in batch digesters as per the 

combinations suggested by the statistical design. All experiments were conducted in batch reactors 

incubated with a fixed concentration of oleic acid and converted in anaerobic conditions by purging 

N2 for 2 min. The digesters were injected with OA (4,000 mg L-1) one day before the experiment 

started (day 0). For each set of conditions in the optimization tests, duplicate trials were conducted 
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in airtight 0.610 L Wheaton glass bottles (serving as digesters), each with a working volume of 0.2 

L. The inoculum and substrates were added to the digester, which was then flushed with nitrogen 

gas and sealed to establish anaerobic conditions (Figure 5-1). These digesters were placed in dark 

containers to avoid light exposure.  The digesters were kept inverted (upside down) to prevent gas 

leaks. The bioreactors were kept at a steady temperature of 20±1 oC throughout the experiment. 

Headspace gas volumes were measured daily at a specific time. VFAs were monitored on days 2, 

4, 6, 8, 10, and 12. Protein, VS, and COD were measured on days 6 and 12. The batch digesters 

were opened on day 6, then purged with N2 for 2 min and re-sealed to maintain anaerobic 

conditions till day 12. 

 

 

Figure 5- 1. Nitrogen gas is purged through the culture and substrate, ensuring the maintenance 

of anaerobic conditions in each digester. 

 

5.4 Overall Experimental Design 

The comprehensive experimental methodology of this research is strategically divided into two 

main parts (I and II). Figure 5-2 presents the overall experimental work conducted in Part I and II. 

Both parts are set to assess the biohydrogen and biomethane yield.  
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Figure 5- 2. Flowchart of the experimental works conducted in (a) Part I with manure and KPW 

and (b) Part II with pure proteins and KPW. 

 

Part I investigated using manure as a substrate, and Part II used pure proteins (albumin and 

casein) as substrates. Part I investigated anaerobic digestion, focusing on three parameters: 

M:KPW ratio (manure:kiwi peel waste) (volatile solids based), pH, and inoculum amount, with a 

constant oleic acid concentration. Fifteen statistically designed experiments are conducted to 

assess biohydrogen and biomethane production, alongside measurement of VFAs, COD, and VS. 

In addition, characterization techniques like SEM and FTIR provided compositional and 

morphological changes in the substrates before and after digestion.  

Part II investigated the anaerobic digestion of pure proteins (albumin and casein) using the 

optimal combination of three key parameters: i) manure:KPW ratio of manure and kiwi peel 

waste ii) pH, and iii) inoculum dosage identified in part I of the study. Three experimental sets 

are selected and designed for pure proteins such as albumin and casein in the presence of 4,000 
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mg L-1 oleic acid (OA). Table 5-2 shows the experimental sets of pure proteins examined in Part 

II. 

Sections 5.6 to 5.8 will provide a detailed exposition of the experimental approaches and their 

respective results as per the framework established in this section. 

 

Table 5- 2. Three experimental sets of albumin and casein used in Part II of the study. 

Substrate Set Substrate:KPW pH Inoculum dosage 

(g VS L-1) 

Albumin (A) A1 0.5 6 5.5 

 A2 0.5 5 4 

 A3 0.5 4 3.5 

Casein (C) C1 0.5 6 5.5 

 C2 0.5 5 4 

 C3 0.5 4 3.5 

 

5.5 Box-Behnken Design 

The study used the Response Surface Methodology (RSM) and Box-Behnken Design (BBD) 

to find the best conditions for biohydrogen yield. These methods were applied at three levels (low, 

medium, and high) to assess the impact of different experimental factors and their interactions. 

The Box-Behnken Design is a balanced experimental strategy that helps analyze the significant 

effects and interactions of various test parameters. The RSM and BBD were implemented using 

Minitab® 21.4, a statistical software from LLC, Pennsylvania, USA. In this study, a total of 15 

experiments were conducted using manure and KPW. This included 12 experiments focusing on 

three factors: M:KPW, pH, and inoculum dosage, each tested at three levels, along with three 

central experiments. The BBD method used in his study involved setting each factor at three levels 

(-1, 0, +1), which is standard for this approach. Table 5-3 provides the variables of the anaerobic 

digestion process being studied, such as the amount of M: KPW ratio (0.5 to 1.5 g VS L-1), pH (4 

to 6), and inoculum (4 to 7 g VS L-1). 
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The experiments followed the matrix transformation outlined in Table 5-4. In these 

experimental setups, the main aspects were tracked as biohydrogen and biomethane production, 

VS and COD reduction, and volatile fatty acid (VFA) production. The three process factors – the 

amounts of M:KPW, pH, and inoculum– were the independent variables, while biohydrogen 

production was the dependent variable or response. Figure 5-3 presents a diagram of the entire AD 

process. 

 

Table 5- 3. Levels of different variables for Box-Behnken Design (BBD) for biohydrogen 

production using manure (M) and kiwi peel waste (KPW). 

Factors Codes 

Level 

Low  

(-1) 

Intermediate  

 (0) 

High  

(+1) 

M:KPW  A 0.5 1.0 1.5 

pH B 4 5 6 

Inoculum (g VS L-1) C 4 5.5 7 

M = Manure; KPW = Kiwi peel waste. 

 

Table 5- 4. Matrix transformation of Box-Behnken Design for manure (M) and kiwi peel 

waste (KPW) anaerobic digestion. 

Std. 

Order 

Run 

Order 

Pt. 

Type 

Blocks M:KPW 

ratio 

pH Inoculum 

 (g VS L-1) 

13 1 0 1 1 5 5.5 

7 2 2 1 0.5 5 7 

15 3 0 1 1 5 5.5 

10 4 2 1 1 6 4 

14 5 0 1 1 5 5.5 

3 6 2 1 0.5 6 5.5 

5 7 2 1 0.5 5 4 

2 8 2 1 1.5 4 5.5 

9 9 2 1 1 4 4 

4 10 2 1 1.5 6 5.5 

8 11 2 1 1.5 5 7 

11 12 2 1 1 4 7 

1 13 2 1 0.5 4 5.5 

6 14 2 1 1.5 5 4 

12 15 2 1 1 6 7 
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Figure 5- 3. Experimental design and the measured responses for optimizing the anaerobic 

digestion of manure using kiwi peel waste. 

 

 

Building on the findings from Chapter 3, Chapter 5 applied the optimized conditions for 

manure and KPW interaction to enhance biohydrogen production through AD. The research aimed 

to investigate how the optimized protein degradation conditions could be leveraged to improve 

biohydrogen yields, with a focus on the manure ratio, pH, and inoculum dosage. In Chapter 3, the 

optimal KPW dosage for protein degradation was found to be 7.5 g VSKPW L-1 with a manure 

dosage of 4 g VSmanure L
-1. This ratio (M:KPW ratio of 0.53) and the understanding of KPW's 

proteolytic effects directly informed the experimental design in Chapter 5. In Chapter 5, the 

manure and KPW ratio (M:KPW) was further explored and optimized within a range (0.5 to 1.5) 

to enhance biohydrogen production. The findings from Chapter 3 about the effective ratio of 

manure and KPW provided a basis for these experiments. 
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5.6 Analytical Methods 

The analytical parameters included headspace gases (H2, CH4, and CO2), liquid components 

(protein and VFAs), and solid characterization (Fourier transform infrared spectroscopy and 

scanning electron microscopy analysis). The substrates, namely manure and kiwi peel waste, 

underwent initial characterization focusing on their total solids (TS), volatile solids (VS), pH 

levels, ammonia nitrogen (NH3-N), and ammonium nitrogen (NH4-N), as detailed in section 3.3.2. 

All these characterizations were performed in duplicate to ensure accuracy and reproducibility. 

Additionally, the procedures for measuring protein quantities and VS were carried out as described 

in sections 3.5.1 and 3.5.3 of the study. The remaining methods for measuring hydrogen, methane, 

VFAs, and substrates for characterization are elaborated in the following sections. 

5.6.1 Biohydrogen and biomethane measurement 

The volume of biogas produced was recorded each day using a pre-calibrated gas pressure 

meter (Dwyer Instruments Inc.; model: DPGA-10). The biohydrogen production (H2) and 

biomethane (CH4) presented were adjusted to standard temperature and pressure (STP), which is 

273 K and 1 atmosphere using Eq. (5-1) (Ahmed et al., 2019). 

 

𝑉𝐻2 𝑜𝑟 𝐶𝐻4,𝑆𝑇𝑃 =  𝜖𝑉𝑚
𝑇𝑠𝑃𝑚

𝑇𝑚𝑃𝑠
                                                                                                      (5-1) 

 

In this context, Vm represents the volume of biohydrogen or biomethane measured; ϵ is the 

biohydrogen or methane content in the biogas as a percentage; Tm and Pm are the temperature and 

atmospheric pressure at the time of measurement, respectively; Ts and Ps denote the standard 

temperature and pressure. The term 𝑉𝐻2 𝑜𝑟 𝐶𝐻4,𝑆𝑇𝑃  refers to the volume of biohydrogen or 
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biomethane adjusted to standard temperature and atmospheric pressure. The total biohydrogen or 

biomethane yield mentioned in this study is the cumulative specific H2 or CH4 yield. This specific 

H2 or CH4 yield was determined by dividing the produced H2 or CH4 (in mL) by the mass of the 

total volatile solids (VS) fed to the bioreactor at each experiment run.  

 

5.6.2 Gas composition analysis 

The composition of the biogas was analyzed using a gas chromatograph (Model 8610V, SRI 

Instruments, Torrance, CA), which was equipped with a thermal conductivity detector (TCD) and 

a molecular sieve column (Molecular sieve 5A, mesh 80/100, 6 ft × 1/8 in). The operational 

temperatures for the column and the TCD detector were set at 50˚C and 95˚C, respectively. A 500 

µL of the sample was injected for analysis. Helium served as the carrier gas, maintained at a flow 

rate of 30 mL min-1 throughout the analysis. 

 

5.6.3 Volatile fatty acids (VFAs) measurement 

A 0.5 mL sample was periodically withdrawn from each digester using a plastic disposable 

syringe (Thermo Scientific™, U.S.A.) and diluted in 4.5 mL de-ionized water in 12 mL culture 

tubes. These ten times diluted samples were centrifuged at 6,000 rpm for 8 min and kept at rest for 

15 min. The centrifuged liquid was sequentially passed through two consecutive filters to remove 

suspended solids and heavy metals. Firstly, the centrifuged samples were filtered through a 0.45 

µm polypropylene membrane and then passed through a 1 g ion exchange sodium resin (Chelex 

100, Bio-Rad Laboratories, CA) encapsulated in a cartridge tube. The clarified filtrate was then 

stored in 2.0 mL vials (Millipore Sigma, USA) at 4 °C for subsequent VFA analysis. 
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The presence of volatile fatty acids (VFAs), such as acetic, propionic, butyric, isobutyric, 

valeric, and isovaleric acids, were determined using a gas chromatograph (GC) (Agilent, model 

6890, U.S.A.). This GC was fitted with a Flame Ionization Detector (FID) and equipped with a 

J&W Scientific DB-FFAP high-resolution column (25 m × 0.32 mm × 0.50 µm). The instrument 

was calibrated using standard VFA solutions at 10, 20, 50, 100, and 200 mg/L concentrations. The 

inlet temperature of the GC was maintained at 260 ºC, and it operated with a 20:1 split ratio for 

the carrier gas, helium, flowing at 2.4 mL min-1. For each analysis, 0.5 µL of the sample was 

injected., To ensure accuracy, a vial containing a standard VFA solution was injected after every 

five unknown samples during the analytical process.  

5.6.4 Fourier transform infrared (FTIR) 

For FTIR analysis, a 5 mL liquid sample from each digester bottle was taken and oven-dried 

at 70-80 oC. About 0.5 g of dried samples were inserted into FTIR spectroscopy (PerkinElmer 

Spectrum IR-C115599, USA). The detailed procedure is provided in section 3.7.1. 

 

5.6.5 Scanning electron microscope (SEM) 

The surface morphology of the samples on days 0, 6, and 12 were analyzed using a Scanning 

Electron Microscope (SEM) (Model JEOL JSM 7100F, USA). The same sample used for FTIR is 

analyzed for SEM analysis. The detailed procedure is provided in section 3.7.2. 

 

5.7 Results and Discussion 

This experiment used a Box Behnken Design (BBD) matrix to explore different manure:kiwi 

peel waste (M:KPW) combinations, pH, and inoculum dosage. The analysis aimed to quantify 

biohydrogen yields through statistical design. The other parameters, such as biomethane yield, VS 
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reduction, and VFA production, were also monitored during manure-KPW anaerobic digestion. 

Subsequent sections (5.8.1 to 5.8.4) detail the experiment outcomes. 

 

5.7.1 Hydrogen yield 

In a comparative study of hydrogen production over 12 days, fifteen distinct sets were 

monitored for their hydrogen (Figure 5-4 and Table 5-5) and methane (Figure 5-5 and Table 5-6) 

yield measured in mL g-1 VS. In Figure 5-5, set 7 (M:KPW ratio of 0.5, pH 5, and inoculum dosage 

4 g VS L-1) produced the highest H2 yield, starting at 75±5 mL g-1 VS (day 1) and steadily 

increasing to 509±12 mL g-1 VS (day 12), without any plateau, suggesting optimal conditions for 

hydrogen production prevailed. In contrast, set 12 began with the lowest initial H2 yield (14±18 g-

1 VS on day 1), yet it demonstrated resilience by ending at a moderate yield of 225±18 mL g-1 VS 

(day 12).  

 

 

Figure 5- 4. Accumulative hydrogen yield during anaerobic digestion of manure and kiwi peel 

waste as per statistical design. 
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Figure 5- 5. Accumulative methane yield during anaerobic digestion of manure and kiwi peel 

waste as per statistical design. 

A significant and uninterrupted increase in H2 production in run 7 implies a favorable balance 

between the inoculum and substrate, allowing for a sustained bioconversion process over the entire 

duration of the experiment. This balance is critical as too high substrate concentration could lead 

to rapid depletion of nutrients or accumulation of inhibitory products, while too low a 

concentration may not provide sufficient nutrients for microbial growth and metabolism (Cappai 

et al., 2018; Florio et al., 2017). The variation in hydrogen production across the sets can likely be 

attributed to the differences in either or combinations of 'inoculum: substrate' ratios, pH, and 

inoculum dosage, affecting the microbial activity responsible for hydrogen generation. As seen in 

set 7, optimal ratios and concentrations facilitate sustained and efficient hydrogen production, 

whereas suboptimal conditions lead to lower yields and earlier production plateauing. 

Understanding the dynamics of these parameters is crucial for enhancing hydrogen yield in 

bioconversion processes. 

Figure 5-5 shows the methane yield data across the 15 sets and highlights several notable 

observations for anaerobic digestion performance over 12 days. Set 3 (M:KPW ratio of 1, pH 5, 
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inoculum dosage 5.5 g VS L-1) showed a robust initiation of methane production on day 4 and the 

highest final yield of 198±5 mL g-1 VS, indicating a remarkably effective set of conditions for 

methanogenesis. Conversely, set 14 (M:KPW of 1.5, pH 5, and inoculum dosage 4 g VS L-1) 

exhibits markedly different behavior, with methane production commencing on day 4 but 

achieving only a minimal yield of 4±1 mL g-1 VS by day 12, suggesting less favorable conditions 

for methane-forming microbes or possibly indicative of low inoculum loading under a high 

inhibitory effect of oleic acid (OA) (Dasa et al., 2016). Set 6 (M:KPW of 0.5, pH 6, and inoculum 

dosage 5.5 g VS L-1) suggests a successful adaptation or resistance to OA, with an early start on 

day 2 (19±3 mL g-1 VS) and a substantial yield of 154±4 mL g-1 VS by day 12.  
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Table 5- 5. Cumulative hydrogen yield during anaerobic digestion of manure and kiwi peel waste as per statistical design. 

Days 

Set number 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1 38±1 67±5 40±3 48±1 41±5 67±5 75±3 30±6 52±7 29±7 24±11 15±5 40±1 27±11 29±5 

2 76±1 104±7 70±5 89±1 72±6 136±8 147±6 70±1 92±5 38±2 39±6 39±5 78±5 45±5 39±5 

3 117±2 137±8 107±2 138±2 114±11 205±3 229±6 106±2 139±7 83±10 81±5 73±2 140±2 86±8 86±9 

4 151±5 195±11 152±6 169±5 139±9 238±5 285±2 126±6 162±9 120±8 119±9 112±6 194±6 126±5 133±8 

5 178±6 226±15 184±8 204±7 166±5 276±11 321±7 143±12 181±9 161±10 158±8 156±9 254±5 165±6 170±5 

6 201±5 256±7 205±5 261±6 205±15 339±14 389±11 201±7 249±1 201±12 195±9 191±6 311±9 200±6 199±7 

7 217±3 266±9 227±3 261±5 205±14 339±12 389±9 201±4 249±15 214±9 213±5 198±3 335±5 212±3 220±5 

8 239±11 290±12 253±8 271±6 208±9 345±5 417±5 201±7 251±7 221±5 221±12 201±6 349±3 223±3 235±8 

9 245±5 294±8 253±6 286±7 213±5 354±3 437±6 201±6 258±5 234±12 242±8 213±5 374±8 248±6 255±4 

10 245±8 294±9 253±11 307±3 224±7 380±11 466±7 203±5 268±9 239±9 252±11 216±9 397±11 262±9 271±6 

11 245±12 294±5 253±6 332±15 241±11 406±5 501±2 207±2 284±11 243±6 260±9 219±12 416±5 270±10 284±10 

12 245±9 294±5 253±9 343±12 247±6 419±4 510±7 210±1 295±16 244±5 268±5 226±11 424±8 288±5 298±6 

 

 

 

 



270 

 

 

Table 5- 6. Cumulative methane yield during anaerobic digestion of manure and kiwi peel waste as per statistical design. 

Days 

Set number 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1 0 0 0 0 0 0 0 0 0 0 0 1±4 0 0 0 

2 0 0 0 0 0 19±3 14±0 0 7±5 0 0 1±3 0 0 0 

3 0 0 0 0 0 19±1 14±2 11±2 7±1 0 1±4 3±1 1±2 0 3±2 

4 11±2 9±1 21±5 14±2 21±2 48±1 31±1 33±5 27±2 10±1 7±3 11±2 14±5 0 5±2 

5 25±1 28±1 54±1 25±2 35±5 83±3 62±1 57±4 50±1 11±3 7±3 12±4 15±3 0 8±2 

6 43±3 50±3 85±6 25±1 47±6 100±4 80±4 58±3 50±1 11±3 10±4 13±4 16±3 2±1 14±1 

7 59±5 68±2 103±4 29±2 50±3 107±1 89±2 61±4 57±5 11±2 10±5 13±3 16±4 2±1 14±1 

8 74±5 91±2 119±2 29±1 51±4 116±7 89±5 63±1 68±1 11±4 10±2 13±2 16±5 2±2 15±1 

9 92±2 103±1 146±2 30±2 53±2 125±3 89±2 63±3 68±1 14±1 10±3 13±2 16±2 2±5 25±2 

10 106±2 115±3 165±1 31±3 56±5 136±5 89±2 63±1 68±3 16±4 15±3 13±2 16±2 2±1 31±2 

11 122±2 129±3 182±1 33±6 58±3 150±1 89±1 63±2 68±6 19±2 16±5 14±3 16±2 4±2 34±3 

12 134±5 162±1 199±5 35±2 60±2 154±4 90±2 63±2 69±3 21±2 17±2 15±1 16±4 4±1 51±5 
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The Box-Behnken design with three distinct levels was employed to formulate mathematical 

models. These models specifically link the varying experimental factors to enhance biohydrogen 

production effectively throughout the AD process. In the AD process, hydrogen yield was observed 

as the primary response. The model equation (Eq. (5-2)) from the Box-Behnken 3-point design 

features highly significant terms in a coded format. 

 

Hydrogen yield (mL g-1 VS) = 1195.7+670.7 ∗ 𝐴 −  102.4 ∗ 𝐵 −  107.2 ∗ 𝐶 +  190 𝐴 ∗ 𝐴 +

 12.5 𝐵 ∗ 𝐵 +  4.11 𝐶 ∗ 𝐶 −  14 𝐴 ∗ 𝐵 +  43 𝐴 ∗ 𝐶 −  0.5 𝐵 ∗ 𝐶         (5-2)     

                             

where, A, B and C terms indicate manure:KPW ratio of manure and kiwi peel waste, pH and 

inoculum (g VS L-1).  

Equation (5-2) demonstrates the impact of individual (quadratic) and combined variable 

interactions on hydrogen generation. Coefficients with negative values in this equation suggest 

that these single or dual interactions among the independent variables diminish the outcome. 

Conversely, positive coefficient values signify an enhancement in the response within the 

experimental boundaries (Mahmoud & McConville, 2023). The appropriateness of the developed 

models has been confirmed through the analysis of variance (ANOVA), as detailed in Table 5-7. 

The polynomial models are deemed favorable due to their high coefficient of determination (R²) 

values, which also improve the reliability of the model terms (Mosquera et al., 2020). 

A key table in statistical analysis is the analysis of variance (ANOVA) table. It plays a crucial 

role in aiding researchers in examining the effects under consideration and the model coefficients 

(Deepanraj et al., 2021). The F-value serves as a statistical measure to ascertain whether the means 

across different variables have statistically significant differences. 
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Table 5- 7. Analysis of variance (ANOVA) for a quadratic model of hydrogen yield with 

three factors: BBD for manure and KPW for anaerobic digestion. 

Source DF Adj SS Adj MS F-Value P-Value 

Model 9 44.7 38.3 27.71 0.000 

  Linear 3 72.7 57.6 63.93 0.000 

   A-Manure:KPW 1 76.1 76.1 261.99 0.000 

   B- pH 1 276.1 276.1 20.23 0.006 

   C-Inoculum (g VS L-1) 1 20.5 30.5 109.56 0.000 

  Square 3 13.4 34.5 112.78 0.000 

    A2-Manure:KPW*Manure:KPW 1 30.8 32.8 110.31 0.000 

    B2-pH*pH 1 576.9 576.9 42.27 0.001 

    C2-Inoculum (g VS L-1)*Inoculum (g 

VS L-1) 

1 315.9 315.9 23.14 0.005 

  2-Way Interaction 3 358.5 452.8 106.43 0.000 

    AB-Manure:KPW*pH 1 196.0 196.0 14.36 0.013 

    AC-Manure:KPW*Inoculum (g VS L-1) 1 160.2 160.2 304.78 0.000 

    BC-pH*Inoculum (g VS L-1) 1 2.3 2.3 0.16 0.702 

Error 5 68.3 13.7     

  Lack-of-Fit 3 60.3 20.1 5.02 0.171 

  Pure Error 2 8.0 4.0     

Total 14 612.9       

R2   R2 (adjusted)  R2 (predicted)  

0.9987  0.9864  0.9613  

 

An F-value of 27.71 indicates a significant relevance of the regression model in predicting 

biohydrogen yield. Additionally, the p-value is another critical element that correlates strongly 

with the F-value. With the confidence interval set at 95%, a p-value less than 0.05 is deemed 

significant. Conversely, a p-value exceeding 0.1 falls into the category of being statistically 

insignificant. The constructed model demonstrates considerable significance, as evidenced by 

model F-values reaching up to 27.71 and the probability values (p model > F) being less than 

0.0001. This implies that the likelihood of the model's results being a product of random noise is 

less than 0.01% (Abouelenien et al., 2021). In this scenario, the p-values associated with the 

coefficients A (manure:KPW), B (pH), C (inoculum), A2 (manure:KPW*manure:KPW), B2 

(pH*pH), C2 (inoculum*inoculum) and AB (manure: KPW*pH) are below 0.05. This indicates 
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that incorporating these coefficients into the model will enhance its fitting accuracy. The 

coefficient of determination (R²) is utilized in statistical analysis to evaluate how effectively the 

proposed regression model aligns with the experimental data points. This coefficient's value can 

vary between 0 and 1, where a value approaching 1 signifies a high significance, indicating a strong 

fit of the model equation to the data points. Many researchers opt for the adjusted R² over the 

standard R². This preference is because, unlike the basic R², the adjusted R² does not automatically 

increase with the addition of a new variable. This model exhibits an exemplary alignment, as 

evidenced by an R² of 0.9987. This suggests that the model can explain 99% of the variance in the 

data. Additionally, the model boasts a predicted R² of 0.9864, showcasing its strong predictive 

power for responses to untested values within the parameters. Furthermore, with an adjusted R² of 

0.9613, the model demonstrates that it could potentially account for approximately 96% of the 

variability if it were applied to different sample sets (Park et al., 2021).  

The three-dimensional (3D) surface graphs, generated by varying two variables while keeping 

other elements fixed, offer valuable insights into the primary impacts and the interplay between 

these variables. Associated contour diagrams (2D) depict these response surfaces on the x-y axis 

to facilitate an assessment of how the independent factors influence the dependent factor (Liu et 

al., 2010). Figure 5-6 provides the generated 3D response surface graphs and associated contour 

diagrams. 

The plots shown in Figures 5-6 (a and c) represent response surfaces, each forming a part of a 

parabolic sheet. They displayed the lowest and highest ridges within the explored area. For every 

response surface, the ideal levels of the varying elements, like the initial manure:KPW and pH, 

were discernible either through the saddle point or by pointing the peaks on the x- and y-axes.  
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Figure 5- 6. 3D surface plots and contour response surface of the interactive effect of (a) and (b) 

manure:KPW ratio and pH, (c) and (d) manure:KPW ratio and inoculum, and (e) and 

(f) pH and inoculum on biohydrogen yield. 
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Figure 5-6 (a) reveals that the highest yield (320 mL g-1 VS) occurs at a pH near 6.0 and 

manure:KPW ratio of 0.5. The surface gently slopes downwards as the pH decreases or the 

manure:KPW ratio increases to 1.5, underscoring a non-linear response in the biohydrogen yield 

to these variables. The downward slope in the surface plot generating low hydrogen yield, observed 

as the pH moves towards the acidic range, can be attributed to the inhibitory effects on microbial 

consortia or the shift in metabolic pathways away from hydrogen production  (Liu et al., 2011). A 

comparable outcome was observed by Dareioti et al. (2014); they identified a pH level of 6 as the 

most effective for maximizing biohydrogen production through the anaerobic digestion of agro-

industrial wastewater composing olive mill wastewater, cheese whey, and liquid cow manure. 

Notably, their investigation spanned a pH range from 4.5 to 7.5, providing a broad perspective 

on the impact of pH levels on biohydrogen production. In the contour plot (Figure 5-6 (b)), the 

contours are partly elliptical, which suggests a significant interaction between pH and the 

manure:KPW ratio of manure and kiwi peel waste (Liu et al., 2020). This interaction is further 

substantiated by the low p-value (p < 0.05) detailed in Table 5-7, underscoring the statistical 

significance of these findings. 

Figure 5-6 (c and d) shows how biohydrogen yield varies with changes in the manure:KPW 

ratio of manure and kiwi peel waste and inoculum concentration. The plot exhibits a notable peak, 

with the highest yield around 368 mL g-1 VS, suggesting an optimal combination of the two 

variables (manure:KPW ratio of 0.5 and 4 g VS L-1 inoculum) that favor biohydrogen production. 

The hydrogen yield decreases as inoculum dosage increases from 4 to 7 g VS L-1, indicating less-

than-ideal conditions. The subsequent decline of biohydrogen yield with the higher inoculum 

dosage suggests a possible decrease in microbial efficiency, potentially due to nutrient 

oversaturation or inhibitory effects at higher inoculum levels, consistent with the findings of 
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Nawaz et al. (2023). Nawaz et al. (2023) found that a continued increase in inoculum size from 10 

to 15 mL led to a decline of biohydrogen from 13 to 10 mL g-1 substrate. Figure 5-6 (d) shows that 

the contour lines are predominantly straight, suggesting that the relationship between the 

manure:KPW ratio and inoculum concentration is relatively linear within the tested range. 

The relationship between pH levels and inoculum dosage on biohydrogen yield can be inferred 

by analyzing the 3D surface plot in Figure 5-6 (e). At the lowest inoculum dosage depicted on the 

plot, approximately 4 g VS L-1, the biohydrogen yield varies with pH non-linearly. Specifically, at 

a pH of 4, the yield peaks at around 250 mL g-1 VS. As the pH increases to 5, the yield decreases 

slightly, dropping to about 240 mL g-1 VS. This reduction suggests that a pH of 4 is more favorable 

for biohydrogen production at this inoculum level. Interestingly, at pH 6, the yield slightly 

increases again to 245 mL g-1 VS, indicating that the studied pH range (pH 4, 5, and 6) are well 

complemented with the inoculum used in the AD for biohydrogen production. Low pH (<4) or 

high pH (>12) hinder hydrogenase activity, a crucial enzyme in fermentative hydrogen production 

(Osman et al., 2020). At pH 4.0 to 6.0, the metabolic pathways for producing acetic and butyric 

acid are more active and preferred (Guo et al., 2010). Optimal pH values for various substrates in 

fermentation processes range widely from 4.0 to 6.5, but each specific case has a narrow ideal pH, 

typically within ±0.5 range. For example, a pH of 6.0 is optimal for cheese whey, food, and kitchen 

wastes, while a slightly lower pH of 5.5 is best for glucose. Conversely, a starting pH of 4.5 yields 

the highest hydrogen production with sucrose and starch as substrates (Dareioti et al., 2014). The 

shapes of the contour lines (Figure 5-6 (f)) are semi-elliptical, which suggests that the interaction 

between pH and inoculum concentration is not strictly linear and that there is an optimal 

combination of these two factors that maximizes yield. The interaction between pH levels and 
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inoculum concentration is significant, as observed by the formation of elliptical contours around 

stationary points (Sethupathy et al., 2018).   

 

5.7.2 COD removal 

Chemical Oxygen Demand (COD) gauges the oxygen required to oxidize the organics in the 

substrate, indicating the efficiency of anaerobic digestion. A decrease in COD reflects successful 

organic breakdown in the digester (Meegoda et al., 2018). Figure 5-7 presents a comparative 

analysis of the COD reduction percentages observed on days 6 and 12 of each experimental run. 

 

 

Figure 5- 7. Chemical Oxygen Demand (COD) reduction (%) in each run on days 6 and 12. 

 

The data indicates a significant enhancement in COD reduction with increased treatment time. 

On day 6 of the treatment period, COD reduction ranged from 10.70±0.11% (set 5) to 39.1±0.15% 

(set 7), whereas day 12 reduced COD by 26.44±0.07% (set 11) to 43.31±0.17% (set 7). Notably, 

set 4 exhibited the most substantial increase in COD reduction from 21.4±0.31% at day 6 to 

42.4±0.42% at day 12. The low COD removal efficiency initially observed, ranging between 

10.7±0.1% to 13.8±0.07% (set 1, 5, 11, 12, and 15), can be attributed to the incomplete digestion 



278 

 

of organic compounds, particularly volatile fatty acids (VFAs) (Nguyen et al., 2021). This is 

consistent with some other studies; for example, 9.3% COD reduction was obtained by Zhou et al. 

(2013) during thermophilic acidogenic fermentation of food waste, COD removal efficiencies 

ranging from 10.7% to 23.0% from the hydrogen fermentation of microalgae (Sivagurunathan et 

al., 2017), and 5% to 16% COD removal from the co-digestion of manure, wine vinasse, and 

sewage sludge mixtures (Sillero et al., 2022). Analyzing day 12 data, most experimental sets 

exhibit an increase in COD removal efficiency compared to day 6, which aligns with some other 

previous studies shown in Table 5-8. On day 12, the COD removal (%) ranged from 26.44±0.07% 

in set 11 to 43.31±0.17% in set 7, indicating the progress of organic matter degradation over time. 

The increased time allows for a more prolonged microbial activity, leading to a greater breakdown 

of organic matter. Over time, the microbial consortia adapt and become more efficient at degrading 

complex organic compounds (Guieysse et al., 2001). Over time, conditions within the reactor could 

have changed, leading to an inhibitory environment for the microorganisms. The data for run 14 

shows an anomaly compared to the general trend observed in the other experimental sets; it 

exhibits a decrease in COD removal from 30.9% on day 6 to 29.17% on day 12. Typically, one 

would expect a higher percentage of COD removal with an extended treatment period, as seen in 

the other runs, due to the prolonged degradation of organic material by microbial action or 

chemical processes. It is possible that in run 14, there was a high concentration of organic material 

that initially led to a higher rate of COD removal due to increased microbial activity. However, 

this can lead to substrate inhibition beyond a certain concentration, where the microbial process 

becomes inhibited, decreasing removal efficiency over time (Hou et al., 2018; Rajagopal et al., 

2013). Anaerobic digestion typically proceeds through several phases, including hydrolysis, 

acidogenesis, acetogenesis, and methanogenesis. The latter stages can take longer to establish but 
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are crucial for significant COD reduction. Panichnumsin et al. (2010) observed that reducing 

ammonia levels from 100 to 10 mg NH4-N L-1 during AD of pig manure and cassava waste made 

methanogenesis unsuccessful, particularly in scenarios where the carbon to nitrogen (C:N) ratio 

ranged from 59 to 210. 

 

Table 5- 8. Chemical Oxygen Demand (COD) removal efficiency of different substrates 

Substrates COD removal  

(%) 

Inoculum  

type 

Digester  

type 

References 

Manure and kiwi peel waste 43.31±0.32 Sewage sludge Batch This study 

Microalgal biomass and swine 

manure 

42 - 56 Anaerobic 

digester sludge 

Batch Kumar et al. (2018) 

Pig manure, cocoa mucilage, and 

coffee mucilage 

90 Anaerobic 

digester sludge 

- Rangel et al. (2021) 

     

Poultry manure, wine vinasse  22 - 24 Sewage sludge Batch Meetiyagoda et al. (2023) 

Wine vinasse < 24 Sewage sludge Batch  Tena et al. (2020) 

Swine manure and pineapple waste 90 Pig farm Biogas 

digester  

CSTR Nguyen et al. (2021) 

Swine manure and corn silage 81 Digested slurry Batch Schievano et al. (2014) 

CSTR = Continuous stirred tank reactor. 

 

5.7.3 Volatile solids reduction 

The measurement and analysis of volatile solids (VS) reduction is pivotal in AD. This 

parameter serves as an integral benchmark for assessing the efficiency of the digestion process. 

Volatile solids, essentially the organic fraction of the feedstock, undergo decomposition during 

digestion, leading to biogas production. The reduction of VS is widely regarded as the primary 

metric for evaluating the performance of anaerobic digestion processes (Kraemer & Bagley, 2005). 

A higher VS reduction percentage indicates more effective digestion and greater conversion of 

organic matter into biogas. Figure 5-8 presents the reduction (%) of volatile solids during 12-day 

AD. 
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Figure 5- 8. Volatile solids (VS) profile of fifteen experimental sets. 

 

The VS range at the start of the experiment (day 0) is from 0.007 (set 1) to 0.023 g g-1 (set 7). 

This spread indicates the different initial conditions set for each experimental run, reflecting the 

variance in the concentration of VS due to the Box-Behnken design parameters. Similarly, total 

VS decreased (from 34.3±1.58 to 26.32±0.84 g L-1) at all trials at the end of AD of manure, sewage 

sludge, and wine vinasses (Sillero et al., 2023). The VS range on day 12 spans from 0.006 to 0.013 

g g-1, showing a reduction across all sets. This reduction is indicative of AD process at work, where 

microorganisms break down organic matter and convert it into biogas components over time. 

Significant reductions, with set 6 having a 62.9% decrease (reduction of VS from 0.022 to 0.008 

g g-1) and 52.8% decrease in set 5 (from 0.018 to 0.008 g g-1). Sets 4 and 7 have the most notable 

VS reductions. Set 4's VS reduction from 0.017 to 0.006 g g-1 (63.8% decrease) and set 7's from 

0.022 to 0.007 g g-1 (66.0% decrease) likely represent the most optimized mixing conditions 

(manure:KPW ratio, pH, and inoculum dosage) among the experiments for producing biohydrogen 

and biomethane (Arelli et al., 2021). Figure 5-4 also coincides with the result, providing the highest 

biohydrogen yield observed at run 6 (419±4 mL H2 g
-1 VS) and 7 (510±7 mL H2 g

-1 VS) at day 12. 
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Set 1 and 3 show VS reduction of 4.9% (from 0.011 to 0.010 g g-1) and 3% (from 0.013 to 0.012 

g g-1), respectively, which are the least reductions observed. The conditions here may have been 

suboptimal, potentially due to an imbalance in the substrate composition or less favorable 

environmental conditions for the microbes (Rabii et al., 2019; Rodríguez-Jiménez et al., 2022). 

  

5.7.4 Volatile fatty acids  

During the initial hydrolysis stage of anaerobic digestion AD, volatile fatty acids (VFAs) are 

generated during the acidogenic fermentation. These VFAs encompass a variety of soluble organic 

acids, with propionic, butyric, acetic, isovaleric, isobutyric, and valeric acid were detected in the 

AD when operated with manure and KPW as substrate in the presence of oleic acid (OA). The 

observed trend of total volatile fatty acids (TVFAs) produced is depicted in Figure 5-9.  

 

 

Figure 5- 9. Total volatile fatty acids (TVFAs) production over the digestion time. 

 

The TVFAs values range from 3512±105 mg L-1 to 6334±225 mg L-1, indicating the variability 

in TVFAs production across the different experimental setups. The lowest average production was 

in set 8 (M:KPW ratio of 1.5, pH 4, inoculum 5.5) and the highest in set 15 (M:KPW ratio of 1.0, 
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pH 6, inoculum 7). Sets 2, 3, 4, 10, 11, and 15 have notably higher TVFA production than the other 

sets (>5000 mg L-1); this result agreed with Algapani et al. (2019), who found the concentration of 

TVFAs in the reactor 3500 ± 700 mg L-1 to 9600 ± 1500 mg L-1 during first-stage (biohydrogen 

reactor) AD of food waste. High TVFA production can be attributed to the presence of easily 

degradable organic matter, especially protein-rich substrates. Proteins are broken down into amino 

acids, which are further deaminated to produce ammonia and carbon skeletons. These skeletons 

are then converted into VFAs (Song et al., 2023). The substrate nature significantly influences the 

type and quantity of TVFAs produced. For instance, carbohydrates tend to produce more acetate 

and butyrate, while proteins and lipids form propionate, isobutyrate, valerate, and isovalerate, in 

addition to acetate and butyrate (Owusu-Agyeman et al., 2020). To comprehensively understand 

the biochemical pathways leading to biohydrogen and biomethane generation during anaerobic 

digestion, examining the production dynamics of the principal volatile fatty acids (VFAs) produced 

is essential. Figure 5-10 clearly shows how acetate, butyrate, propionate, isovaleric and valeric 

acid, which are the main volatile fatty acids produced in this experiment, contribute to the yield of 

biohydrogen and biomethane across 15 sets.  

Figure 5-10 (a) shows a consistent increase in acetic acid levels from day 6 to 12 in all sets. 

Set 4 and 15 show a remarkable increase in acetic acid concentration from 330±9 to 705±21 mg 

L-1 and from 386±15 to 772±15 mg L-1. This is the largest absolute increase among all the sets, 

more than doubling the concentration over the period. Set 3 has the least change in acetic acid 

concentration, with a rise from 494±10 to 500±12 mg L-1. The small increase could indicate an 

already maximized acid production by day 6 or the onset of inhibitory conditions that prevent 

further acidogenesis. Set 8 starts with the lowest acetic acid concentration at 140±7 mg L-1 on day 

6 but doubles to 278 ±5 mg L-1 by day 12. Similarly, set 7 shows a more than doubling of the 
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concentration from a lower initial value of 191±3 to 469±10 mg L-1, which is one of the highest 

relative increases observed and may indicate a significant acidogenic potential that is realized over 

the period. 
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Figure 5- 10. Volatile fatty acid produced measured on days 6 and 12 (a) acetic acid (b) butyric 

acid (c) propionic acid (d) isovaleric acid and (e) valeric acid. 

 

Figure 5-10 (b) provides data on the concentration of butyric acid on days 6 and 12 of anaerobic 

digestion across 15 different sets. For most sets, the concentration of butyric acid decreased from 

day 6 to 12, which is opposite to the trend observed with acetic acid in the previous dataset. This 

could suggest that butyric acid was consumed during the later stages of anaerobic digestion, 

possibly converted into other compounds such as acetic acid or directly utilized by methanogens 

to produce methane. According to Worm et al. (2014), the primary route for transforming butyrate 

into acetate and hydrogen in VFAs involves β-oxidation. Subsequently, hydrogen (H2) and CO2, 

along with acetic acid, are utilized by methanogens to generate methane. One mole of n-butyric 

acid ultimately forms 2 moles of acetate and 2 moles of hydrogen through the β-oxidation process, 

as shown in Eq. (5-3) (Xu et al., 2023).  

 

𝐶4𝐻8𝑂2(𝑛 − 𝑏𝑢𝑡𝑦𝑟𝑖𝑐 𝑎𝑐𝑖𝑑) → 2𝐶2𝐻4𝑂2 + 2𝐻2(ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛)                                     (5-3) 

 

The first three sets showed the most substantial decrease in butyric acid levels, with set 1 

dropping from 100±6 to 28±6 mg L-1, set 2 from 110 ±7 to 32±5 mg L-1, and set 3 from 124±8 to 

30±3 mg L-1. This indicates a more pronounced butyric acid consumption or conversion in these 
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sets. Interestingly, set 11 showed almost no difference in butyric acid concentration between days 

6 and 12, remaining at 34±6 to 34±2 mg L-1. This may indicate a balance between the production 

and consumption of butyric acid in this particular set. 

The data on the concentrations of propionic acid measured on days 6 and 12 of anaerobic 

digestion across 15 sets is presented in Figure 5-10 (c).  Sets 1, 4, 6, 7, 8, 9, 11, and 12 all show an 

increase in propionic acid concentration from day 6 to 12, indicating continued production or less 

consumption of propionic acid during this period. Sets 13, 14, and 15 show the most significant 

increase in propionic acid, with concentrations starting at 50±1 mg L-1 and increasing to 301±5 mg 

L-1. This suggests a high propionic acid production rate or buildup due to less efficient conversion 

to other compounds or gases in this set, yielding the lowest 3.8 to 51±2 mL CH4 g
-1 VS. 

Several studies, particularly those focusing on treating protein-rich materials, have also 

documented the occurrence of valeric and isovaleric acids (Bevilacqua et al., 2021; Bolzonella et 

al., 2007; Yin et al., 2014). In this investigation, traces of isovaleric acid and valeric acid are also 

detected, though their levels are significantly lower than the other acids present. The production 

of isovaleric acid (Figure 5-10 (d)) varies significantly across the 15 experiments. On day 6, the 

concentration ranges from 30±1 mg L-1 to 135±2 mg L-1, while at day 12, it ranges from 28±2 to 

60±1 mg L-1. The highest concentration of isovaleric acid on day 6 is observed in set 8 (135±2 mg 

L-1), and on day 12 in set 12 (60±1 mg L-1). The lowest concentration on day 6 is found in 

experimental set 15 (30±1 mg L-1), while on day 12, it is 28±2 mgL-1 by set 5. In most experimental 

sets, isovaleric acid concentrations generally decreased significantly from day 6 to 12, indicating 

its consumption during the AD process. Yu et al. (2020) reported a similar finding; the 

concentration of isovaleric acid, acid for all experiments increased initially at day 10 (185 mg L-1) 

and then decreased at day 20 (105 mg L-1) over the whole process during AD of swine manure. 
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Valeric acid concentrations (Figure 5-10 (e)) exhibited significant increases and decreases over the 

6 days. Set 7 showed the most considerable increase in valeric acid concentration, escalating from 

3±6 mgL-1 (day 6) to 63±3 mg L-1 (day 12). Conversely, set 1 experienced the largest decrease, 

with valeric acid levels dropping from 135±3 mg L-1 (day 6) to 39±2 mg L-1 (day 12). The data 

suggest that the conditions of each experimental set-up influence valeric acid production 

significantly. An increase in valeric acid over time could indicate a successful adaptation or growth 

of acidogenic bacteria. Previous studies conducted by Owusu-Agyeman et al. (2020) and Esteban-

Gutiérrez et al. (2018) have shown that with a rise in the protein content of the substrate, there is 

an increase in higher molecular weight volatile fatty acids, like valeric acid and caproic acid. On 

the other hand, a decrease might suggest inhibitory conditions or the consumption of valeric acid 

by methanogens or other microbial processes within the anaerobic digestion system (Bai et al., 

2021). 

The dominant single VFAs in each set are found to be different. The varying compositions 

observed for the VFA for sets 1 to 15 suggested that there were different pathways for hydrogen 

and methane production: the pathway of sets 1 to 15 mostly followed acetate-type fermentation 

during the first 6 and the second 6 days and also, sets 1, 2, 3, 10 and 11 followed butyrate pathways 

since a decreasing trend of the butyric acid production is observed from day 6 onwards. During 

the acidogenesis phase, acidogenic bacteria break down the products of hydrolysis into VFAs, 

hydrogen (H2), and CO2, with trace amounts of hydrogen sulfide (H2S), ethanol, and ammonia 

(NH3). Following this, in the acetogenesis stage, acetogenic bacteria further process these VFAs 

into acetic acid, additional H2, CO2, and other minor by-products. The final phase, methanogenesis, 

involves methanogenic archaea converting acetic acid, H2, and CO2 into methane (CH4) and CO2. 

However, an observed increase in acetic acid concentration towards the end of the AD process, 
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particularly from day 6 to 12, implies a potential inhibition of methanogenic archaea by oleic acid 

and produced less methane (Figure 5-5) compared to hydrogen (Figure 5-4). Moreover, the 

observed VFA profile, which correlates with hydrogen (H2) production, aligns with existing 

research on protein-based waste, indicating a preference for acetate-propionate type fermentation 

in H2 generation (Capson-Tojo et al., 2017). High concentrations of propionic acid, known to 

potentially hinder hydrogen production, as suggested by Han et al. (2020), were observed in the 

study. However, according to Hans and Kumar (2019), the tolerance limit for propionic acid is 

around 900 mg L−1. In this case, all experimental setups produced propionic acid concentrations 

below 350 mg L−1, indicating they did not reach the inhibition threshold. This finding is consistent 

with those of relevant research. For example,  Ma et al. (2017) noted that carbohydrate-rich waste 

primarily leads to butyrate formation, whereas lipids and proteins tend to yield valerate and 

propionate. Additionally, Zhang et al. (2022) identified acetic acid and propionic acid as the 

predominant VFAs during the fermentation of protein-rich biomass, further illustrating the variable 

impacts of different substrates on VFA production. 

 

5.7.5 Model validation 

The optimal operational conditions were determined through D-optimality analysis, which 

identified the best combination of factors: manure:KPW  ratio of 0.5, a pH level of 6.0, and an 

inoculum dosage of 4 g VS L-1. Under these conditions, the maximum hydrogen yield was 

predicted as 398 mL H2 g
-1 VS. To validate this model prediction, an experiment was conducted in 

triplicate at the optimal settings. The results showed a peak hydrogen yield of 385±13 mL H2 g
-1 

VS, which was marginally lower (about 3.37%) than the predicted value. This slight discrepancy 

is likely due to variations in laboratory conditions. These experimental findings corroborate the 
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accuracy of the RSM based on BBD used in developing the model. Thus, the model demonstrated 

in this study is reliable and applicable within its defined operational range, offering valuable 

guidance for optimizing hydrogen production in similar setups. 

 

5.8 Biohydrogen from Pure Proteins 

In the context of the 15 statistically designed experiments outlined in section 5.6, three specific 

sets (6, 7, and 13 from Table 5-5) were identified as yielding the highest biohydrogen production. 

These sets were called A1, A2, and A3 for albumin sets and C1, C2, and C3 for casein sets 

following manure-KPW sets 6, 7, and 13. These sets were selected based on the optimal 

combination of three key parameters: i) manure:KPW ratio, ii) pH, and iii) inoculum dosage. 

Building on this framework, the same parameter combinations (Table 5-1), now adapted as i) 

albumin:KPW ratio, ii) pH, and iii) inoculum dosage, were applied to investigate the biohydrogen 

and biomethane yields, protein degradation, and VFA production using pure protein sources – 

albumin and casein in the presence of 4,000 mg L-1 oleic acid (OA). 

 

5.8.1 Biohydrogen and biomethane yield 

This section illustrates the biohydrogen production from two protein-based substrates, albumin 

and casein, over 12 days (Figure 5-11). Each substrate was tested in three distinct experimental 

sets, with varying conditions. The data of the cumulative volume of biohydrogen gas produced 

allow for a comprehensive comparison between the different sets, showcasing the impact of the 

specific variables on the biohydrogen production process from these pure protein substrates. 

The provided experimental data offers a compelling insight into the biohydrogen production 

capabilities of microbial cultures utilizing albumin and casein substrates over 12 days. Notably, 
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albumin set 2 demonstrated the most significant enhancement in hydrogen yield, escalating from 

33±3 mL H2 g
-1 VS on day 1 to an impressive 554±3 mL H2 g

-1 VS by day 12, marking a substantial 

increase of 521 mL H2 g
-1 VS. 

This remarkable growth not only outstripped its own initial measurements but also surpassed 

the increases observed in all other albumin sets. For casein, set 3 showed the highest augmentation, 

starting from 45±6 mL H2 g
-1 VS and rising to 399±5 mL H2 g

-1 VS, totaling an increase of 354±1 

mL H2 g
-1 VS. 

 

Figure 5- 11. Biohydrogen profile using albumin and casein as substrates for 12 days. 

 

Interestingly, when examining the increments from day 1 to day 6, casein set 2 took the lead 

with an increase of 194±2 mL H2 g
-1 VS, indicating a robust early-stage hydrogen production. 

When comparing the highest yields of each type, albumin set 2 (555±15) has a significantly higher 

yield than the best-performing casein set 2 (400±3). By day 12, the difference between the highest-

yielding albumin set (set 2) and the highest-yielding casein set (set 2) is 154±1 mL H2 g
-1 VS, a 

substantial difference indicating a more efficient process or better conditions for hydrogen 

production in the albumin set 2. Although albumin set 2 is particularly favorable for hydrogen 

production, the other albumin sets (1 and 3) have lower yields than casein sets 1 and 3, indicating 
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some variability in how these substrates are utilized for hydrogen production. These findings 

highlight the efficacy of albumin and casein as substrates for biohydrogen production and 

underscore the variance in productivity between different experimental conditions. Table 5-9 

compares biohydrogen production from manure and pure protein sources under the same 

experimental settings. This straightforward comparison is designed to reveal the effectiveness of 

various substrates in producing hydrogen and assess how pure proteins perform compared to 

manure in a controlled environment. 

 

Table 5- 9. Comparison of biohydrogen yield from manure and pure proteins under similar 

experimental conditions. 

 

Set 6 (manure:KPW ratio of 0.5, pH 6 and 5.5 g VS L-1) demonstrated a significant increase in 

yield from 67±5 mL H2 g
-1 VS on day 1 to 419±4 mL H2 g

-1 VS on day 12, culminating in a net 

 

Hydrogen yield (mL g-1 VS) 

Manure Albumin             Casein 

Set 6 Set 7 Set 13 Set 1 Set 2 Set 3 Set 1 Set 2 Set 3 

Manure:KPW  

ratio  

0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 

pH 6 5 4 6 5 4 6 5 4 

Inoculum  

(g VS L-1) 

5.5 4 5.5 5.5 4 5.5 5.5 4 5.5 

D
ay

  

1 67±5 75±3 40±1 27±1 33±3 27±2 27±3 51±5 45±6 

2 136±8 147±6 78±5 56±3 72±2 58±3 59±1 103±2 96±3 

3 205±3 229±6 140±2 82±4 106±3 88±1 89±2 148±3 138±2 

4 238±5 285±2 194±6 108±4 139±6 114±2 116±3 189±1 181±5 

5 276±11 321±7 254±5 136±2 172±6 143±6 134±4 213±5 210±3 

6 339±14 389±11 311±9 165±6 200±3 170±5 151±5 245±3 231±3 

7 339±12 389±9 335±5 179±5 250±8 190±5 159±7 245±7 248±4 

8 345±5 417±5 349±3 221±4 300±7 229±5 194±9 268±8 278±7 

9 354±3 437±6 374±8 267±5 361±11 260±7 228±7 296±9 313±9 

10 380±11 466±7 397±11 304±5 427±9 292±7 266±7 339±2 354±5 

11 406±5 501±2 416±5 336±2 492±7 318±12 293±4 374±5 371±5 

12 419±4 510±7 424±8 369±4 554±3 344±7 330±5 400±4 399±5 
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increase of 352±1 mL H2 g
-1 VS. When juxtaposed with the yields from albumin set 1 and casein 

Set 1, which showed increases of 341 mL H2 g
-1 VS (from 27±1 to 369±1) and 302 mL H2 g

-1 VS 

(from 27±3 to 330±5) respectively, set 6 not only surpasses the yield from casein set 1 but also 

outperforms the albumin set 1. Similarly, set 7 started with a yield of 75±3 mL H2 g
-1 VS and 

concluded with a substantial increase to 510±7 mL H2 g
-1 VS. 

This remarkable growth, representing an overall increase of 435±1 mL H2 g
-1 VS, surpasses 

the yield from casein set 2 (from 51±5 to 400±4 mL H2 g
-1 VS). Set 13 displays a significantly 

higher yield (311±9 mL H2 g
-1 VS) than both albumin set 3 (170±5 mL H2 g

-1 VS) and casein set 

3 (231±3 mL H2 g-1 VS) on day 6. This suggests that the manure with KPW substrate is 

substantially more effective for biohydrogen production by the sixth day than the pure protein 

substrates, albumin and casein, with KPW. By day 12, set 13 continues to outperform albumin set 

3, yielding 424±8 mL H2 g
-1 VS against 344±7 mL H2 g

-1 VS, indicating a more sustained and 

higher hydrogen production rate. Compared to casein set 3, set 13 still maintains a higher yield, 

though with a smaller margin of 424±8 mL H2 g
-1 VS for set 13 versus 399±5 mL H2 g

-1 VS for 

casein set 3. 

In the quest for sustainable biohydrogen production, set 6, 7, and 13’s utilization of manure in 

conjunction with KPW has demonstrated a significant yield enhancement, showcasing the 

potential for agro-industrial by-products in renewable energy applications (Meiramkulova et al., 

2018). The synergistic effect of the nutrient-rich manure, providing essential nitrogen and 

minerals, alongside the carbonaceous or low nitrogen content KPW, may optimize the carbon-to-

nitrogen (C/N) ratio, which is critical for microbial metabolism (Ghinea et al., 2019). Furthermore, 

the physical structure of KPW could offer a larger surface area for microbial attachment, 

potentially facilitating higher rates of bioconversion (Miao et al., 2019). The comparative increase 
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in yield observed in sets 6, 7, and 13 underscores the effectiveness of manure-KPW substrate 

combination. It aligns with findings from relevant studies that highlight the benefits of mixed-

substrate approaches to biohydrogen production. For example, with manure co-substrates such as 

wine vinasses, sewage sludge (Sillero et al., 2022), food waste (Liu et al., 2020), rice straw (Chen 

et al., 2021) and pineapple peel waste (Nguyen et al., 2021) are found to produce biohydrogen. 

Table 5-10 presents biohydrogen production from manure and other wastes.  

 

Table 5- 10. An overview of biohydrogen production from manure and organic wastes. 

Substrate Co-substrate Biohydrogen 

yield 

(mL g−1 VS) 

References 

Dairy manure Kiwi peel waste 389±11  This study 

Poultry manure Sewage sludge and wine vinasse 40.41  Sillero et al. (2022) 

Cattle manure  Food waste 30.00  Liu et al. (2020) 

Cow manure Waste milk 590.5   Lateef et al. (2012) 

Cow dung Fruit waste and tofu waste 231.02   Amekan et al. (2018) 

Swine manure Fruits and vegetable waste 126 ± 22   Tenca et al. (2011) 

Cow manure Cassava stillage 44  Wang et al. (2013) 

Pig manure Cassava stillage 51  Wang et al. (2013) 

 

The successful application of such waste-derived co-substrates with manure could lead to a 

dual benefit of energy recovery and waste reduction, presenting an eco-friendly solution to energy 

demands (Jiang et al., 2021). 

There were higher hydrogen yields in the sets utilizing KPW with manure (sets 6, 7, and 13) 

than KPW with pure protein albumin and casein (sets 1, 2, and 3). The manure is a complex mixture 

containing a wide range of organic compounds, including protein, lignocellulosic fibers, and 

carbohydrates (Wang et al., 2020), which can provide a more diverse and accessible range of 

nutrients for the microbial communities ( Li et al., 2020). In the case of albumin and casein, these 

are pure protein substrates which, while rich in nitrogen (C:N is 8 and 3.68 for albumin and casein), 
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may not provide the same level of microbial accessibility or the balanced C:N ratio (approximately 

20:1 to 30:1) that is crucial for optimal bacterial growth and metabolism (Jadhav et al., 2023; X. 

Li et al., 2020). The microbial consortia in manure may be more adapted or resilient to the 

fermentation process, possibly containing a higher proportion of hydrogen-producing bacteria 

when co-digested with KPW (Valdez-Vazquez & Poggi-Varaldo, 2009). The bacterial communities 

that develop in albumin and casein substrates might not be as efficient in hydrogen production due 

to a lack of necessary co-factors or inhibitors produced during protein breakdown. Batch 

experiments by Yokoyama et al. (2010) revealed that bacteria in cow manure produced significant 

hydrogen from sugars (glucose and sucrose) and wheat starch, with levels ranging from 863 to 

1,331 mL H2 Kg-1 mixture. However, when manure was mixed with proteins such as casein, 

albumin, gelatin, and peptone, it did not lead to hydrogen generation but increased CO2 output, 

indicating their decomposition without hydrogen release (Yokoyama et al., 2010). The 

fermentation of proteins like albumin and casein can produce inhibitory by-products such as 

ammonia and VFA, which can inhibit the activity of microbial community structure. Tang et al. 

(2005) studied a mesophilic anaerobic reactor to process synthetic wastewater with albumin as the 

sole nutrient source. This setup primarily yielded VFAs and ammonia as degradation products 

without producing methane. In the same experimental setup, sets 6, 7, and 13 of yielded outputs 

of 154±4, 90±2, and 16±4 mL CH4 g
-1 VS, respectively (Figure 5-5). However, it was noted that 

none of the three sets utilizing pure proteins, albumin and casein, produced any methane during 

the 12-day duration of the experiment. The sets containing pure proteins, such as albumin and 

casein, exhibited a pronounced inhibition in methane generation, which suggests that oleic acid 

(OA) had a more significant inhibitory effect on methanogenes in these pure protein sets compared 
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to those containing manure (set 6, 7, and 13). This finding underscores the sensitivity of 

methanogenic archaea to OA in environments with protein-rich substrates. 

5.8.2 Protein quantity 

Figure 5-12 (a and b) represents the concentration of albumin (A1, A2, A3 in mg L-1) and 

casein (C1, C2, and C3 in mg L-1) across three different experimental set 1, 2, and 3 under 

anaerobic conditions at different time points: initially (day 0), at days 6 and 12. 

 

 

Figure 5- 12. Protein quantity of (a) albumin set A1 (albumin:KPW ratio of 0.5, pH 6, inoculum 

5.5 g VS L-1 ), set A2 (albumin:KPW ratio of 0.5, pH 5, inoculum 4 g VS L-1), set A3 

(albumin: KPW ratio of 0.5, pH 4, inoculum 5.5 g VS L-1) on day 6 and day 12 (b) 

casein set C1 (casein:KPW ratio of 0.5, pH 6, inoculum 5.5 g VS L-1 ), set C2 

(casein:KPW ratio of 0.5, pH 5, inoculum 4 g VS L-1), set C3 (casein:KPW ratio of 

0.5, pH 4, inoculum 5.5 g VS L-1) on day 6 and 12. 
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The percentages shown on the graph above each bar correspond to the reduction of albumin 

from the day 0 concentration for each set on days 6 and 12 (Figure 5-12 (a)). On day 0, albumin 

set A1 starts with 1247.69±11 mg L-1, set A2 with 1227.31±9 mg L-1, and set A3 with 1060±5 mg 

L-1. At day 6, the albumin concentration decreases in all sets due to the digestion process. For set 

A1, the concentration drops to 920±7 mg L-1, a 26.2±1% reduction from day 0. Set A2 reduces to 

882.31±11 mg L-1, a 23.4±2% reduction. Set A3 decreases to 805.38±9 mg L-1, a 23.8±3% 

reduction. On day 12, further reduction is observed. Set A1 decreases to 884.62±5 mgL-1, a 

29.1±2% reduction from the initial concentration. Set A2 shows a more significant decrease to 

756.15±3 mgL-1, with a 33.2±1% reduction, indicating the highest degradation rate among the 

three sets. Lastly, set A3 reaches 783.08±8 mgL-1, a 26.3±1% reduction. Despite a good start on 

day 6, it shows the least reduction by day 12 compared to the other sets.   

Figure 5-12 (b) illustrates the degradation of casein protein in an anaerobic environment over 

12 days, as evidenced by three sets of experimental data. The bars denote the initial day (0) 

concentrations of casein, concentrations on day 6, and the concentrations on day 12. Percentages 

above the bars indicate the reduction from the day 0 concentration. Casein set C1 begins with a 

day 0 concentration of 694.23 mg L-1. After 6 days, the concentration drops to 649.62 mg L-1, a 

reduction of 17.6%, and by day 12, it further reduces to 549.62 mg L-1, totaling a 20.7% decrease 

from day 0. Set C2, despite starting with the lowest concentration of casein (513.08±9 mg L-1) it 

shows the greatest protein reduction at day 6 (28.3±2%) and day 12 (34.6±1%). Set C3 has a mid-

range starting concentration (627.69±7 mg L-1), reduces to 462.69±11 mg L-1 at day 6, a 22.4±1% 

reduction, and ends at 432.31±4 mg L-1 at day 12, marking a 32±1% reduction. Set C2  shows the 

greatest reduction on day 6 and 12 despite starting with the lowest concentration of casein. Set C1 
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does not correspondingly show the highest reduction despite having the highest initial 

concentration.  

Set 2 exhibits the highest protein reduction for albumin set A2 (33.2±1%) and casein set C2 

(34.6±1%), a notable observation pointing towards the optimal conditions provided within this set 

for proteolytic activity. The pH of 5 in set 2 is crucial, likely aligning closely with the optimal 

activity range of proteases in the Kiwi Peel Waste (KPW). Proteases (actinidin) are known to have 

specific pH ranges (pH 4-10) where their catalytic activity is active (Kaur et al., 2023); however, 

at specific pH along with the substrate type form a favorable conformation of their active sites and 

substrate binding (David Troncoso et al., 2022). In a study by Chalabi et al. (2014), actinidin 

enzyme could disintegrate pure α-casein and major subunits of micellar casein, especially in acidic 

pH (4 to 6). Additionally, in sets A2 and C2, the microbial dynamics facilitated by an inoculum 

concentration of 4 mg L-1 could have favored a microbial consortium adept at protein degradation. 

The slightly acidic conditions may inhibit non-proteolytic pathogens (Stringer et al., 1999), 

promoting a community structure centered around efficient protein-utilizing microorganisms. The 

combination of proteases from KPW and the microbial population from the inoculum might work 

synergistically to break down proteins more effectively in sets A2 and C2. The proteases could 

initiate the breakdown (Kaur & Boland, 2013), and the microbes could further metabolize the 

resulting peptides and amino acids (Bajić et al., 2022; Xiang et al., 2019). The protein reduction 

(%) discrepancies observed in sets 1 and 3 of albumin and casein could be due to different tertiary 

and quaternary structures of albumin and casein, which affect their susceptibility to enzyme-

catalyzed hydrolysis. Albumin is a globular protein, generally more soluble, and may be more 

readily accessible to proteases. Casein, on the other hand, resembled a denatured globular protein 
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structure results in the hydrophobic portion of the amino acid building blocks being exposed, 

causing the entire protein water- insoluble (Huppertz et al., 2018; Sim et al., 2021). 

 

5.8.3 Fourier transform infrared (FTIR) 

This section investigates the impact of KPW on the anaerobic digestion process of two specific 

proteins: albumin and casein. The primary focus is on understanding how KPW facilitates or alters 

functional groups of the protein substrates during the hydrolysis stage of these proteins, offering 

insights into its role in enhancing digestion efficiency. 

This analysis was carried out using in-depth Fourier Transform Infrared (FTIR) spectroscopy, 

with a wavenumber range of 4000 to 400 cm−1, on samples collected at the start (day 0) and on 

day 12. The comparison of FTIR spectra of the day 0 sample with those obtained post-digestion 

revealed notable differences. These differences highlighted the shifting of the functional groups 

with time, as depicted in Figure 5-13 (a) and (b) for albumin and casein. The samples were 

extracted from albumin set A2 (albumin:KPW ratio of 0.5, pH 5, inoculum 4 g VS L-1) and casein 

set C2 (casein:KPW ratio of 0.5, pH 5, inoculum 4 g VS L-1). 

In the FTIR spectrum of the albumin-KPW day 0 sample (Figure 5-13 (a)), which is a blend of 

albumin and KPW with oleic acid, several characteristic absorption peaks indicate molecular 

vibrations within the sample. The spectrum shows a broad peak around 3300 cm-1, which can be 

attributed to the amide A band, typically found in the range of 3300 to 3500 cm-1 due to N-H and 

O-H stretching vibrations, often involved in hydrogen bonding (Webster & Kiemle, 2005). The 

amide I band is represented by a peak at 1709 cm-1, falling within the expected range of 1600-1700 

cm-1, and is primarily associated with C=O stretching vibrations, a characteristic feature of protein 

secondary structures. The amide II band is usually observed between 1580-1410 cm-1, and the 
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spectrum shows a peak at 1541 cm-1, which is indicative of combined N-H bending and C-N 

stretching vibrations, further confirming the presence of proteins (Peltre et al., 2017). 

 

 

Figure 5- 13. Fourier Transform Infrared (FTIR) spectrum of (a) albumin and (b) casein on day 0 

and day 12. 

 

The amide III band (1200 to 1350 cm-1) arises from the combination of N-H bending and C-N 

stretching vibrations at 1247 cm-1, which are associated with the protein's tertiary structure. The 

presence of this peak suggests the involvement of these molecular vibrations and confirms the 

integrity of protein structures within the sample (Stani et al., 2020). Additional sharp peaks are 
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noted at 2965 cm-1 and 2853 cm-1, which are characteristic of C-H stretching vibrations commonly 

seen in organic compounds, suggesting the presence of oleic acid (Namazi et al., 2011).  

The FTIR spectrum of the albumin-KPW sample on day 12 of anaerobic digestion (Figure 5-

13 (a)) exhibits several changes when compared to the sample on day 0, indicating alterations in 

the protein structure due to the digestion process. Within the amide A region (3300 to 3500 cm-1), 

there is a slight shift from the initial sharp peak at 3300 cm-1 to a diminished peak at 3302 cm-1, 

suggesting a change in the hydrogen bonding pattern of the N-H groups. In the Amide I region 

(1600-1700 cm-1), which is sensitive to protein secondary structure, there is a discernible shift from 

1709 cm-1  in the day 0 sample to 1708 cm-1 after digestion, along with a decrease in peak intensity. 

This may reflect the breakdown of the protein's secondary structure, such as the disruption of α-

helix or β-sheets (Huang et al., 2017). α-helix in the secondary structure of the protein wastewater 

was also found to be decreased by 46.3% during AD (Li et al., 2022). The Amide II region (1580-

1410 cm-1) shows a peak at 1538 cm-1 with a reduced intensity compared to the day 0 sample 1541 

cm-1, indicative of altered N-H bending and C-N stretching due to the digestion process (Zhang et 

al., 2020). Notably, the amide III band (1200 to 1350 cm-1) is not clearly identified after AD, which 

might be due to significant distortion of the protein structure post-digestion (Ganesh Kumar et al., 

2008). The peak at 2965 cm-1 on day 0 is now observed at 2917 cm-1, with a reduced transmittance, 

suggesting possible oxidation of methylene groups or other modifications in the lipid components 

(Smidt & Schwanninger, 2005).  

The comparative analysis of the FTIR spectra for the casein and KPW sample before and after 

12 days of AD is presented in Figure 5-13 (b). The amide A band on day 0, typically between 3300 

and 3500 cm-1 indicates of the N-H bend/ strech vibration or hydroxyl H-O- bend/ strech vibration. 

It shows a noticeable transformation or is possibly diminished after the digestion period. This could 
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signify a loss of secondary structures like alpha-helices or beta-sheets due to the breakdown of 

hydrogen bonds (Pavia et al., 2008). The peaks at 2922 cm-1 and 2853 cm-1 in the day 0 sample, 

typically attributed to the symmetric and asymmetric stretches of methylene groups (-CH2-), 

respectively, have shifted to 2916 cm-1 and 2848 cm-1. These shifts to lower wavenumbers could 

indicate a change in the chemical environment surrounding the methylene groups. The amide I 

band centered around 1709 cm-1 in the day 0 sample, which is sensitive to C=O stretching 

vibrations, is shifted to a lower wavenumber at 1699 cm-1 after digestion, with a reduced intensity. 

This shift is characteristic of alterations in the protein secondary structure, possibly indicating a 

loss of ordered protein structures (Chiang et al., 2023). In the amide II region, the peak initially at 

approximately 1637 cm-1 has shifted to 1629 cm-1. The amide III band, which involves a mix of 

vibrations and is observed in the day 0 sample at 1244 cm-1, shows a diminishing pattern at post-

digestion, with a change in intensity. This alteration in the spectrum could represent a modification 

in the protein's tertiary structure or alterations in the side-chain interactions (Stuart, 2004). Other 

notable peaks in the spectrum show significant changes; for instance, new peaks emerge, or 

existing peaks become more prominent in the lower wavenumber region, such as at 721 cm-1. This 

change can be attributed to new chemical structures or interactions that have developed during 

AD, affecting the skeletal vibrations of the molecules present in the sample. 

 

5.8.4 Scanning Electron Microscopy (SEM)  

This section delves into the detailed Scanning Electron Microscopy (SEM) analysis of albumin 

set A2 (albumin:KPW ratio of 0.5, pH 5, inoculum 4 g VS L-1) and casein set C2 (casein:KPW 

ratio of 0.5, pH 5, inoculum 4 g VS L-1), providing a comparative insight into their microstructural 
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changes observed at the onset (day 0) and after a significant period (day 12). For clarity, the images 

of all the samples were taken at different magnifications. 

The day 0 SEM images (Figure 5-14 (a, b)) of the albumin and KPW composite before AD 

displayed distinct morphological characteristics. Albumin, a globular protein, is presented as 

sizeable, irregular aggregates, reflecting its soluble yet aggregated nature in this context (Gülseren 

et al., 2007). The KPW showed heterogeneous fibrous structures with variable particulate sizes 

that indicate a relatively intact state before digestion. On day 6 of AD, the SEM images (Figure 5-

13 (c, d)) suggested the beginning of structural alterations. The albumin-KPW aggregates appeared 

less defined, with signs of surface erosion possibly due to proteolytic activity. The KPW began to 

exhibit a breakdown of the fibrous matrix, with the increased presence of smaller fragments and 

less defined edges, indicative of partial degradation by microbial enzymes. After 12 days, the 

micrographs (Figure 5-14 (e, f)) depicted a substantial transformation. The albumin aggregates 

were visibly reduced and smoothed out, suggesting extensive microbial degradation facilitated by 

the inoculum's proteolytic and lipolytic enzymes (Molinuevo-Salces et al., 2012). Similarly, 

investigation through SEM studies indicated that protein-based waste leather showed uniform 

fluffiness after treatment in the experimental sample (Ma et al., 2014). The fibrous structure of 

KPW showed a near-complete loss of its original fibrous structure, indicating advanced cellulose 

breakdown (Weimer, 2022).  
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Figure 5- 14. Scanning Electron Microscopy (SEM) images of (a) and (b) albumin-KPW 

substrate on day 0, and after AD at (c) and (d) day 6, (e) and (f) day 12. 
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The SEM images in Figure 5-15 represent casein-KPW composite morphological features on 

days 0, 6, and 12 of AD. The day 0 sample’s SEM images (Figure 5-15 (a, b)) likely depict casein 

protein's micellar structure, which is typical due to its colloidal nature in milk (De Kruif et al., 

2012). The micelles appear as globular and somewhat clustered forms, which is characteristic of 

casein in its native state (De Kruif et al., 2012). The KPW adds to the complex matrix with its 

irregular, fibrous structures, often associated with plant cell wall components like cellulose and 

lignin (Weimer, 2022). The image presents a highly heterogeneous and rough landscape indicative 

of minimal prior degradation. On day 6 of AD, the SEM images (Figure 5-15 (c, d)) start showing 

minor transformation. 

The casein micelles seem less distinct, suggesting the beginning of the digestion process. The 

surfaces look more eroded, and the fibrous structure starts to fragment, which could be attributed 

to the activity of cellulolytic and proteolytic enzymes from the KPW and microbial inoculum 

(Gang et al., 2020; Speda et al., 2017). As the process progresses to day 12 (Figure 5-15 (e, f)), the 

images suggest a thorough degradation of the casein-KPW complex, leaving behind a landscape 

lacking initial morphological features. The digestion of casein-KPW likely disrupted hydrogen 

bonds and Van der Waals forces in its polypeptide chains, leading to the breakdown of cross-links 

between protein molecules (Xu et al., 2020). 
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Figure 5- 15. SEM images of (a) and (b) casein -KPW substrate on day 0, and after AD at (c) and 

(d) day 6, (e) and (f) day 12. 
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5.8.5 Volatile fatty acids 

In this section, the production of volatile fatty acids (VFAs) in the AD process using a mix of 

pure protein (albumin, casein) and KPW in the presence of oleic acid (OA) is observed. VFAs such 

as propionic, butyric, acetic, isovaleric, and valeric acids were measured throughout the 

experiment days. Figure 5-16 illustrates the overall trend in the production of these total volatile 

fatty acids (TVFAs) from albumin set 1 (albumin: KPW ratio of 0.5, pH 6, inoculum dose 5.5 mg 

L-1), albumin set 2 (albumin: KPW ratio of 0.5, pH 5, inoculum dose 4 mg L-1), albumin set 3 

(albumin: KPW ratio of 0.5, pH 4, inoculum dose 5.5 mg L-1), casein set 1 (casein: KPW ratio of 

0.5, pH 6, inoculum dose 5.5 mg L-1), casein set 2 (casein: KPW ratio of 0.5, pH 5, inoculum dose 

4 mg L-1) and casein set 3 (casein: KPW ratio of 0.5, pH 4, inoculum dose 5.5 mg L-1). 

For albumin sets 1, 2, and 3, the TVFA concentrations were recorded at 5864±95 mg L-1, 

4834±88 mgL-1, and 5301±91 mgL-1, respectively. Meanwhile, the TVFA concentrations for casein 

sets 1, 2, and 3 were notably higher, measured at 7811±69, 6539±65, and 7346±53 mg L-1, 

respectively. This indicates a trend where casein substrates consistently yield higher TVFA outputs 

compared to albumin under the same experimental conditions. 

 

Figure 5- 16. Total volatile fatty acids (TVFAs) production by albumin and casein samples. 
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Casein, a more complex protein than albumin (Bhat et al., 2016), might offer a more varied 

nutrient profile or be more amenable to the microbial consortia within the anaerobic digester. These 

findings align with studies such as Deng et al. (2023), who noted that substrate complexity could 

significantly influence TVFA production in AD processes. Furthermore, the observed variations 

among the different sets within the same substrate type could be attributed to differences in sludge, 

digestion time, temperature, and substrate concentration (Feng et al., 2009; Tan et al., 2012; Yuan 

et al., 2009). High TVFA production was achieved in just one day with untreated, insoluble casein, 

indicating that seed culture microorganisms can efficiently convert insoluble proteins like casein 

into TVFAs. This suggests that protein solubility is not crucial for VFA production, but its 

biodegradability is (Bevilacqua et al., 2021). Tan et al. (2012) found that in fermentation with a 

solids retention time (SRT) of 12 days, the TVFA production from albumin and casein without any 

treatment reached up to 1200 and 1300 mg L-1, respectively, lower than that obtained in the present 

study. Similar results were achieved from the AD of manure (4% TS), measured  TVFAs of 7,210 

mg L-1 on day 7 and 9,400 on day 14 (Meng et al., 2018). 

Figure 5-17 elucidates the production patterns of single VFAs at two distinct time intervals of 

the AD process. This figure provides a clear comparison of major VFAs produced, such as acetic, 

butyric, propionic, isovaleric, and valeric acids levels measured on days 6 and 12 on albumin set 

A1, A2, A3, and casein set C1, C2, and C3. 

Figure 5-17 (a) shows that the acetic acid concentrations varied significantly across different 

sets and time intervals. For the albumin sets on day 6, acetic acid concentrations (mg L-1) were 

measured at 695±7 for set 1 (A1), 499±5 for set 2 (A2), and 700±6 for set 3 (A3). By day 12, these 

figures had changed to 499±4 mg L-1 for set A1, an increase to 674±8 mgL-1 for set A2, and a 



307 

 

decrease to 504±5 mgL-1 for set A3. On the other hand, the casein sets exhibited higher initial 

acetic acid concentrations (mg L-1) on day 6, with set 1 (C1) at 931±11, set 2 (C2) at 808±9, and 

set 3 (C3) at 844±12. However, by day 12, the concentrations (mg L-1) had decreased to 736±11, 

633±8, and 818±11 for sets C1, C2, and C3, respectively. 

The decrease in acetic acid from day 6 to 12 could be because biohydrogen production occurred 

due to acetic acid and readily available residual substrate degradation (Capson-Tojo et al., 2017). 

Figure 5-11 proves the statement by showing increased hydrogen yield on day 12 compared to day 

6 in all albumin and casein sets. Similarly, acetic acid was the dominant VFA, reaching 4100 and 

1100 mg L-1 on days 6 and 12 of AD of food waste leachate (Khatami et al., 2021).  

Unlike acetic acid, butyric acid production (Figure 5-17 (b)) does not follow a uniform 

decrease trend from day 6 to 12 across all sets. In particular, albumin sets A1 and A2 show an 

increase in butyric acid concentration by day 12, with set A2 showing a substantial rise from 30±2 

to 64±2 mg L-1. Albumin set A3 remains consistent (50±1 mg L-1) on days 6 and 12. In contrast, 

the casein sets, which initially produce higher levels of butyric acid after day 6, experience a 

general decrease by day 12. 
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Figure 5- 17. Single volatile fatty acids (VFAs) measured on day 6 and 12 (a) acetic acid (b) 

butyric acid (c) propionic acid (d) isovaleric acid and (e) valeric acid. 

 

For casein sets, set C1 displays a decrease from 80±3 mg L-1 on day 6 to 56±1 mg L-1 on day 

12, set C2 decreases slightly from 60±1 to 52±3 mg L-1, and set C3 shows a decrease, but to a 

lesser extent, from 80±2 to 74±1 mg L-1. 

Figure 5-17 (c) presents propionic acid concentrations in albumin and casein sets measured on 

days 6 and 12. Initially, on day 6, albumin set A1 and casein set C1 exhibited the highest propionic 

acid concentrations at 364±9 and 420±6 mg L-1, suggesting a robust acidogenic phase. By day 12, 

these concentrations had declined to 234±5 mg L-1 for albumin set A1 and 192±3 mg L-1 for casein 

set C1, indicating a significant decrease in production. Albumin set A2 was an outlier, increasing 

from 150±2 to 267±2 mg L-1. Conversely, both albumin set A3 and casein set C3 followed the 

general declining trend, with casein sets showing a more pronounced decrease. 

Figure 5-17 (d) illustrates the concentrations of isovaleric acid. Albumin sets (A1-A3) exhibit 

isovaleric acid production at day 6 (ranging from 39±2 to 52±2 mg L-1). By day 12, the 

concentration increases, indicating a continuous fermentation process, yet remains generally lower 

than the casein sets. Casein sets (C1-C3) show higher isovaleric acid production both at day 6 

(ranging from 59±3 to 71±2 mg L-1) and day 12 (ranging from 63±3 to 85±1 mg L-1) compared to 

the albumin sets. Across all sets in Figure 5-17 (e), there is an increase in the concentration of 
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valeric acid from day 6 to day 12. Among all the sets, albumin set A3 shows the highest valeric 

acid concentration at both time intervals (89±3 mg L-1 on day 6 and 98±1 mg L-1 on day 12). 

Casein set C1 showed a considerable increase from 39±2 mg L-1 to 83±2 mg L-1. Casein sets C2 

and C3 initially had no detectable valeric acid but showed production by day 12, reaching 55±2 

mgL-1 and 37±1 mg L-1, respectively. The production of valeric acids is quite substantial, indicating 

active valeric acid production during the period. Owusu-Agyeman et al. (2020) reported similar 

results in their study on AD of sewage sludge and organic waste, noting valeric acid's increase 

from 0 to 11% in 20 days. High molecular weight VFAs, like isovaleric and valeric acids, can be 

produced from protein fermentation via the Stickland reaction, involving either the reductive 

deamination of amino acids or a redox process between amino acid pairs (Parawira et al., 2004). 

Additionally, shifts in VFA proportions, for example, decreased acetic acid (Figure 5-17 (a)) and 

increased valeric acids (Figure 5-17 (e)) throughout AD, are due to β-oxidation and isomerization 

processes (Parawira et al., 2004). 

The concentrations (mg L-1) of the top three VFAs for the albumin set A1 on day 6 are observed 

as acetic acid (695±7) > propionic acid (364±9) > butyric acid (52±1). For albumin set A2 on day 

6, the VFA concentrations (mg L-1) followed acetic acid (495 ±5) > propionic acid (150±2) > 

butyric acid (30±2).  For albumin set A3 on day 6, the concentrations (mg L-1) of single VFAs are 

acetic acid (700 ± 6) > propionic acid (188±1) > butyric acid (50±1) and acetic acid (504±5) > 

propionic acid (146±1) > butyric acid (50±1) on day 12. In the case of the analysis of sets A1, A2, 

and A3, nearly identical trends in producing single VFAs were observed. In all three albumin or 

casein sets, acetic acid is the most abundant VFA after day 6, indicating that the microbial 

community within the anaerobic digester is efficiently converting substrates into acetate. This is 

expected since acetic acid is a direct precursor for methane generation in the methanogenesis phase 
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and is typically the most common VFA produced in AD (Luo et al., 2019). Yin et al. (2014) also 

indicated that in anaerobic digestion for methane production, one-third of the methane is produced 

from hydrogen, while two-thirds comes from acetic acid. 

Although a mixture of albumin and starch in AD produced single VFAs as acetate> butyrate > 

propionate for biohydrogen production (Tepari Jr, 2019), this study showed single VFAs produced 

following acetate > propionate > butyrate order. A finding similar to the present study was reported 

by Jankowska et al. (2015), who obtained a reduction in butyrate and an increase in acetic and 

propionic acid production from primary and waste-activated sludge on day 15 compared to day 5 

at pH 4. In the acidic fermentation of protein-based waste like cheese whey with mixed cultures, 

the VFAs distribution was consistent across varying retention times as acetate > propionate > 

butyrate > valerate, along with minor concentrations of iso-butyrate (Jankowska et al., 2017). 

Accumulation of propionic acid in the reactors was attributed to the buildup of formate and/or 

hydrogen, as its breakdown is thermodynamically efficient only within a narrow concentration 

range of these compounds (Capson-Tojo et al., 2017). When compared to carbohydrates, protein 

is more readily hydrolyzed by mixed flora, resulting in larger molecule acids like iso-butyric, n-

butyric, isovaleric, and n-valproic acids. These can be transformed into acetic and propionic acids 

by hydrogen-producing acidogenic bacteria, as noted by Parawira et al. (2004). Consequently, the 

production of propionic acids and acetic acids are notably higher than other volatile fatty acids 

found in this experiment.  

 

5.9 Conclusions 

Biohydrogen production of manure and kiwi peel waste (KPW) during the anaerobic digestion 

was optimized using the Box–Behnken design (BBD). After analysing the experimental data from 
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the BBD matrix, a regression quadratic model equation was produced that was very significant (R2 

= 0.99; p < 0.05). The highest value of accumulative biohydrogen yield was 389±11 mL g-1 VS on 

day 6 and 510±7 mL g-1 VS on day 12 when the factors are set as M:KPW ratio of 0.5, pH 5.0, and 

inoculum 4 gVS L-1. Under similar conditions, albumin:KPW ratio of 0.5, pH 5, and inoculum 4 

gVS L-1 generated biohydrogen of 200±3 mL g-1 VS on day 6 and 554±3 mL g-1 VS. Similarly, 

casein produced 245±3 and 400±4 mL g-1 VS of biohydrogen on days 6 and 12. In the case of pure 

protein sources, protein quantity reductions were obtained at 33.2±1% for albumin and 34.6±1 % 

for casein. Moreover, FTIR and SEM analysis on albumin-KPW and casein-KPW digestion 

provided an extensive overview of functional group alternation and morphological changes during 

AD. In summary, the findings of this study suggest that generating biohydrogen from both manure 

and KPW or pure protein and KPW presents viable alternatives. These results provide a basis for 

enhancing biohydrogen generation from protein-rich livestock waste. 
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CHAPTER SIX 
 

ENHANCING BIOHYDROGEN PRODUCTION FROM 

MANURE AND PINEAPPLE PEEL WASTE: BOX-BEHNKEN 

DESIGN AND RESPONSE SURFACE METHODOLOGY 
 

 

Abstract 

 

Producing hydrogen (H2) from renewable organic waste is attracting much attention. This 

research optimized H2 production from dairy manure (M) and pineapple peel waste (PPW) through 

a psychrophilic batch dark fermentation using Box Behnken Design and Response Surface 

Methodology. The study examined the impact of varying the M:PPW ratio (0.9 to 2.0), pH levels 

(4 to 7 g VS L-1), and inoculum concentrations (6 to 9 g VS L-1) under a constant dose of a long-

chain fatty acid (4,000 mg L-1 oleic acid) on H2 yield. Significant interactions (p < 0.05) existed 

among the variables, directly influencing the H2 yield. The highest cumulative H2 yields (mL g-1 

VSsubstrate) obtained at optimal settings of M:PPW ratio of 0.9, pH 6, and an inoculum of 5.5 g VS 

L-1 were 345±6 at day 6 and 385±7 at day 12. At the same optimal settings, pure protein substrates 

yielded 213±3 mL H2 g
-1 VSalbumin and 233±3 mL g-1 VScasein at day 6, with day 12 yields increasing 

to 247±6 mL H2 g
-1 VSalbumin and 312±3 mL g-1 VScasein. The quadratic model showed a high R2 of 

0.9945, indicating strong predictive accuracy. Individual volatile fatty acids studies suggested H2 

was primarily produced via the acetate-producing pathway. Fourier transform infrared 

spectroscopy shows the diminish of Amide I and splitting of Amide II band peaks at the end of 

anaerobic digestion (AD), proving the alterations or breakdown of the protein structure of the 

substrate. Moreover, scanning electron microscope characterization reveals albumin and casein 

transformed from globular and micellar forms into a more uniform structure, highlighting 
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significant biodegradation during AD. This study demonstrates that PPW enhances H2 production 

from dairy manure. Future studies may investigate combining dairy manure and other waste 

biomass that can be a source of hydrolytic enzymes. 

 

Keywords: Manure, Pineapple peel waste, biohydrogen, Box Behnken design. 

 

6.1 Introduction 

The 21st century is undergoing a surge in investment and interest in renewable energy 

production due to the decline of fossil fuels and the impact of climate change (Dahunsi et al., 

2022). This trend has prompted significant research into generating cleaner, sustainable gaseous 

and liquid biofuels from renewable sources such as agricultural waste, biomass, and plant or fruit 

residues (Ioelovich, 2015). Hydrogen is considered a viable alternative energy carrier, renowned 

as a clean fuel. Upon combusting, it only generates water and possesses an energy content 2.75 

times greater than that of hydrocarbon fuels (Nasser et al., 2022). Hydrogen can be produced using 

chemical processes such as autothermal reforming, catalytic partial oxidation, water gas shift 

steam reforming, etc. (Chen et al., 2023). Most chemical processes for producing hydrogen 

consume substantial energy, typically from non-renewable resources, which can undermine its 

environmental advantages as a clean fuel. Processes like steam methane reforming are carbon-

intensive, releasing CO2 into the atmosphere and thus contributing to GHG emissions (Oni et al., 

2022). Additionally, the infrastructure and materials needed for these chemical hydrogen 

production methods can be costly, affecting their cost-efficiency (Rasul et al., 2022). On the other 

hand, biological hydrogen production has attracted more attention than chemical methods due to 

its sustainability and lower energy consumption (Nikolaidis & Poullikkas, 2017).  
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Biological hydrogen production is categorized into phototrophic processes and dark 

fermentation or anaerobic digestion (AD). AD holds benefits over phototrophic methods by 

enabling continuous hydrogen generation from diverse feedstocks without the need for external 

energy sources like light (Bolatkhan et al., 2019; Sagir & Alipour, 2021). AD involves a series of 

redox reactions and biochemical transformations of organic matter into methane (CH₄) and carbon 

dioxide (CO₂) in an oxygen-free environment. This process is driven by the synergistic activity of 

a diverse consortium of microorganisms, including archaea and bacteria, which convert organic 

waste into valuable biogas through interconnected metabolic pathways (El Asri, 2022). Initially, 

complex organic polymers present in the feedstock, such as cellulose, lipids and proteins, are 

hydrolyzed into their constituent monomers, i.e., sugar, amino acid, and fatty acid, through 

enzymatic reactions. These reactions are facilitated by extracellular enzymes such as cellulases, 

proteases, and lipases. For instance, protein molecules in the organic waste are first hydrolyzed by 

proteolytic enzymes (Eq. 6-1), produced by hydrolytic bacteria, into their constituent amino acids. 

The amino acids produced during hydrolysis are then fermented by acidogenic bacteria, leading to 

the formation of volatile fatty acids (VFAs), carbon dioxide (CO₂), ammonia (NH₃), and hydrogen 

(H₂) (Eq. 6-2). In this stage, some VFAs produced during acidogenesis are converted into acetic 

acid, additional hydrogen, and CO2 by acetogenic bacteria. For example, propionate (a three-

carbon VFA) can be converted into acetic acid and CO₂ (Eq. 6-3). Finally, methanogens convert 

the products of acetogenesis (acetic acid, CO₂, and H₂) into methane (Eq. 6-4). 

 

𝑃𝑟𝑜𝑡𝑒𝑖𝑛 +  𝐻2𝑂 → 𝐴𝑚𝑖𝑛𝑜 𝑎𝑐𝑖𝑑𝑠                                             (6-1) 

𝐴𝑚𝑖𝑛𝑜 𝑎𝑐𝑖𝑑 → 𝑉𝐹𝐴 +  𝑁𝐻3 +  𝐻2 + 𝐶𝑂2                                  (6-2) 

𝐶𝐻3𝐶𝐻2𝐶𝑂𝑂𝐻 +  2𝐻2𝑂 → 𝐶𝐻3𝐶𝑂𝑂𝐻 +  3𝐻2 + 𝐶𝑂2                                 (6-3) 
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𝐶𝐻3𝐶𝑂𝑂𝐻 → 𝐶𝐻4 + 𝐶𝑂2                                                                       (6-4) 

 

AD of protein-rich wastes, such as manure, slaughterhouse waste, and other similar organic 

materials, presents several challenges in biohydrogen production that can impact the efficiency 

and stability of the process. The high nitrogen content of these substrates can lead to ammonia 

inhibition, a major concern, which occurs when the concentration of total ammonia arising from 

the degradation of nitrogenous compounds such as proteins and urea exceeds a threshold level, 

typically around 1,500-3,000 mg L-1 in the acidogenesis and acetogenesis stages (Lourinho et al., 

2020). This inhibition can drastically reduce the microbial activity essential for hydrogen 

production. In addition, manure is rich in proteins (12-48 wt.%) that have complex, recalcitrant 

structures, making them difficult to break down (Vidmar & Vodovnik, 2018; Tasaki, 2021). The 

high nitrogen content associated with these proteins can also exacerbate ammonia production 

(Feng et al., 2023).  

Employing inhibitors and stressing agents in AD to boost hydrogen production from manure 

while suppressing methanogenic archaeal growth involves strategies like adjusting pH (Dai et al., 

2016), increasing temperature to 37-70 oC (Algapani et al., 2016; Khan et al., 2018), and using 

chemical inhibitors like 2-bromoethanesulfonate, acetylene, chloroform etc. (Saady, 2013). While 

low pH can reduce the formation of methanogenic archaea, slightly acidified circumstances (pH 5 

to 6) may not be useful in treating methanogenesis when the intended gas is H2 production (Baldi 

et al., 2019; Kumar et al., 2016). High-temperature operation increases operational costs in colder 

regions (Sudiartha et al., 2022) and poses operational challenges, such as increased viscosity and 

consistency, which can impact process efficiency (Fagbohungbe et al., 2015). Chemical inhibitors, 
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while effective, can introduce toxicity issues, potentially affecting downstream uses of the 

digestate, and often do not drastically affect hydrogen production (Singh et al., 2022). 

A promising solution to enhance hydrogen yield while suppressing methane production 

involves the application of long-chain fatty acids (LCFAs). LCFAs can selectively inhibit 

methanogenic archaea due to their specific metabolic pathways, favoring hydrogen-producing 

bacteria (Rodríguez-Méndez et al., 2017).  

Palmitic acid (PA (C16:0)) (Deaver et al., 2020), stearic acid (SA (C18:0)) (Eftaxias et al., 

2020), oleic acid (OA (C18:1)) (Eftaxias et al., 2020) and linoleic acid (LA (C18:2)) (Dasa et al., 

2016) are commonly used LCFAs in AD for hydrogen production. A maximum hydrogen yield of 

2.52±0.2 mol mol-1 glucose was observed at mesophilic temperature with LA (750 mg L−1) and 

MA (500 mg L−1) in a flocculated culture (Saady et al., 2012). In another study, adding OA 

improved hydrogen production by limiting hydrogen-consuming microbes. Adjusting the glucose-

to-xylose ratio also influenced hydrogen yield. Without OA, yields were low (1.6 ± 0.32 mol H2 

mol-1 glucose) due to electron flux towards non-hydrogen products like propionate and methane. 

With 2000 mg L-1 OA, electron flux shifted towards acetate and butyrate, boosting hydrogen yield 

to 2.84 ± 0.24 mol H2 mol-1 glucose. This suggests OA effectively redirects electron flow toward 

hydrogen production in mixed cultures (Chaganti et al., 2012). Increasing OA concentration from 

1.2 g L-1 to 2.4 g L-1 significantly enhanced hydrogen production from residual fermented solids, 

raising the yield from 50 to 238±44 mL H2 L
-1 medium (dos Santos et al., 2021). Research on 

enhancing hydrogen and methane production with LCFAs at mesophilic temperatures using simple 

carbohydrates or carbohydrate-rich wastes has been abundant (Rafieenia, 2019; Duarte et al., 

2021). However, examining their impact on hydrogen generation from protein-rich wastes at 

psychrophilic temperatures (20°C) opens up a novel area for investigation. 
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With that being the case, utilizing pineapple waste (PPW) with protein rich wastes feedstock 

is beneficial due to its high carbohydrate content (approximately 40 g L-1), swift hydrolysis rate, 

and capability to acidify organic matter (Chu et al., 2020; Muenmee & Prasertboonyai, 2021). 

Additionally, PPW includes the protease enzyme bromelain, which facilitates the breakdown of 

organic matter into soluble forms readily usable in AD, serving as an effective biological treatment 

method for hydrolysis. This enzyme also helps to break recalcitrant protein structures and reduce 

ammonia nitrogen levels in protein-rich wastes (Cahyari et al., 2018; Syahirah & Nazaitulshila, 

2018). Combining PPW with dairy manure presents a promising approach to increasing hydrogen 

production, optimizing the carbon-to-nitrogen (C/N) ratio for effective fermentation, ensuring 

process stability, and lowering the treatment costs of these organic wastes. 

While adding LCFAs has been shown to initiate higher yields in biohydrogen production, their 

effectiveness in protein-rich wastes depends on various factors or parameters. A lack of balance 

among these factors could lead to digester failure or lower yields. Combining this understanding 

with the research focus on the synergistic effects of PPW and OA highlights the complexity of 

optimizing biohydrogen production from AD of dairy manure. The study aims to examine the 

impact of factors such as manure and PPW ratios, pH, and inoculum dosage, and their combination 

on biohydrogen production through response surface methodology (RSM) and Box Behnken 

design (BBD). This endeavor includes examining PPW's dual role as a complex substrate and a 

source of the protease enzyme bromelain, alongside OA's potential to introduce metabolic 

pathways towards enhanced hydrogen production. Lastly, the study investigates how these factors, 

combined with OA, affect hydrogen yield when using pure protein sources like albumin and casein, 

and compare the output with that of a manure-PPW study aiming to bridge a research gap. 



340 

 

Although the effect of adding LCFAs on biohydrogen production has been proven to initiate 

higher yield, the workability of LCFAs in protein-rich wastes depends on certain factors. Digestor 

failure or low yield is possible without a balance of such factors. 

  

6.2 Materials and Methods 

 

6.2.1 Chemicals and reagents 

To measure the total protein concentration, the study used the Pierce Coomassie (Bradford) 

Protein Assay Kit, a ready-to-use Bradford assay solution provided by Thermo Fisher Scientific, 

U.S.A. The results were then benchmarked against a standard protein solution, specifically bovine 

serum albumin (BSA), also acquired from Thermo Fisher Scientific, U.S.A. Sodium hydroxide in 

pellet form (ACS reagent standards, 97% purity) was acquired from MilliporeSigma™, U.S.A. 

Additionally, technical quality oleic acid (OA) (90% purity level) was sourced from Sigma-

Aldrich, U.S.A. De-ionized water was utilized in the preparation of both standards and samples. 

As representative examples of model proteins, the experiment employed albumin in its freeze-

dried powder state, with a purity exceeding 96% (obtained from Sigma Aldrich, New Zealand), 

and casein of technical grade, procured from Sigma Aldrich in the U.S.A. 

 

6.2.2 Inoculum 

The culture is obtained from the Riverhead Wastewater Treatment Plant, a standard facility in 

St. John's, Newfoundland and Labrador, Canada. After gently pouring off the top liquid layer of 

the collected culture, the leftover thick inoculum was kept in a glass jar at 4 oC to preserve it for 
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experimental purposes. Before the batch experiment, the inoculum was analyzed, revealing total 

solids (TS) at 5.1%, volatile solids (VS) at 3.9%, and a pH of 7.8.  

 

6.2.3 Feedstock 

Fresh cow manure (M) was gathered from Lester’s Dairy Farm on the Avalon Peninsula in 

Newfoundland. After collection, the manure was immediately sealed in an airtight plastic container 

and stored at 4°C, ready for use in anaerobic digesters. Pineapple peel waste (PPW), serving as a 

co-substrate, came from pineapple fruits purchased at local groceries in St. John's. These fruits 

were washed and peeled, and the peels were cut into small pieces for blending using a Magic 

Bullet® with a 250-watt motor at 2000 rpm for 60 sec. Before their introduction into the anaerobic 

digesters, the manure and PPW underwent physiochemical analysis, as outlined in Table 6-1. 

 

Table 6- 1. Physiochemical characteristics of the substrates. 

Parameter Cow Manure  
(M) 

Pineapple  
peel 

waste (PPW) 
pH 7.5 5.9 
Total Solids, TS (%) 14.7 21 
Volatile Solids, VS (%) 7 19 
Chemical Oxygen Demand, COD (g L-1) 105.3 87 
Protein (g L-1) 1.2 1.2 

NH3-N (g L-1) 2.2 - 
NH4-N (g L-1) 2.1 - 

 

6.3 Batch Anaerobic Digestion Tests 

Following a statistical design, this experiment tested various manure and pineapple peel waste 

proportions (M:PPW), pH, and inoculum dosages in duplicate batch digesters. The experiments 

used 0.610 L Wheaton glass bottles as digesters, each with a 0.2 L working volume, and were 

conducted under anaerobic conditions established by a 2-minute nitrogen gas purge (Figure 6-1). 
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The digesters received an oleic acid (OA) dosage of 4,000 mg L-1 one day before the 

commencement of the experiment (referred to as day 0). The digesters were stored in dark 

containers to prevent exposure to light and inverted to prevent gas leaks. The entire process was 

controlled at a constant 20±1 °C. Gas composition in the headspace was recorded daily, while 

volatile fatty acids (VFAs) were checked every other day (days 2, 4, 6, 8, 10, and 12). Protein, 

volatile solids (VS), and chemical oxygen demand (COD) were measured on days 6 and 12. To 

maintain anaerobic conditions, the digesters were opened and purged with nitrogen gas again on 

day 6 before being sealed until the end of the experiment on day 12. 

 

 

Figure 6- 1. Nitrogen gas is flushed in each digester to sustain an anaerobic environment. 

 

6.4 Overall Experimental Design 

This study's experimental approach is methodically segmented into two distinct parts. Figure 

6-2 outlines the experimental activities carried out in both parts. The objective across both parts (I 

and II) was to evaluate the yields of biohydrogen and biomethane. Part I explored the use of 



343 

 

manure-PPW as a feedstock, focusing on anaerobic digestion by examining variables such as the 

M:PPW ratio (manure to pineapple peel waste, based on volatile solids (VS)), pH levels, and the 

quantity of inoculum, all under a fixed concentration of OA. A total of fifteen experiments, 

designed statistically, were performed to measure the outputs of biohydrogen and biomethane and 

monitor VFAs, COD, and VS.  

Part II shifted focus to utilizing pure proteins-PPW (specifically albumin and casein) as 

substrates, employing optimal combinations of three critical factors: i) the ratio of manure to 

pineapple peel waste (M:PPW), ii) pH, and iii) the amount of inoculum. For this part, three 

experimental configurations tailored to the digestion of these specific proteins in conjunction with 

a 4,000 mg L-1 concentration of OA were developed. Details of these experimental setups for the 

pure proteins are outlined in Table 6-2. Advanced characterization techniques like scanning 

electron microscope (SEM) and fourier transform infrared spectroscopy (FTIR) were employed to 

document the compositional and structural changes in the substrates pre- and post-digestion for 

parts I and II. The next sections (6.6 to 6.8) will present a comprehensive overview of the 

experimental procedures and their corresponding results based on the guidelines presented in this 

section. 

 

Table 6- 2. Three distinct experimental sets of albumin and casein for part II of the research. 

Substrate Set Substrate:PPW pH Inoculum dosage 

(g VS L-1) 

Albumin (A) A1 0.9 5 7 

 A2 0.9 4 5.5 

 A3 0.9 6 5.5 

Casein (C) C1 0.9 5 7 

 C2 0.9 4 5.5 

 C3 0.9 6 5.5 
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Figure 6- 2. Flowchart of the experiment's details of pineapple peel waste (PPW) with (a) Part I: manure and (b) Part II: pure proteins. 
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6.5 Box-Behnken Design 

This research employed the Response Surface Methodology (RSM) and Box-Behnken Design 

(BBD) to optimize biohydrogen production. The study evaluated the influence of various factors 

and their interactions by applying these strategies across three levels (low, medium, and high). The 

RSM and BBD analyses were conducted through Minitab® 21.4 (LLC, Pennsylvania, USA). In 

this research, 15 experiments were carried out utilizing manure and pineapple peel waste (PPW), 

concentrating on three variables: the ratio of manure to pineapple peel waste (M:PPW), pH, and 

the amount of inoculum, with each being evaluated at three distinct levels (-1, 0, +1). Table 6-3 

presents the factors of the anaerobic digestion study, including the M:PPW ratio (0.9 to 2 g VS L-

1), pH range (4 to 6), and inoculum (4 to 7 g VS L-1). 

 

Table 6- 3. Different variables for Box-Behnken Design (BBD) for biohydrogen yield using 

manure (M) and pineapple peel waste (PPW). 

Factors 
C

odes 

Level 

Low  

(-1) 

Interme

diate  

 (0) 

High  

(+1) 

M:PPW  A 0.9 1.45 2 

pH B 4 5 6 

Inoculum (g VS L-1) C 4 5.5 7 

 

As described in Table 6-4, the experimental design adhered to a specific matrix involving three 

independent variables: the M:PPW ratios, pH levels, and inoculum amounts. Biohydrogen yield 

served as the primary outcome or dependent variable. The study also measured reductions in VS 

and the generation of VFA. A precise layout of the experimental setup and outcomes for the 

anaerobic digestion is presented in Figure 6-3. 
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Table 6- 4. Box-Behnken Design matrix for the anaerobic digestion using manure (M) and 

pineapple peel waste (PPW). 

Std. 

Order 

Run 

Order 

Pt. 

Type Blocks M:PPW pH 

Inoculum  

(g VS L-1) 

14 1 0 1 1.45 5 5.5 

10 2 2 1 1.45 6 4 

15 3 0 1 1.45 5 5.5 

8 4 2 1 2 5 7 

11 5 2 1 1.45 4 7 

12 6 2 1 1.45 6 7 

7 7 2 1 0.9 5 7 

9 8 2 1 1.45 4 4 

13 9 0 1 1.45 5 5.5 

5 10 2 1 0.9 5 4 

2 11 2 1 2 4 5.5 

1 12 2 1 0.9 4 5.5 

3 13 2 1 0.9 6 5.5 

6 14 2 1 2 5 4 

4 15 2 1 2 6 5.5 

                  *M = Manure; PPW = Pineapple peel waste 

 

 

Figure 6- 3. Layout of the experimental setup and outcomes for the anaerobic digestion 

optimization. 
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In Chapter 6, the optimal conditions for biohydrogen production were aligned with the 

ammonia reduction conditions identified in Chapter 4. This alignment ensured that the benefits of 

reduced ammonia accumulation were fully realized in the biohydrogen production process. The 

manure and PPW dosage optimized in Chapter 4 (6.5 g VSmanure L-1 and 7 g VSPPW L-1 , i.e., 

M:PPW ratio of 0.93) for the highest NH3-N reduction (72±0.48%) informed the experimental 

design basis in Chapter 6. By exploring a range of manure and PPW ratios of 0.9 to 2.0, the study 

in Chapter 6 aimed to identify the optimal combination that maximized biohydrogen yield while 

maintaining the ammonia reduction benefits. 

 

6.6 Analytical Methods 

The analysis involved evaluating gases in the headspace (H2, CH4, and CO2), examining liquid 

constituents (proteins and VFAs), and characterizing solids through Fourier Transform Infrared 

(FTIR) spectroscopy and scanning electron microscopy (SEM). Initial tests on manure and 

pineapple peel waste measured the TS and VS, pH, ammonia, and ammonium nitrogen, as outlined 

in section 3.3.2. Protein and volatile solids quantification followed protocols in sections 3.5.1 and 

3.5.3, respectively. The details on biohydrogen, biomethane, VFAs, and substrates for 

characterizations are presented in sections 5.7.1 to 5.7.5. 

 

6.7 Results and Discussion 

The study applied a BBD to test manure-PPW ratios, pH levels, and inoculum amounts, 

focusing on biohydrogen production. It also tracked biomethane output, VS reduction, and VFAs 

generation during the anaerobic digestion of the mix. Results are elaborated in sections 6.8.1 to 

6.8.4. 
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6.7.1 Hydrogen yield 

The experimental results reveal intricate details about biohydrogen (Figure 6-4 and Table 6-5) 

and biomethane (Figure 6-5 and Table 6-6) production across the 15 different setups. Each setup 

represents a distinct combination of parameters such as M:PPW ratio, pH level, and inoculum 

dosage, and their influence on respective yield are measured over 12 days. 

In Figure 6-4, set 1 (M:PPW ratio of 1.45, pH 5, and inoculum dosage of 5.5 g VS L-1) displays 

a gradual increase in hydrogen production from 26±2 mL g VS-1 at day 1, showing steady growth 

to 202±1 mL g VS-1 by day 6, and eventually reaching 304±5 mL g VS-1 by day 12.  

 

Figure 6- 4. Cumulative hydrogen yield in the anaerobic digestion of manure and pineapple peel 

waste. 
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Figure 6- 5. Cumulative methane yield in the anaerobic digestion of manure and pineapple peel 

waste. 
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Table 6- 5. Cumulative hydrogen yield in the anaerobic digestion of manure and pineapple peel waste. 

Experimental set number 

Days         1                  2                  3               4              5               6                 7                  8                9                10               11             12            13            14               15 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1 26±2 15±7 16±2 6±1 15±5 26±3 46±2 33±4 39±5 58±3 32±9 47±4 61±3 38±8 37±4 

2 58±4 52±5 55±1 30±8 29±4 60±6 100±3 73±1 85±4 124±2 73±6 105±5 128±4 85±5 71±5 

3 94±3 89±3 95±1 56±7 38±3 95±3 151±4 115±2 123±7 169±6 104±4 159±1 178±2 130±7 103±5 

4 130±5 125±9 135±4 84±3 58±8 125±6 200±2 160±5 160±9 217±8 148±3 213±5 238±5 172±4 134±3 

5 166±6 157±11 170±5 107±5 79±5 151±9 255±5 201±9 189±8 275±6 187±9 269±9 297±5 217±5 162±5 

6 202±1 186±6 207±3 130±5 100±9 172±9 300±4 247±4 217±4 300±9 228±6 314±2 345±6 252±5 194±6 

7 211±3 205±9 237±2 138±3 111±9 178±11 310±9 251±4 249±3 305±7 240±5 319±3 351±5 255±2 231±2 

8 213±9 211±11 250±5 145±7 122±5 182±6 317±5 254±6 258±7 312±4 259±8 325±5 356±2 265±2 254±2 

9 233±5 244±7 284±4 162±5 137±4 193±5 325±5 256±6 291±4 318±11 275±7 333±4 364±7 269±5 277±1 

10 261±7 283±5 322±7 178±3 156±7 207±7 335±3 260±4 320±7 321±7 288±5 345±5 369±9 275±5 302±6 

11 280±11 312±3 338±5 193±7 182±5 208±5 343±2 263±2 337±9 325±5 292±6 352±11 378±5 288±7 324±11 

12 304±5 321±3 341±11 206±12 200±3 216±5 348±7 266±5 340±11 330±4 305±4 373±7 385±7 303±5 327±6 
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Table 6- 6. Cumulative methane yield in the anaerobic digestion of manure and pineapple peel waste. 

Days 

Experimental set number 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

2 0 0 0 0 1±1 0 0 0 0 0 0 0 0 0 0 

3 0 0 0 0 1±0 0 0 0 0 0 0 0 0 0 0 

4 0 0 0 0 1±0 0 0 0 0 0 0 0 0 0 0 

5 0 0 0 0 1±0 0 0 0 0 0 0 0 0 0 0 

6 0 0 0 0 1±1 0 0 0 0 1 0 0 0 0 0 

7 0 0 0 0 1±0 0 0 0 3±0 1±1 5±2 12±3 2±0 2±0 1±1 

8 0 0 0 0 1±0 0 1±0 0 3±0 2±0 5±1 12±2 4±1 3±0 3±0 

9 0 0 0 0 1±0 0 1±0 0 7±2 4±1 5±1 14±2 7±1 4±1 4±1 

10 0 0 0 0 1±0 0 1±0 1±0 8±1 12±1 6±1 21±2 9±2 6±1 10±1 

11 0 0 0 0 1±0 0 2±1 1±0 10±1 19±2 10±1 26±3 12±3 10±2 15±1 

12 0 0 0 0 1±0 0 2±0 2±0 11±1 21±2 15±2 35±1 16±1 10±2 22±2 
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This consistent rise indicates a stable fermentation process. Set 7 (M:PPW ratio of 0.9, pH 5, 

and inoculum dosage of 7 g VS L-1), on the other hand, started strong with a yield of 46±2 mL g 

VS-1 at day 1, higher than any other sets at this point, and continued to lead with the highest yields 

until day 6, reaching 310±4 mL g VS-1. By day 12, the yield had only increased marginally to 

348±7 mL g VS-1, indicating a rapid approach to the plateau phase and possibly suggesting 

substrate availability or microbial activity limitations (Rasapoor et al., 2020). A distinct 

observation is made in set 8 (M:PPW ratio of 1.45, pH 4, and inoculum dosage of 4 g VS L-1), 

which begins with a moderate yield of 33±4 mL g VS-1 at day 1, then steadily increases to 247±4 

mL g VS-1 by day 6, and shows a notable increase, peaking at 266±5 mL g VS-1 by day 12. The 

pattern suggests effective substrate utilization, although the growth rate diminishes slightly in the 

latter days, which could be due to the onset of substrate depletion or accumulation of inhibitory 

byproducts (Haq et al., 2023). On day 6, set 12 (M:PPW ratio of 0.9, pH 4, and inoculum dosage 

of 5.5 g VS L-1) yielded a hydrogen production of 314±2 mL g VS-1, which increased to 373±7 mL 

g VS-1 by day 12. Set 13 (M:PPW ratio of 0.9, pH 6, and inoculum dosage of 5.5 g VS L-1) showed 

a higher yield on day 6 with 345±6 mL g VS-1 and continued to increase to 385±7 mL g VS-1 by 

day 12. Despite having similar M:PPW ratio and inoculum, the differences between sets 12 and 13 

can be rationalized as a slightly acidic pH can be beneficial for initial hydrogen production; an 

excessively low pH can lead to acidogenic bacteria outcompeting hydrogen producers in the 

digester, resulting in lower hydrogen yields (Moreno Cárdenas & Zapata Zapata, 2019).  

Figure 6-5 indicates 15 experimental sets over 12 days with various responses to the applied 

anaerobic digestion conditions. Set 1 (M:PPW ratio of 1.45, pH 5, and inoculum dosage of 5.5 g 

VS L-1), set 2 (M:PPW ratio of 1.45, pH 6, and inoculum dosage of 4 g VS L-1), set 3 (M:PPW 

ratio of 1.45, pH 5, and inoculum dosage of 5.5 g VS L-1) and set 4 (M:PPW ratio of 2, pH 5, and 
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inoculum dosage of 7 g VS L-1) did not produce methane during the 12 days, which aligns with 

the inhibitory effects of oleic acid on methanogens.  

Long-chain fatty acids (LCFAs), such as oleic acid (OA), are known to disrupt microbial cell 

membranes. This disruption leads to an accumulation of LCFAs within digesters, as the impaired 

microbial activity reduces the digestion process's efficiency in breaking down these fatty acids. 

Consequently, the accumulation of LCFAs results in long-term inhibition of methanogenesis 

(Zonta et al., 2013). Sets 6, 7, and 8 experienced a delayed start in methane production, with set 7 

(M:PPW ratio of 0.9, pH 5, and inoculum dosage of 7 g VS L-1) reaching 2 mL g-1 VS by day 12. 

Set 8 (M:PPW ratio of 1.45, pH 4, and inoculum dosage of 4 g VS L-1) demonstrated a similar 

pattern. This delayed and gradual increase could indicate a longer lag phase for methanogen 

growth. Set 12 (M:PPW ratio of 0.9, pH 4, and inoculum dosage of 5.5 g VS L-1) stands out with 

a significantly higher methane yield, starting with 12±3 mL g-1 VS on day 7 and rapidly increasing 

to 35±1 mL g-1 VS by day 12. Set 13 (M:PPW ratio of 0.9, pH 6, and inoculum dosage of 5.5 g VS 

L-1) also shows a notable increase from 2 to 16±1 mL g-1 VS between days 7 and 12. This gradual 

increase, despite the presence of OA, suggests that some methanogenic populations might have 

developed resistance or adapted to the inhibitory conditions over time due to a suitable 

combination of other parameters such as pH and inoculum and substrate: inoculum ratio (Palatsi 

et al., 2010).  

Models were developed to optimize biohydrogen yield in the AD process using a three-level 

Box-Behnken design, with Eq. 6-5 highlighting key significant factors. 
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Hydrogen yield (mL g-1 VS) = 559 − 380.7 ∗ 𝐴 −  39.5 ∗ 𝐵 +  58.8 ∗ 𝐶 +

 216.7 𝐴 ∗ 𝐴 − 3.96 𝐵 ∗ 𝐵 − 12.76 𝐶 ∗ 𝐶 −  29.55 𝐴 ∗ 𝐵 −

 36.97 𝐴 ∗ 𝐶 +  22.33 𝐵 ∗ 𝐶             

(6-5) 

 

Where, A, B and C terms indicate manure:PPW ratio of manure and pineapple peel waste, 

pH, and inoculum (g VS L-1). The model (Eq. 6-5) derived from the three-level Box-Behnken 

design incorporates critical terms in a coded representation, showcasing its significant impact. 

The effectiveness and suitability of the constructed models were validated through analysis of 

variance (ANOVA), with comprehensive details provided in Table 6-7. ANOVA is a statistical 

method used to examine the differences between the means of three or more groups to determine 

if at least one of the groups' means significantly differs from the others. ANOVA achieves this by 

comparing the variance (spread) of data points within each group to the variance between the 

groups (Kao & Green, 2008). 

The ANOVA table summarizes the statistical analysis of a quadratic model used to assess 

hydrogen production from an experiment involving variables manure:PPW ratio, pH, and 

Inoculum dosage. The Model F-value (90.89) indicates the model is significant, and there is a 

0.01% chance that such a large F-value could occur due to noise. Furthermore, the ANOVA for the 

quadratic regression model yielded significant results (p < 0.05). This p-value indicates the 

importance of the variables within the model, with lower p-values pointing to higher significance 

levels for every variable. 
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Table 6- 7. Analysis of variance (ANOVA) for the quadratic model assessing hydrogen 

production, comprising three variables: Box Behnken Design (BBD) applied to manure and 

pineapple peel waste (KPW). 

Source DF Adj SS Adj MS F-Value p-Value 

Model 9 345 260.6 90.89 0.000 

  Linear 3 824 941.6 164.3 0.000 

   A-Manure:PPW 1 878.1 878.1 356.04 0.000 

   B- pH 1 6.1 6.1 0.08 0.783 

   C-Inoculum (g VS L-1) 1 940.5 940.5 136.76 0.000 

  Square 3 254 751.3 92.89 0.000 

    A2-Manure:PPW*Manure:PPW 1 861.1 861.1 218.22 0.000 

    B2-pH*pH 1 57.9 57.9 0.8 0.413 

    C2-Inoculum (g VS L-1)*Inoculum (g VS L-

1) 

1 43.1 43.1 41.87 0.001 

  2-Way Interaction 3 266.3 88.8 42.5 0.001 

    AB-Manure:PPW*pH 1 156.3 56.3 14.53 0.012 

    AC-Manure:PPW*Inoculum (g VS L-1) 1 721 121.0 51.19 0.001 

    BC-pH*Inoculum (g VS L-1) 1 489 89 61.76 0.001 

Error 5 63.4 52.7     

  Lack-of-Fit 3 46.7 82.2 1.41 0.441 

  Pure Error 2 16.7 8.0     

Total 14 116.7       

R2   R2 (adjusted)  R2 (predicted)  

0.9945  0.9845  0.9359  

 

The elevated F-value and a p-value below 0.05 led to rejecting the null hypothesis, 

demonstrating significant impacts from the obtained model (Jiménez et al., 2014). The regression 

analysis of the experimental design indicates that the linear factors A – Manure:PPW, and C - 

Inoculum (g VS L-1), quadratic factors A2 - (Manure:PPW * Manure:PPW) and C2 

(inoculum*inoculum), and the interaction factor AB - Manure:PPW*pH, AC- manure:PPW * 

inoculum and BC - pH * inoculum were significant (p-value less than 0.05). However, the linear 

and quadratic terms related to factor B - pH and B2 - pH*pH did not show statistical significance 

(p-value greater than 0.05). The non-significant p-value (0.783) for B- pH indicates that pH alone 

does not significantly affect hydrogen production within the range tested. The R2 value reflected 
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the extent to which independent variables could account for variability in the observed responses. 

The R2 value of 0.9945 is very high, suggesting that the model explains 99.45% of the variability 

in hydrogen production, and merely 0.55% falls beyond the scope of what the model can not 

account for (Ruiz-Aguilar et al., 2023). The adjusted R2 value was 0.9845, signaling the model's 

strong relevance. With a predicted R2 of 0.9359, there was a notable consistency between the actual 

and predicted outcomes (Ruiz-Aguilar et al., 2023). The minor variation between adjusted and 

predicted R2 suggests a strong alignment between the theoretical model and the experimental 

results, enabling precise forecasts of hydrogen production (Ahmad et al., 2024). 

The three-dimensional response surface plots, created by varying two factors while holding 

others constant, are depicted as solid shapes in 3D space, aiding in the visualization of linear and 

interactive effects of these factors (Yetilmezsoy et al., 2009). These plots and their two-

dimensional contour counterparts offer a clear method for assessing how experimental variables 

impact outcomes (Ahmad et al., 2024). In this study, with three independent variables in the 

regression model, one was kept constant at a midpoint. Figure 6-6 illustrate these 3D plots and 

their contour maps, showing the effects of two variables under the experimental condition. 

It is observed from Figure 6-6 (a) that at manure:PPW ratio of 0.9 and a pH level of 4, the 

biohydrogen yield commenced at 301 mL g-1 VS. As the pH was augmented to 5 and 6, the yield 

exhibited a substantial increase to 314 and 345 mL g-1 VS, respectively. An increase in the 

manure:PPP ratio from 0.9 to 2.0 at any fixed pH decreases biohydrogen yield. For example, at pH 

6, the yield decreased from 345 to 188 mL g-1 VS, as the ratio increased further, suggesting that an 

imbalance in the carbon to nitrogen (C:N) ratio could negatively affect the microbial ecosystem 

responsible for biohydrogen production. 
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Figure 6- 6. 3D and contour plots illustrating the effects on biohydrogen yield from (a) and (b) 

manure:PPW ratio and pH, (c) and (d) manure:PPW ratio and inoculum, and (e) and 

(f) pH and inoculum. 
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The research by Arifan et al. (2021) supports this, indicating that an optimal mix of substrates 

is crucial for achieving peak biogas production, and deviations can lead to lower yields.  In Figure 

6-6 (b), the regions where the contour lines are straight and parallel, there is an indication that the 

biohydrogen yield is changing at a constant rate with respect to pH. 

The curvature of the contour lines near the higher manure:PPW ratio indicates a nonlinear 

relationship and suggests that there are diminishing returns in biohydrogen yield as the ratio 

increases. For example, at a pH of around 5.0, increasing the manure:PPW ratio from 0.9 to 1.2 

increases the yield from 250 to 300 mL g-1 VS. However, further increasing the ratio to 1.5 does 

not lead to an increase in yield, which remains at 200 mL g-1 VS. 

Figure 6-6 (c and d) depicts the surface plot and contour plot among biohydrogen yield, 

manure:PPW ratio, inoculum, with the pH held constant at 5. At a low inoculum concentration of 

4 g VS L-1, the biohydrogen yield decreases with the increased manure:PPW  ratio,  starting from 

298 mL g-1 VS at a ratio of 0.9 and peaking at around 210 mL g-1 VS at a ratio of 2. This suggests 

that increasing substrate availability at a lower inoculum concentration may decrease microbial 

activity and, thus, H2 yield (Li et al., 2018). However, increasing the inoculum concentration from 

6 to 7 g VS L-1, regardless of the manure:PPW ratio, leads to a marked decrease in biohydrogen 

yield. The plot shows a decrease in yield down to 298 from 322 mL g-1 VS across the range of 

manure:PPW ratios. This decline in yield at higher inoculum concentrations may be attributed to 

inoculum overloading, where an excess of microorganisms leads to a rapid depletion of available 

nutrients or accumulation of inhibitory products, thus hindering biohydrogen production (He et al., 

2017). The shape of the contour lines (Figure 6-6 (d)) can be described as semi-elliptical, with the 

y-axis along the inoculum concentration. The semi-elliptical shape suggests a nonlinear 

relationship between biohydrogen yield, inoculum concentration, and manure:PPW ratio. The 
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semi-elliptical contours indicate an optimal range for these parameters and that deviating from this 

range either by increasing or decreasing the inoculum concentration or the manure:PPW ratio 

results in a lower yield of biohydrogen. 

Figure 6-6 (e) shows that as the pH increases from 4 to 6 at a lower inoculum concentration of 

4 g VS L-1, the surface plot indicates a decrease in biohydrogen yield from 248 to 151 mL g-1 VS. 

In Figure 6-6 (e), the optimal biohydrogen yield, given these parameters, appears to be at pH 4 and 

an inoculum concentration near 5 g VS L-1. Operating outside these parameters, especially at 

higher inoculum concentrations (from 5 to 7 g VS L-1), results in diminished yield, as indicated by 

the trough in the surface plot. The importance of balancing inoculum concentration to optimize 

anaerobic digestion performance is corroborated by Khadka et al. (2022), emphasizing the need to 

adjust inoculum levels to avoid process inhibition. 

The shape of the contour lines in Figure 6-6 (f) is primarily straight over most of the pH range, 

suggesting that changes in pH have a less consistent effect on biohydrogen yield at each inoculum 

concentration level. This implies a direct relationship between pH and biohydrogen yield within 

the studied range, where the yield gradually increases with pH until reaching an optimal point, 

beyond which it starts to decline. The elliptical shape of the 220 mL g-1 VS contour line indicates 

a peak biohydrogen yield occurs at a pH around 4.5 to 5 with an inoculum concentration of 

approximately 5 mL g-1 VS. The yield decreases symmetrically on either side of this peak along 

the pH axis.  

 

6.7.2 Volatile solids reduction 

In biohydrogen and biomethane generation through anaerobic digestion, the analysis of volatile 

solids (VS) reduction is crucial as it reflects the extent of biodegradation of organic matter. The 
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Box-Behnken design used for the 15 sets helps optimize the experimental conditions to determine 

the effects of different variables on VS reduction (Figure 6-7). 

 

Figure 6- 7. Profile of volatile solids (VS) across fifteen experiments. 

 

The VS data range at day 0 varies from 0.002 to 0.014 g g-1, indicating the initial concentration 

of volatile solids present in the different sets. By day 12, the VS data range shifts to 0.004 to 0.012 

g g-1, demonstrating the degradation of volatile solids after digestion. Set 4 started with a low VS 

of 0.004 g g-1 at day 0, slightly reducing to 0.0036 g g-1 on day 12, resulting in a 10.0% reduction. 

Similarly, set 2 had a VS of 0.010 g g-1 at day 0, reducing to 0.009 g g-1 at day 12, with a 10.2% 

reduction. The slight reduction could be attributed to a less active microbial community under 

inadequate environmental conditions for digestion (Harirchi et al., 2022). Inappropriate conditions, 

such as a low pH or an imbalanced C/N ratio, can hinder microbial activity, reducing volatile solids 

reduction (Wang et al., 2023). Sets 1, 3, and 5 show moderate VS reductions. Set 1 had a VS of 

0.012 g g-1 reducing to 0.010 g g-1 (11.7%), set 3 from 0.012 g g-1 to 0.011 g g-1 (11.9%), and set 

5 from 0.014 g g-1 to 0.012 g g-1 (11.2%). These reductions suggest that the anaerobic digestion 

process was effective but not optimized. Set 7 demonstrated the most significant VS reduction, 
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decreasing from 0.014 g g-1 to 0.009 g g-1, translating to a 35.4% reduction. Similarly, notable 

reductions were observed in set 10 and set 9; set 10 saw a reduction from 0.011 g g-1 to 0.007 g g-

1, marking a 31.9% decrease, while set 9's VS content was reduced from 0.014 g g-1 to 0.010 g g-

1, resulting in a 29.6% reduction. The highest reductions may be attributed to optimal conditions 

that promote robust microbial activity, such as adequate nutrient availability, favorable inoculum-

to-substrate ratios, and suitable environmental conditions, which are essential for efficient organic 

matter breakdown (Filer et al., 2019; Moset et al., 2015; Oduor et al., 2022). Figure 6-7 also 

coincides with the result, providing the highest biohydrogen yield observed at run 7 (348±7 mL 

H2 g
-1 VS) (Figure 6-4 and Table 6-4).  

 

6.7.3 Volatile fatty acids 

 Volatile fatty acids (VFA) are excellent indicators for assessing the metabolic condition of 

anaerobic digestion processes (Habiba et al., 2009). Acetic (CH3COOH), propionic (C2H5COOH), 

isobutyric, butyric ((CH3)2CHCOOH), isovaleric, valeric (CH3CH2CH2COOH), and caproic ((CH3

)2CHCH2COOH) acids are among the most frequently encountered VFAs, (Wainaina et al., 2019). 

The variation in VFA production can be attributed to factors such as operational settings, the nature 

of the substrate, and the microbial consortium present in the AD process (Lukitawesa et al., 2020). 

Figure 6-8 illustrates the profile of total VFAs (TVFAs) production in 15 sets at the end of 12 days 

of the experiment.  

The highest TVFAs production (5848±71 mg L-1) is observed in set 10 (M:PPW ratio of 0.9, 

pH 5, and inoculum dosage 4 g VS L-1). On the other hand, the lowest production (3323±78 mg L-

1) of TVFAs is observed in set 9 (M:PPW ratio of 1.45, pH 5, and inoculum dosage 5.5 g VS L-1). 
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Figure 6- 8. Profile of total volatile acids (TVFAs) generated by 15 experimental sets measured 

on day 12. 

 

Protein-rich wastes, such as manures, may contain high ammonia levels, which can inhibit 

microbial activity and suppress VFAs production (Mahato et al., 2020). Some other sets such as 

set 7 (M:PPW ratio of 0.9, pH 5, and inoculum dosage 7 g VS L-1) yielded 3764±78 mg L-1 of 

TVFAs, while set 12 (M:PPW ratio of 0.9, pH 4, and inoculum dosage 5.5 g VS L-1) produced 

4489±91 mg L-1, and set 13 (M:PPW ratio of 0.9, pH 6, and inoculum dosage 5.5 g VS L-1) 

exhibited a notably higher concentration of 5737±89 mg L-1. Overall, the range of TVFAs 

produced across the 15 sets spans from 3323±78 mg L-1 to 5848±71 mg L-1. The reasons for the 

varied TVFAs profile could be an engagement of various parameters, such as the type of substrates, 

inoculum to substrate ratio, pH levels, digestion time, and organic loading rate, etc. For a thorough 

insight into the biochemical processes that facilitate biohydrogen and biomethane production in 

anaerobic digestion, analyzing the production trends of key VFAs is crucial. To get more 

information about the specific pathway of biohydrogen and biomethane, the production of 

principal VFAs (acetic acids, butyric acid, propionic acid, isovaleric acid, and valeric acid) are 

provided in Figure 6-9. 
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Figure 6- 9. Volatile fatty acid profile measured on days 6 and 12 (a) acetic acid, (b) butyric acid, 

(c) propionic acid, (d) isovaleric acid, and (e) valeric acid. 

 

Figure 6-9 (a) shows the dynamics of acetic acid concentration across different sets over the 

digestion time provided. In set 1, the concentration of acetic acid was observed at 602±12 mg L-1 

at day 6, showing a reduction to 427±12 mg L-1 by the end of day 12. Similarly, in set 2, acetic 

acid concentration decreased from 710±11 to 406±12 mg L-1 between days 6 and 12. Set 3 acetic 

acid level at day 6 was 808±10 mg L-1 and decreased to 525±8 mg L-1 at day 12, indicating a slower 

decrease compared to the first two sets. Contrasting these trends, set 7 to 15 has demonstrated an 

increased concentration of acetic acids at day 12 compared to day 6. For example, set 4 presented 

a concentration of 396±5 mg L-1 on day 6, which increased to 623±19 mg L-1 on day 12. A more 

pronounced increase was observed in set 7, where the acetic acid levels began at 304±11 mg L-1 

(day 6) and surged significantly to 823±12 mg L-1 (day 12), marking the highest increase among 

the sets observed. The balance between acidogenic bacteria and methanogens can affect acetic acid 

levels. If methanogens are inhibited or have not yet reached their peak activity, acetic acid can 

accumulate (Jiang et al., 2022). 

Figure 6-9 (b) shows the butyric acid profile generated over the digestion period. At day 6, the 

concentration of butyric acid ranges from 19±5 mg L-1 in set 14 to 59±2 mg L-1 in set 2. By day 

12, the concentration spans from 25±2 mg L-1 in set 2 to 113±5 mg L-1 in set 6. A notable trend is 
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observed in the butyric acid generation between the two time points (days 6 and 12). While a few 

sets show a decrease in butyric acid concentration from day 6 to day 12, such as set 2, which 

decreases from 59±2 to 25±2 mg L-1, almost all other sets (set 4 to 15) exhibit a significant increase, 

notably set 6, which rises from 37±2 to 113±5 mg L-1., and set 5, which increases from 23±1 to 

81±2 mg L-1. The increase in butyric acid concentration from day 6 to 12 suggests that there might 

be a slowdown or inhibition in the microbial pathways that convert butyrate into methane (Gao et 

al., 2023).  

Figure 6-9 (c) shows the propionic acid profile across the 15 sets at days 6 and 12 of anaerobic 

digestion. The day 6 concentrations of propionic acid are quite high, with set 6 displaying the 

highest concentration at 456±3 and set 8 showing the lowest at 87±2 mg L-1. A notable observation 

is that for sets such as 1, 2, and 3, propionic acid concentration decreases from day 6 to 12. This 

trend suggests a transition in the anaerobic digestion process, where propionic acid is being 

consumed, possibly by acetogenic bacteria converting it to acetic acid, which methanogens can 

then use to produce methane (Annamalai et al., 2020). However, some sets experienced a notable 

increase in propionic acid concentrations, highlighting the dynamic nature of the process under 

study. Specifically, set 7 demonstrated a significant rise in concentration from 95±5 to 167±2 mg 

L-1 between days 6 and 12. Similarly, set 11 followed this upward trajectory, with initial 

concentrations of 116±4 mg L-1 on day 6, escalating to 250±3 mg L-1 by day 12, indicating a 

substantial increase. Set 15 also followed this growth pattern, starting with a concentration of 

129±2 mg L-1 on day 6 and experiencing a rise to 238 mg ±7 by day 12. This finding aligns with 

the research of Lee et al. (2015), which observed an elevation in propionic acid levels from 760 

mg L-1 on day 5 to 950 mg L-1 by day 10. 
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Isovaleric acid (Figure 6-9 (d)) and valeric acid (Figure 6-9 (e)) are produced in low 

concentration during anaerobic digestion compared to acetic, butyric, and propionic acids. 

According to Strazzera et al. (2021), substrates rich in proteins can facilitate the generation of 

branched-chain VFAs, especially isovaleric and valeric acids. The isovaleric acid profile across 15 

sets exhibits a general trend of decreasing concentration from day 6 to 12, with a few exceptions 

(sets 11, 12, and 15) where the concentration increases. For example, sets 2 and 5 show a 

substantial decrease in isovaleric acid concentration. Set 2 goes from 102±6 to 56±2 mg L-1, and 

set 5 from 100±5 to 55±6 mg L-1. Figure 6-9 (e) shows that by day 12, the valeric acid 

concentrations in most sets have either decreased or remained relatively constant. Sets 13 and 14 

exhibit a relatively stable level of valeric acid, with set 13 slightly increasing from 15±1 to 16±2 

mg L-1, and set 14 showing a minor change from 18±2 to 17±2 mg L-1. Sets 4, 6, 7, 9, and 10 show 

a decrease in valeric acid concentration by day 12. For example, set 4 goes from 45.0±3 mg L-1 on 

day 6 down to 32±3 mg L-1 on day 12, and set 9 from 15±1 mg L-1 to 9±2 mg L-1. A similar 

decreasing trend of valeric acid concentration is also reported by Mayer et al. (2010) on day 9 

compared to day 5. This fact can be explained by the degradation of the longest VFAs (such as 

isovaleric valeric and valeric acids) into butyric and acetic acids (Magdalena et al., 2019). 

The VFA profiles from the 15 experimental sets suggest that different hydrogen-producing 

pathways are active during anaerobic digestion. Typically, hydrogen production from protein-rich 

wastes through anaerobic systems is closely linked with forming and consuming VFAs like acetic, 

propionic, and butyric acids (Shen et al., 2017; Wainaina et al., 2019). The trend of overall VFAs 

production in all sets can be arranged as acetic acid > propionic acid > butyric acid > isovaleric 

acid > valeric acid. Sets 1 to 15 predominantly exhibited acetate-type fermentation in the entire 

fermentation period (12 days). A similar trend of VFA production was also observed by Sillero et 
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al. (2022). They observed 1817.62 ± 32 mg L-1 (acetic acid) > 1377.34 ± 29 mg L-1 (propionic 

acid) > 1275.02 ± 12 mg L-1 (butyric acid) during the anaerobic digestion of chicken manure and 

sewage sludge. The overall decreasing trend in VFA concentrations from day 6 to 12, with some 

exceptions, indicates that the acidogenic phase is active initially, producing these VFAs, which are 

then consumed during the later stages of digestion, potentially for hydrogen production. In 

particular, acetic acid is often associated with acetoclastic methanogenesis, which could also 

indicate acetoclastic pathways for hydrogen production (Aceves-Lara et al., 2008). Propionic acid 

is generally harder to degrade and can accumulate as an inhibitor in the anaerobic digestion 

process; however, the decrease in propionic acid concentrations in some sets suggests that the 

inhibitory effects are being overcome, possibly by syntrophic interactions between hydrogen-

producing bacteria and propionate-degrading bacteria (Mu et al., 2023). Also, Hans & Kumar 

(2019) point out that propionic acid's tolerance threshold is approximately 900 mg L-1. 

Observations from all experimental configurations revealed propionic acid levels remained under 

397±2 mg L-1, suggesting they stayed well below the critical limit for inhibition.  

In summary, the hydrogen-producing pathways in these sets are likely driven by a combination 

of acidogenic bacteria that produce hydrogen from the fermentation of organic substrates, 

producing a variety of VFAs, followed by a syntrophic relationship with methanogenic archaea 

that further convert these VFAs into hydrogen (primarily) and methane, with the specific pathways 

being influenced by the abundance and activity of specific microbial populations within each 

experimental set. 
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6.7.4 Model validation 

The optimal conditions for the digestion process were determined using the desirability 

function feature in Design-Expert software. The software's optimization tool allows for selecting 

inputs based on criteria like maximum, target, or minimum, aiming for an optimal response that 

meets specific requirements. For this study, the variables (Manure:PPW ratio, pH, and inoculum) 

were adjusted to fall within selected ranges, achieving a composite desirability of 1. The identified 

optimal settings were a manure:PPW ratio of 0.9, pH level of 6, and an inoculum concentration of 

6.2 g VS L-1. Optimization trials were conducted in triplicate under these ideal conditions to verify 

the precision of these optimal values and the model's validity. The predicted value provided a yield 

of 351 mL H2 g
-1 VS. Experimental verification resulted in a yield of 355 mL H2 g

-1 VS, indicating 

a 1.14% enhancement in performance with the optimized combination. The comparison of data 

from both experiments reveals negligible differences between the predicted outcomes and the 

actual experimental results. An earlier study has reported an improved predicted output (3.81%, 

yield 58.62 mL H2 g
-1 TVS) (Sekoai & Kana, 2013) in anaerobic digestion of mixed agro municipal 

waste for biohydrogen production. Therefore, the experimental data closely aligns with the models 

optimized through RSM, indicating a strong correlation. 

 

6.8 Biohydrogen from Albumin and Casein 

Within the scope of 15 experiments detailed in section 6.6, sets 7, 12, and 13 (Table 6-4) 

emerged as the top producers of biohydrogen. The experimental combinations of sets 7, 12, and 

13 were used, but the substrates were changed to albumin and casein and named A1, A2, and A3 

for albumin sets and C1, C2, and C3 for casein sets. Introducing the new pure protein substrates, 
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further experiments assessed biohydrogen and biomethane output, protein breakdown, and VFA 

generation with albumin and casein, incorporating 4,000 mg L-1 oleic acid. 

 

6.8.1 Biohydrogen and biomethane yield 

This section presents the biohydrogen and biomethane production data from albumin and 

casein substrates over 12 days (Figure 6-10). Three separate experimental setups with different 

conditions were applied to each substrate. An effective comparison across the sets is enabled by 

examining the biohydrogen and biomethane yields, highlighting how specific conditions influence 

biohydrogen and biomethane generation from these pure protein sources. 

 

Figure 6- 10. Profile of biohydrogen yield using pineapple waste with albumin or casein as a 

substrate for 12 days. 

 

The progress of biohydrogen production across three distinct sets over 12 days presents an 

intriguing pattern of growth (Figure 6-10). In albumin set 1, yield initially recorded at 35±2 mL g-

1 VS on day 1 experienced a robust increase, reaching 237±4 mL g-1 VS by day 12. Conversely, 

albumin set 2 began at a slightly lower baseline yield of 26±4 mL H2 g-1 VS, and increased 
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gradually to 236±3 mL H2 g-1 VS by day 12. The most notable performance was observed in 

albumin set 3, which started from a higher initial value of 40±1 mL H2 g
-1 VS (day 1), ultimately 

achieving the most substantial increase among the sets to culminate at 247±6 mL H2 g
-1 VS by day 

12. Hence, albumin set 3 provided the most optimal environment for hydrogen production.  

From Figure 6-10, casein set 1 starts at a hydrogen yield of 31±4 mL g-1 VS on day 1, gradually 

increasing over 12 days, ending at 238±2 mL g-1 VS. This shows a consistent upward trend in 

hydrogen production over time. Casein set 2 shows a slightly higher initial hydrogen yield of 39±3 

mL g-1 VS on day 1, which suggests a more rapid onset of hydrogen production. By day 12, the 

yield has increased to 261±1 mL g-1 VS, indicating a robust production over the period. Casein set 

3 begins with a hydrogen yield of 35±5 mL g-1 VS on day 1, and it experiences the most significant 

increase, finishing at 312±3 mL g-1 VS on day 12. This set demonstrates the highest final yield and 

the largest overall increase in hydrogen production over 12 days. In comparing these sets, it's 

evident that casein, when mixed with PPW under varying pH levels and inoculum sizes, has a 

strong potential for hydrogen production, and set 3 appears to be the most favorable, resulting in 

the highest hydrogen yield. The visual comparison shows that for set 1, the initial (day 1) 

production for albumin (35±2 mL H2 g
-1 VS) and casein (31±4 mL H2 g

-1 VS) are almost in a 

similar range. Similarly, by day 12, albumin and casein generated 236±4 and 238±2 mL H2 g
-1 VS, 

respectively. Casein set 2 has a notably higher hydrogen yield than albumin set 2 from the start 

and maintains this lead, ending 25±2 mL g-1 VS higher on day 12. Casein set 3 outperforms the 

corresponding albumin set at every point. On day 6, casein set 3 has already achieved a higher 

yield (233±3 mL g-1 VS) compared to albumin set 3 (213±6 mL g-1 VS). This trend continues and 

is even more pronounced by day 12, where casein set 3 yields 312±3 mL g-1 VS, significantly 

outstripping albumin set 3's yield of 247±6 mL g-1 VS. The consistently higher performance of 
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casein set 3 at these intervals indicates that casein is a more efficient substrate for biohydrogen 

production in the given experimental setup, with its efficiency becoming increasingly apparent as 

the process progresses. 

A direct comparison aims to uncover how well different substrates generate hydrogen and 

methane, focusing on comparing pure proteins and manure in a consistent setting. Hence, the 

outcomes of biohydrogen (Table 6-5) and biomethane (Table 6-6) production using PPW with 

manure and pure proteins (albumin and casein) under identical experimental conditions are 

presented (Table 6-8) and explained.  

 

Table 6- 8. Evaluating hydrogen production from pineapple peel waste with manure and pure 

proteins under similar experimental settings. 

 

 

Hydrogen yield (mL g-1 VS) 

Manure Albumin             Casein 

Set 7 Set 12 Set 13  Set 1  Set 2   Set 3   Set 1   Set 2 Set 3 

Substrate:PPW 

ratio 

0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 

pH 5 4 6 5 4 6 5 4 6 

Inoculum  

(g VS L-1) 

7 5.5 5.5 7 5.5 5.5 7 5.5 5.5 

D
ay

  

1 46±2 47±4 61±3 35±2 26±4 40±1 31±4 39±3 35±5 

2 100±3 105±5 128±4 73±1 58±5 95±3 79±2 92±2 89±3 

3 151±4 159±1 178±2 112±5 105±1 154±1 128±2 147±2 145±2 

4 200±2 213±5 238±5 140±4 130±1 177±1 158±2 172±2 174±4 

5 255±5 269±9 297±5 171±2 162±1 197±6 189±7 195±5 202±1 

6 300±4 314±2 345±6 183±3 188±2 231±3 205±4 207±2 233±3 

7 310±9 319±3 351±5 186±5 188±5 220±5 212±7 213±5 237±1 

8 317±5 325±5 356±2 196±3 199±8 225±3 214±4 219±5 243±7 

9 325±5 333±4 364±7 211±7 205±9 230±7 215±2 226±4 268±5 

10 335±3 345±5 369±9 232±3 228±7 240±3 232±6 259±7 305±3 

11 343±2 352±11 378±5 235±1 231±5 243±5 237±3 260±2 308±5 

12 348±7 373±7 385±7 236±4 236±3 247±6 238±2 261±1 312±3 
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Set 7 (manure:PPW ratio of 0.9, pH 5, and inoculum 7 g VS L-1) starts with a higher yield on 

day 1 (46±2 mL H2 g
-1 VS) compared to albumin set 1 (35±2 mL H2 g

-1 VS) and shows a much 

greater yield by day 12 (set 7: 348±7 mL H2 g
-1 VS, albumin set 1: 237±4 mL H2 g

-1 VS). Similar 

to the albumin comparison, set 7 (manure:PPW ratio of 0.9, pH 5, and inoculum 7 g VS L-1) 

exceeds casein set 1 in hydrogen production from the onset and maintains this lead, ending with a 

significantly higher yield (set 7:348±7 mL H2 g
-1 VS, casein set 1: 238±2 mL H2 g

-1 VS). Set 12 

(manure:PPW ratio of 0.9, pH 4, and inoculum 5.5 g VS L-1) begins with a hydrogen yield of 47±4 

mL H2 g
-1 VS, outperforming albumin set 2's initial 26±4 mL H2 g

-1 VS. This trend continues to 

day 12, with set 12 reaching 373±7 mL H2 g
-1 VS, significantly higher than albumin set 2's yield 

of 236±3 mL H2 g
-1 VS. The yield of set 12 on day 1 also surpasses that of casein set 2, which 

stands at 39±3 mL H2 g
-1 VS. By the end of the digestion period, set 12 achieves a yield of 373±7 

mL H2 g
-1 VS, considerably outpacing casein set 2's 261±1 mL H2 g

-1 VS. Lastly, starting with a 

hydrogen yield of 61±3 mL H2 g
-1 VS on day 1, set 13 (manure:PPW ratio of 0.9, pH 6, and 

inoculum 5.5 g VS L-1) significantly overtakes albumin set 3, which begins at 40±1 mL H2 g
-1 VS. 

By day 12, set 13 reaches a yield of 385±7 mL H2 g
-1 VS, which is notably higher than the 247±6 

mL H2 g
-1 VS achieved by albumin set 3. In the case of casein sets 3 and 13, set 13's initial hydrogen 

production is more than twice that of casein set 3, which is at 35±5 mL H2 g
-1 VS on day 1. The 

final yield for set 13 stands at 385±7 mL H2 g
-1 VS, surpassing casein set 3's yield of 312±3 mL 

H2 g
-1 VS by a significant 18.96% on day 12.  

The biohydrogen data highlight the robust performance of set 13 across the duration of the 

experiment, showcasing manure's capacity to act as a superior substrate for hydrogen production 

when compared to albumin and casein, particularly at a pH of 6. Table 6-8 indicates that the 

biological processes using manure as substrate are more conducive to the ongoing generation of 
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hydrogen, leveraging the alkaline environment to optimize the degradation of organic materials 

and release of biohydrogen. The considerable yield gap between corresponding sets of manure and 

pure proteins underlines the effectiveness of manure as a substrate, leading to superior hydrogen 

production, especially under slightly alkaline conditions. Manure is a rich source of diverse 

microbial consortia, including bacteria capable of breaking down complex organic compounds. 

The presence of various microbial species can lead to synergistic interactions that enhance the 

fermentation process and increase hydrogen yield (Greff et al., 2022). Manure contains a balanced 

mix of nutrients, including nitrogen, phosphorus, and various trace minerals essential for microbial 

growth and metabolism (Zhen et al., 2014). The presence of these nutrients in the right proportions 

can provide a more conducive environment for biohydrogen production than pure proteins' 

relatively narrow nutrient profile. Moreover, the breakdown of protein albumin and casein may 

lead to the creation of inhibitory substances like ammonia (Ying Li et al., 2017) and VFA (Siegert 

& Banks, 2005), potentially hindering the functionality of the microbial community. 

In the experiment spanning 12 days, none of the sets using pure proteins, specifically albumin 

and casein, generated methane. This absence highlights a marked suppression of methane 

production in the presence of pure proteins, indicating that oleic acid (OA) exerted a similar 

stronger inhibitory effect on methanogenic activity in these sets than those of manure (sets 7, 12, 

and 13) (Figure 6-5 and Table 6-6). This observation aligns with Tang et al. (2005), who noted 

similar outcomes in a mesophilic anaerobic reactor treating synthetic wastewater with albumin as 

the primary nutrient, producing VFA and ammonia but no methane. 
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6.8.2 Protein quantity measurement 

Measuring protein reduction is essential when anaerobic digestion involves pure protein 

substrates. This measurement indicates how effectively the digestion process converts protein 

molecules into smaller peptides and amino acids and subsequently into volatile fatty acids (VFAs). 

VFAs are crucial intermediates for biogas generation, directly indicating the process's efficiency 

in protein breakdown. 

Figure 6-11 (a and b) displays the quantity of albumin (A1, A2, A3 in mg L-1) and casein (C1, 

C2, C3 in mg L-1) for three distinct experimental setups (1, 2, and 3) under anaerobic conditions 

at various intervals: at the start (day 0), on day 6, and day 12. The numbers above each bar on the 

graph represent the reduction percentage of albumin, calculated from its initial concentration on 

day 0 for each set, observed on days 6 and 12. 

Figure 6-11 (a) shows that on day 0, the albumin quantities in sets A1, A2, and A3 were 

measured at 1507.69±7, 1425.00±9, and 1504.62±11 mg L-1, respectively. By day 6, the albumin 

quantity (mg L-1) decreased to 1150.38±9 for A1 (24±2% reduction), 962.31±3 for A2 (32±2% 

reduction), and 1125.00±10 for A3 (25±1% reduction). Further reduction was observed by day 12, 

with protein levels (mg L-1) dropping to 1062.31±3 in A1 (29±3% reduction), 894.62±2 in A2 

(37±2% reduction), and 927.00±1 in A3 (38±1% reduction). Set A2 had the most significant 

decrease in protein quantity by day 6, with a 32±2% reduction, which was higher than the 24±2% 

and 25±1% reductions observed in sets A1 and A3, respectively.   
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Figure 6- 11. Protein quantity of (a) albumin set A1 (albumin:PPW ratio of 0.9, pH 5, inoculum 

7 g VS L-1 ), set A2 (albumin:PPW ratio of 0.9, pH 4, inoculum 5.5 g VS L-1), set A3 

(albumin:PPW ratio of 0.9, pH 6, inoculum 5.5 g VS L-1) on days 6 and 12 (b) casein 

set C1 (casein:PPW ratio of 0.9, pH 5, inoculum 7 g VS L-1), set C2 (casein:PPW ratio 

of 0.9, pH 4, inoculum 5.5 g VS L-1), set C3 (casein:PPW ratio of 0.9, pH 6, inoculum 

5.5 g VS L-1) on days 6 and 12. 

 

At day 12, set A3 showed a slightly greater protein reduction at 38±1%, compared to A2's 

37±2% reduction, while A1 had the lowest at 29±3%. Set A2 showed the highest protein reduction 

on day 6, and set A3 achieved the highest reduction on day 12. This indicates that the conditions 

in set A3, with a pH of 6 and an inoculum dosage of 5.5 mg L-1, were most conducive for the 
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bromelain activity in PPW to facilitate the anaerobic digestion of albumin over the experiment 

duration. 

Figure 6-11 (b) presents the protein reduction in three casein experimental sets (C1, C2, C3) 

over 12 days. Initially, at day 0, set C1 had a casein level of 1191.54±7 mg L-1, which reduced to 

989.00±12 mg Lˉ¹ by day 6, a 17±2% decrease, and further to 893.66±2 mg L-1 by day 12, marking 

a 25±2% overall decrease. Set C2 began with a lower day 0 casein concentration of 513.08±11 mg 

L-1, which declined to 405.33±3 mg L-1 by day 6 (21±1% reduction), and then to 328.37±2 mg L-

1 by day 12 (36±1% reduction). The initial casein level in set C3 was 255.77±7 mg L-1, falling to 

191.82±6 mg L-1 after 6 days (25±3 % reduction) and reaching 176.48±5 mg L-1 by day 12 (31±2 

% reduction). Among three casein sets, C2 shows the greatest percentage reduction by day 12, 

indicating a higher rate of casein breakdown. Although C3 started with the lowest casein 

concentration, it showed a consistent reduction, surpassing C1 in percentage reduction by day 6 

and maintaining a substantial reduction by day 12. 

The albumin sets (A1, A2, A3) began with concentrations of 1507.69±7, 1425.00±9, and 

1504.62±11 mg L-1, respectively. By day 6, the albumin reductions observed were 24±2%, 32±2%, 

and 25±1%, and by day 12, they increased to 29±3%, 37±2%, and 38±1% for A1, A2 and A3. The 

data suggests a gradual degradation process, with set A2 showing a substantial increase in 

degradation efficiency from day 6 to 12. 

The initial concentrations of casein were lower compared to albumin, with C1, C2, and C3 

starting at 1191.54±7, 513.08±11, and 255.77±7 mg L-1. By day 6, the reductions were 17±2%, 

21±1%, and 25±3%, and by day 12, they were 25±2%, 36±1%, and 31±2%. Although the reduction 

percentages for casein sets were lower than those for albumin on day 6, they showed a considerable 

increase by day 12, particularly for set C2. On average, albumin sets displayed a higher protein 
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reduction percentage than casein sets on days 6 and 12. The explanation behind this observation 

could be due to the inherent differences in the protein structures of albumin and casein. Albumin 

is a globular protein that may be more readily hydrolyzed by bromelain due to its conformation 

and the accessibility of cleavage sites (Maresca & Ferrari, 2017). Casein, which exists in micelle 

form in natural contexts (Holt et al., 2013), may present a more complex substrate for bromelain, 

leading to less efficient initial degradation. However, the increased percentage reduction in casein 

sets from days 6 to 12 suggests a possible time-dependent increase in enzyme-substrate interaction, 

potentially as the micellar structure is progressively broken down, making more cleavage sites 

accessible to the enzyme bromelain. Furthermore, bromelain is known to have an optimal pH range 

between 5.5 and 8, which may explain why certain sets (e.g., A2 and A3) showed higher 

degradation efficiencies (Chakraborty et al., 2021), as their experimental conditions might have 

been more closely aligned with this optimal pH range compared to some of the casein sets. Despite 

its slightly lower protein reduction (%) of set C3 (31±2%) compared to A3 (38±1%), casein 

produced a higher biohydrogen yield than albumin (Table 6-8). Casein is a complex protein 

composed of amino acids linked by peptide bonds. The enzymatic action of proteases, such as 

bromelain, hydrolyzes these peptide bonds during degradation, releasing amino acids and smaller 

peptides (Kovács et al., 2013). Specific microorganisms utilize these amino acids and peptides 

produced from casein hydrolysis as substrates for their metabolism. Peptide-fermentative bacteria 

can ferment these peptides, using them as both a carbon and an energy source (Gagliano et al., 

2015). This process can lead to hydrogen production as a metabolic byproduct, contributing to a 

higher biohydrogen yield from casein sets despite the lower percentage of protein reduction 

compared to albumin sets. 
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6.8.3 Fourier Transform Infrared (FTIR) 

The study utilized Fourier Transform Infrared (FTIR) spectroscopy to analyze the 4000 and 

400 cm-1 spectral range. This was to examine samples from days 0 and 12. By comparing days 0 

and 12 FTIR spectra, distinct shifts in functional groups were observed, indicating chemical 

changes over time. These alterations are documented in Figure 6-12 (a) and (b), focusing on 

albumin and casein samples from set A3 (albumin:PPW ratio of 0.9, pH 6, inoculum 5.5 g VS L-

1) and set C2 (casein:PPW ratio of 0.9, pH 4, inoculum 5.5 g VS L-1), respectively. 

The analysis of the peaks on day 0 (Figure 6-12 (a)) provides significant insights into the 

molecular composition of the albumin sample. The amide A band at 3274 cm-1 highlights strong 

N-H stretching, indicating hydrogen-bonded amine groups commonly found in proteins (Xu & 

Gowen, 2019). The peaks at 2923 cm-1 and 2853 cm-1, both attributed to aliphatic C-H stretch, 

indicate the asymmetric and symmetric stretching vibrations of methylene groups, respectively 

(Tavanti et al., 2023). The amide I band observed at 1708 cm-1 is characterized by C=O stretching 

vibrations within the carbonyl group of amide linkages, further confirming proteins or peptides. 

At 1626 cm-1, the amide II band reflects N-H bending and C-N stretching, typical of protein 

amide structures, while the presence of another amide II band at 1536 cm-1 suggests additional 

amide structures or functional groups contributing to this peak's complexity (Belfer et al., 2000). 

The peaks at 1453 cm-1 and 1242 cm-1 (amide III) are associated with C-N stretching and N-H 

bending, with the latter also possibly indicating phospholipid vibrations (Hwang & Lyubovitsky, 

2013). Lastly, the C-O Stretch at 1031 cm-1 likely indicates C-O stretching vibrations, which could 

be related to carbohydrates or ester groups in lipids (Lim & Wu, 2016), offering a comprehensive 

view of the sample's biochemical composition. 
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Figure 6- 12. Comparative FTIR Spectra for (a) albumin and (b) casein on days 0 and 12. 

 

By day 12 (Figure 6-12 (a)), the FTIR spectral analysis revealed shifts and changes in peak 

positions compared to day 0, underscoring the dynamic nature of substrate transformation. The 

amide A band showed a negligible shift from its initial position (3274 cm-1) to 3273 cm-1, 

suggesting the N-H group's hydrogen bonding remained largely unaltered. Minor shifts in the 

aliphatic C-H Stretch bands, from 2923 to 2917 cm-1 and 2853 to 2849 cm-1, prove a slight 

adjustment within the lipid matrix or its interactions. Notably, the absence of the amide I band 

peak, which was at 1708 cm-1 on day 0, disappeared in day 12 samples, suggesting considerable 

alterations or breakdown of amide carbonyl groups, possibly due to enzymatic breakdown (De 

Meutter & Goormaghtigh, 2021). The splitting of the amide II band into 1538 and 1574 cm-1 (1536 
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cm-1 at day 0) and the peak at 1453 cm-1 (day 0) band into 1435 and 1464 cm-1 could reflect changes 

in protein structures or their interactions (Cobb et al., 2020). A shift in the amide III peak to 1227 

cm-1 from 1242 cm-1 and the C-O Stretch to 1027 cm-1 from 1031 cm-1 further indicates 

modifications in protein configurations or shifts in carbohydrate or ester components.  

The FTIR analysis of the day 0 sample of casein-PPW substrates (Figure 6-12 (b)) highlighted 

several key peaks indicative of the sample's biochemical composition. At 3275 cm-1, the amide A 

peak, characterized by N-H stretching vibrations, points to the presence of casein (Xu & Gowen, 

2019). This peak's broadness suggests significant hydrogen bonding within the protein structures. 

The peak at 2927 cm-1 arises from the asymmetric stretching vibrations of CH2 groups, a 

characteristic of fatty acids like OA found in lipids. Similarly, the 2853 cm-1 peak results from 

symmetric C-H stretching vibrations of CH2 groups (Tavanti et al., 2023). The amide I band, 

observed at 1709 cm-1, is identified by C=O stretching vibrations in amide groups, which is crucial 

for understanding protein secondary structures. Another peak at 1631 cm-1, possibly part of the 

amide I band. The amide II band, peak at 1539 cm-1, indicates N-H bending and C-N stretching 

vibration (Belfer et al., 2000). A peak at 1455 cm-1, likely due to CH2 and CH3 bending vibrations, 

is found in lipids and proteins. The 1242 cm-1 peak may represent P=O stretching in phospholipids 

or C-O stretching in other organic molecules, including carbohydrates (Hwang & Lyubovitsky, 

2013). Lastly, the 1031 cm-1 region, often linked with C-O stretching vibrations, suggests the 

presence of complex carbohydrates or polysaccharides (Lim & Wu, 2016). 

By day 12 (Figure 6-12 (b)), the FTIR spectral analysis of the casein-PPW sample revealed 

several shifts and changes when compared to day 0. The amide A band at 3273 cm-1 shifted from 

3275 cm-1 (day 1) and showed a subtle decrease, indicating slight modifications in the hydrogen 

bonding of protein N-H groups. The peak at 2917 cm-1 slightly moved from its day 1 position 
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(2927 cm-1). The amide I peak at 1709 cm-1 at day 0 disappeared on day 12 sample, pointing to a 

notable protein structure transformation or loss, potentially from protease enzymatic breakdown 

of casein (De Meutter & Goormaghtigh, 2021). A slight alteration in the position of the peak at 

1626 cm-1 on day 12 from 1631 cm-1 (day 1) could signify adjustments in the protein's secondary 

structure, while the sharper and slightly shifted peak at 1538 cm-1 (amide II) from 1539 cm-1 may 

reveal a more distinct protein configuration or interactions with other elements in the mix (Buhrke 

et al., 2022; Cobb et al., 2020). The change of peak to 1464 cm-1 (day 12) from 1455 cm-1 (day 1), 

with a less sharp peak, suggests modifications in CH group bending vibrations. Overall, the FTIR 

spectral changes from day 0 to day 12 provide a molecular fingerprint of the biochemical 

transformations occurring in the albumin-PPW and casein-PPW substrates, reflecting the dynamic 

nature of the fermentation process. 

 

6.8.4 Scanning Electron Microscopy (SEM) 

This section provides an in-depth examination through Scanning Electron Microscopy (SEM) 

of the microstructural transformations within albumin set A3 (albumin:PPW ratio of 0.9, pH 6, and 

5.5 g VS L-1 inoculum) and casein set C2 (casein:PPW ratio of 0.9, pH 4, and 5.5 g VS L-1 

inoculum). 

Initially, the albumin-PPW complex appears as well-defined, spherical structures (Figure 6-13 

(a,b)). These spheres are characteristic of albumin's natural, globular protein structure, which tends 

to form in aqueous solutions (Niknejad & Mahmoudzadeh, 2015). The surfaces appear smooth, 

and the structures are discrete, which indicates that the microbial activity or enzymatic process has 

not significantly altered the albumin.  
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On day 6 (Figure 6-13 (c,d)), there is a discernible change in the albumin-PPW structures. 

They no longer appear as uniform and spherical as on day 0. Some spheres seem to have merged, 

and the surfaces have become rougher, suggesting the onset of enzymatic degradation. By day 12 

(Figure 6-13 (e)), the albumin's spherical morphology has significantly diminished, giving way 

to irregular, amorphous shapes (Molinuevo-Salces et al., 2012). This indicates extensive 

proteolysis, where the albumin protein structures are broken down into peptides and amino acids. 

Additionally, flakey structures observed in the micrographs (Figure 6-13 (f)) could be remnants 

of undigested pineapple peel waste. These flakey structures might be due to the fibrous nature of 

the peel, which resists complete degradation (Polanía et al., 2022). The overall appearance 

(Figure 6- 13 (e, f)) is a more homogeneous mixture but with a less defined structure, indicative 

of a significant transformation of both the albumin protein and PPW complex. 

The SEM micrographs (Figure 6-14) present the morphological characteristics of a casein-

PPW substrate at different stages of biodegradation, taken on days 0, 6, and 12. The initial SEM 

micrographs (Figure 6-14 (a, b)) show casein in a configuration that is reflective of its colloidal 

micellar formation, commonly seen due to its properties in milk. The micelles are globular and 

tend to cluster, indicating casein's undisturbed state (Sadiq et al., 2021). 
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Figure 6- 13. Scanning Electron Microscopy (SEM) micrographs of albumin-PPW substrates on 

day 0 (a, b), on day 6 (c, d), and on day 12 (e, f) of anaerobic digestion. 
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Figure 6- 14. Scanning Electron Microscopy (SEM) micrographs of casein-PPW substrates on 

day 0 (a, b), on day 6 (c, d), and on day 12 (e, f) of anaerobic digestion. 
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Accompanying the casein, the pineapple peel waste is identifiable by its more textured, fibrous 

appearance, providing a distinct structural contrast to the relatively smooth casein micelles 

(Polanía et al., 2022). In the micrographs from day 6 (Figure 6-14 (c, d)), the casein's globular 

structure has begun to alter, showing signs of deconstruction from the globular micelles to more 

irregular aggregates. This may be due to enzymatic action from the inoculum, which initiates 

proteolysis, breaking down the casein proteins and causing them to lose their distinct micellar 

structure. 

By day 12 (Figure 6-14 (e, f)), the SEM micrographs reveal a marked departure from the initial 

well-ordered micellar arrangement of the casein. The once globular forms have been replaced by 

an assortment of irregular structures, signifying a profound degradation of the casein protein. No 

longer discernible as individual micelles, the casein-PPW complex now appears as an uneven, 

rough landscape with crevices and protrusions. This indicates the extensive proteolytic activity 

that has unfolded, likely facilitated by the microbial enzymes or protease enzyme present in the 

substrate complex (Poolman et al., 1996). The micrographs also show areas where the texture has 

a slightly flakey appearance. These residual fragments could be due to the resilient nature of the 

pineapple peel's fibrous matrix originating from cellulose (Aili Hamzah et al., 2021), which may 

degrade more slowly than the proteinaceous casein. The overall morphological changes in the 

substrate from day 0 to 12 illustrate the substantial transformation resulting from the 

biodegradation process. 

 

6.8.5 Volatile fatty acids 

This part of the study focuses on tracking volatile fatty acid (VFA) production during anaerobic 

digestion (AD) using combinations of pure proteins (albumin or casein) with PPW in oleic acid's 
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presence following three parameters combination such as albumin or casein to PPW ratios, pH 

levels, and inoculum doses mentioned in section 6.5. The experiment monitored the levels of 

various VFAs, including propionic, butyric, acetic, isovaleric, and valeric acids, over days 2, 4, 6, 

8, 10, and 12. Figure 6-15 presents the trends in total VFA (TVFA) production across different 

setups: albumin sets 1 (albumin:PPW ratio of 0.9, pH 5, inoculum 7 g VS L-1), albumin set 2 

(albumin:PPW ratio of 0.9, pH 4, inoculum 5.5 g VS L-1), albumin set 3 (albumin:PPW ratio of 

0.9, pH 6, inoculum 5.5 g VS L-1), and casein set 1 (casein:PPW ratio of 0.9, pH 5, inoculum 7 g 

VS L-1), casein set 2 (casein:PPW ratio of 0.9, pH 4, inoculum 5.5 g VS L-1) and casein set 3 

(casein:PPW ratio of 0.9, pH 6, inoculum 5.5 g VS L-1).  

 

 

Figure 6- 15. Total volatile fatty acids (TVFAs) production by albumin-PPW and casein-PPW 

substrates. 

 

For albumin, the TVFA production showed variability across the three sets. Set 1 exhibited a 

TVFA concentration of 6383±81 mg L-1. In set 2, there was a decrease in TVFA production, 

evidenced by a lower concentration of 5417±53 mg L-1. However, in set 3, the TVFA production 

increased again, reaching a higher concentration of 6732±71 mg L-1. In contrast, the casein sets 
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demonstrated a consistent trend of higher TVFA production than the albumin sets. Set 1 for casein 

showed a high TVFA concentration of 7513±77 mg L-1. A slight decrease followed this in set 2, 

where the concentration was 7095±86 mg L-1, but it was still higher than any of the albumin sets. 

Finally, set 3 for casein marked the highest TVFA production in the experiment with 7713±98 mg 

L-1, indicating a clear increase from set 2 and substantially surpassing the TVFA production from 

albumin. These fluctuations in TVFA concentrations suggest that the conditions specific to each 

set influenced the microbial activity and the subsequent breakdown of albumin into volatile fatty 

acids. The differences across various sets using the same substrate may stem from factors like pH, 

inhibitors, digestion duration, temperature, and substrate concentrations (Lu et al., 2020). 

Casein sets demonstrated consistently higher TVFA production compared to albumin sets 

(5417±71 to 6732±71 mg L-1), with values between 7095±86 and 7713±98 mg L-1. The 

combination of microbial specialization, casein's structural properties, and the microbes metabolic 

pathways contribute to the efficient breakdown of casein in AD (Bhat et al., 2016; Meegoda et al., 

2018). Additionally, the microbial community's potential preference for casein is possibly due to 

its nutrient profile (Deng et al., 2022).  

Figure 6-16 presents the production trends of VFAs, including acetic, butyric, propionic acid, 

isovaleric acid, and valeric acid, at two critical times (days 6 and 12) across albumin sets A1, A2, 

A3, and casein sets C1, C2, C3, within the AD process, offering insight into their varying levels. 

Within the albumin sets observed in Figure 6-16 (a) on days 6 and 12, distinct trends in acetic 

acid production were noted. For set A1, the concentration began modestly at 47±2 mg L-1 on day 

6, experiencing a notable rise to 896±9 mg L-1 by day 12. In set A2, the initial concentration was 

significantly higher at 309±11 mg L-1 on day 6, with an impressive growth reaching 1328±22 mg 

L-1 by day 12.  
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Figure 6- 16. Individual volatile fatty acids (VFAs) observed on days 6 and 12 (a) acetic acid (b) 

butyric acid (c) propionic acid (d) isovaleric acid and (e) valeric acid. 

 

Set A3 showcased an initial concentration of 448±21 mg L-1 on day 6, escalating to the highest 

recorded level among the albumin sets, 1734±25 mg L-1, by day 12, highlighting the variable acetic 

acid production dynamics across the different albumin sets. On the other hand, comparing the 

acetic acid data, casein generally showed higher acetic acid concentrations than albumin on day 6. 

By day 12, while some albumin sets showed significant increases, casein sets maintained higher 

or comparable acetic acid levels. Set C1 mirrored the acetic acid production of set A3 on day 6, 

starting at 443±19 mg L-1, and witnessed a significant increase to 1682±19 mg L-1 by day 12. Set 

C2 began with an acetic acid level of 654±15 mg L-1 on day 6, which then escalated to 1436±8 mg 

L-1 by the end of day 12. 

Meanwhile, set C3 displayed the highest initial acetic acid concentration among the casein sets 

at 891±21 mg L-1 on day 6, culminating in a rise to 1333±13 mg L-1 on day 12. The increase in 

acetic acid concentration from day 6 to 12 can be attributed to the microbial consortia's continued 

fermentation of albumin and casein. Over time, these microorganisms break down the proteins, 

accumulating acetic acid as a fermentation byproduct. Kovács et al. (2013) also documented 

comparable results, noting that by week 13, acetate levels had escalated to the critical point of 4 g 

L-1 in pig blood and 1.9 g L-1 in casein anaerobic digestion.    
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The butyric acid profile is shown in Figure 6-16 (b). Similar to the acetic acid profile, butyric 

acid also shows an overall increase in production on day 12 compared to day 6. Set A1 exhibited 

an interesting pattern, starting from a point where butyric acid was not detectable on day 6 (0 mg 

L-1), yet showed a significant increase to 100±1 mg L-1 by day 12. Conversely, set A2 began with 

a butyric acid level of 24±1 mg L-1 on day 6, which then experienced a modest rise to 88±1 mg L-

1 by day 12. Set A3, starting with a butyric acid concentration close to that of set A2 at 26±2 mg 

L-1 on day 6, experienced a slight increase, reaching 102±3 mg L-1 on day 12, indicating a 

consistent pattern of growth in butyric acid concentration towards the end of the observed period. 

The increase in butyric acid concentration over time may be partially due to the initial 

accumulation of butyric acid as an intermediate product, which is subsequently utilized in the β-

oxidation pathway to convert to acetate and hydrogen as the anaerobic digestion process matures 

(Worm et al., 2014). Similarly, butyric acid production increased at day 12 (5100 mg COD L-1) 

compared to day 8 (3300 mg COD L-1) during the anaerobic digestion of tuna waste at 5% TS 

(Bermúdez-Penabad et al., 2017). 

Figure 6-16 (c) presents the propionic acid profile on days 6 and 12.  The propionic acid 

concentrations in the sets showed a downward trend throughout the observation period. In set A1, 

the level began at 440±9 mg L-1 on day 6 but decreased to 330±10 mg L-1 by day 12, marking a 

notable decrease. Set A2 experienced a more pronounced drop, starting from 247±5 mg L-1 on day 

6 and falling sharply to 120±6 mg L-1 by the end of the observation period. Similarly, set A3's 

propionic acid concentration reduced from 280±2 mg L-1 on day 6 to 220±11 mg L-1 on day 12. 

Across the casein sets, concentrations consistently decreased over the observed period. Set C1's 

levels dropped from 478±3 to 398±13 mg L-1, set C2 from 343±2 to 275±7 mg L-1, and set C3 

underwent a notable decline from 251±6 to 129±9 mg L-1. Propionic acid, often identified as an 
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inhibitory compound in the anaerobic digestion process, has the potential to decrease the yield of 

biogas markedly (Han et al., 2020). This acid frequently emerges as a secondary product during 

the breakdown of organic waste and can build up to levels that hinder the digestion process 

(Capson-Tojo et al., 2017).  Propionic acid, initially a dominant element of VFA on day 6, 

experienced a significant decline after that on day 12. This reduction might be attributed to the low 

introduction rates of organic material (Lin et al., 2011)  coupled with the vigorous activity of the 

seed sludge (Yangyang Li et al., 2017). Moreover, on day 6, the concentration of acetic acid was 

at its lowest, whereas propionic acid levels were at their peak. Subsequently, acetic acid levels 

rose, in contrast to propionic acid concentrations, which followed a downward trajectory. A similar 

trend was reported by (Xu et al., 2023). Furthermore, a reduction in propionic acid levels was 

observed, alongside an increase in butyric acid concentrations during the anaerobic digestion of 

waste sewage sludge, as reported by (Roy et al., 2022). This pattern was similarly identified in the 

current experiment, as illustrated in Figure 6-16 (b) and (c). 

Fatty acids with higher molecular weights, like isovaleric (Figure 6-16 (d)) and valeric (Figure 

6-16 (e)), are predominantly linked to the breakdown of proteins during fermentation (Bermúdez-

Penabad et al., 2017). All sets showed an increase in isovaleric acid from day 6 to 12.  In albumin 

sets, concentrations of isovaleric acid started at lower levels (ranging from 10 to 66±2 mg L-1) and 

increased significantly by day 12 (reaching levels between 157±2 and 218±3 mg L-1). Casein sets 

followed a similar pattern, starting from 31±2 to 128±4 mg L-1 on day 6 and rising to between 

178±2 and 209±3 mg L-1 by day 12, with set 3 showing the highest initial and final concentrations. 

In contrast, valeric acid showed a different pattern. For albumin, set 1 started with no detectable 

valeric acid on day 6 and increased to 106±4 mg L-1 by day 12. Albumin sets 2 and 3 had small 

increases, from 9±0 and 14±1 mg L-1 to 27±1 and 18±1 mg L-1 valeric acid, respectively. Casein 
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sets showed a modest increase for sets 1 and 2, but set 3 had no detectable valeric acid at either 

time point. 

Protein-rich waste anaerobic digestion doesn’t necessarily mean generating the same VFA 

profile. For example, Shen et al. (2017) observed during the fermentation of tofu and egg white at 

30 °C and pH 6.0, egg white yielded higher VFA levels than tofu and displayed a varied VFA 

composition. Tofu's VFA mix primarily consisted of acetic acid, whereas egg white showed a more 

balanced distribution of acetic, propionic, butyric, and valeric acids. Similarly, fermenting casein 

and gelatine at 25 °C with a neutral pH, Bevilacqua et al. (2020) noted distinct VFA outcomes 

based on the protein type, with casein generating higher yields than gelatine. While acetic acid was 

prevalent in both, casein fermentation produced increased butyric and propionic acids, and gelatine 

fermentation resulted in higher levels of propionic and valeric acids (Bevilacqua et al., 2020). In 

this present study of pure protein and PPW, sets A1, A2, and A3, similar patterns in the production 

of individual VFAs were noted. Across these sets, whether focusing on albumin or casein, acetic 

acid emerged as the predominant VFA. This suggests that the microbial populations in the AD 

system are effectively transforming the provided substrates into acetate. Among all the sets, acetic 

acid was the most produced acid, followed by propionic acid, isovaleric, butyric, and valeric acids. 

Acetic acid pathway has also been reported during the AD digestion of slaughterhouse blood 

(Plácido & Zhang, 2018). The accumulation of acetic acid was observed in the anaerobic digestion 

of waste sewage sludge in the presence of selenite, where methane generation was entirely 

suppressed (Roy et al., 2022). Similar to this study, valeric acid was reported to be the least VFA 

produced in some literature on the anaerobic digestion of protein wastewater (Duong et al., 2019) 

and gelatin (Flotats et al., 2006). 
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6.9 Conclusions 

A mixture of dairy manure (M) and pineapple waste (PPW) produced biohydrogen and 

optimized using the Box–Behnken design (BBD) in a batch anaerobic fermentation system. PPW 

acts as a protease enzyme (bromelain) supplier to enhance the hydrolysis of dairy manure. Optimal 

conditions (M:PPW ratio of 0.9, pH 6.0, inoculum 5.5 g VS L-1) led to maximum cumulative yields 

of 345±6 mL H2 g
-1 VSsubstrate by day 6 and 385±7 mL H2 g

-1 VSsubstrate by day 12. Under the optimal 

parameter, biohydrogen yields from albumin and casein were 213±3 mL H2 g-1 VSsubstrate and 

233±3 mL H2 g
-1 VSsubstrate on day 6, respectively, increasing to 247±6 mL H2 g

-1 VSsubstrate and 

312±3 mL H2 g
-1 VSsubstrate by day 12. Protein reduction rates were 38±1% for albumin-PPW and 

31±2% for casein-PPW composite. FTIR and SEM analyses also revealed significant changes in 

surface morphology and Amide (N-H) functional group changes during the digestion of albumin 

and casein with PPW. These results underscore the potential of using manure and PPW, as well as 

pure proteins with PPW, for efficient biohydrogen yield, offering a strategy to improve 

biohydrogen generation from recalcitrant protein-rich wastes. 
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CHAPTER SEVEN 
 

CONCLUSIONS AND RECOMMENDATION 
 

7.1 Summary 

The primary research problem addressed in this work revolves around the inefficiencies in 

anaerobic digestion (AD) of protein-rich livestock manure, specifically the rate-limiting step of 

protein hydrolysis and subsequent ammonia accumulation, which can severely inhibit the AD 

process. This challenge is significant due to the substantial contribution of livestock waste to 

organic waste worldwide, presenting both an environmental concern and an untapped opportunity 

for renewable energy production in the form of biohydrogen and biomethane. The importance of 

this research lies in its potential to enhance the conversion efficiency of high-protein organic 

wastes into valuable biohydrogen, thereby mitigating global greenhouse gas emissions from 

improper manure management and contributing to the sustainable production of renewable energy. 

Through a series of experiments designed by statistical optimization techniques (Box-Behnken 

Design (BBD) and Response Surface Methodology (RSM)), this thesis investigated the hydrolysis 

and digestion of complex protein-rich waste such as dairy manure using kiwi peel waste (KPW) 

and pineapple peel waste (PPW) as a source of protease enzyme actinidin and bromelain. Four 

experiments containing fifteen experimental sets were carried out in duplicate reactors across the 

hydrolysis and fermentation stages using manure as the substrate (Figure 7-1).  

KPW- and PPW-derived protease enzymes achieved significant reductions in ammonia 

nitrogen (up to 64±0.65% with KPW and 72±0.48% with PPW) and enhanced protein degradation 

(up to 39±0.54% with KPW and 36±0.25% with PPW) in the hydrolysis stage with manure as 

substrate.  
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Figure 7- 1. Flowchart of the research conducted in this thesis using complex protein-rich 

(manure) as substrate with kiwi peel waste (KPW) and pineapple peel waste (PPW). 

 

With the improvement of manure protein hydrolysis, this study analyzed biohydrogen 

production under inhibited methanogens using oleic acid concentration (4,000 mg L-1). It 

optimized the process parameters with manure-KPW (manure:KPW ratio, pH, inoculum) and 

manure-PPW substrates (manure:PPW ratio, pH, inoculum), leading to notable biohydrogen yields 

(up to 510±7 mL g-1 VS with KPW and 385±7 mL g-1 VS with PPW). For the first time, this 

research compared the biohydrogen production capabilities of these complex protein-rich 

substrates (manure-KPW and manure-PPW) to pure proteins such as albumin and casein (Figure 

7-2), revealing optimized conditions that yielded substantial biohydrogen outputs (up to 554±3 mL 

H2 g
−1 VSalbumin, 400±4 mL H2 g

-1 VScasein with KPW and 247±6 mL H2 g
−1 VSalbumin, 312±3 mL 

H2 g
-1 VScasein with PPW). Data from the BBD generated a second-order polynomial equation, with 
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coefficients derived through multiple regression analysis. The model validity was checked using 

ANOVA, where each model was indicated by high F values (88 to 229) and low p values (< 0.05).  

 

 

Figure 7- 2. Flowchart of the anaerobic digestion section of the thesis based on pure protein 

substrate (albumin and casein). 

 

All the developed model's high R2 values (0.97 to 0.99) suggest it explains 97% to 99% of data 

variability. Additionally, the comparison between experimental and predicted responses showed a 

negligible difference (<5%), underscoring the model's accuracy. Upon successfully validating the 

models, this study proceeded with the substrate physicochemical characterization technique, such 

as Scanning Electron Microscope (SEM) and Fourier Transform Infrared Spectroscopy (FTIR) 

during hydrolysis and digestion stages at specific time intervals. The FTIR analysis of hydrolyzed 

and digested substrate samples revealed noticeable shifts in functional groups, highlighting 

chemical transformations across the hydrolysis and digestion period. In addition, SEM analysis 
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provided an in-depth examination of the microstructural transformations of substrates during pre 

and post-hydrolysis and digestion. 

 

7.2 Conclusions 

The main conclusions from this research are: 

Hydrolysis studies: 

• KPW-derived protease actinidin significantly enhanced manure protein degradation, with 

optimized conditions (4 g VSmanure L
-1, 7.5 g VSKPW L-1, and a hydrolysis time of 48 h) 

leading to a protein degradation of up to 39±0.54%, and reductions of 64±0.65% in NH3-

N and 83±0.32% in NH4-N. However, the highest VS reduction (41.4±0.29 %) was 

achieved at 6.5 g VSmanure L
-1 7.5 VS KPW and a hydrolysis time of 25.5 h.  

• Scanning electron microscope (SEM) images of the pre-hydrolysis stage of manure-KPW 

substrates show a rough, complex surface with organic, fibrous, and inorganic materials. 

The distinct particles, fibers, or other structures observed before hydrolysis are less 

pronounced or completely absent after 48 h hydrolysis. 

• During enzymatic hydrolysis of manure-KPW, certain absorption bands shifted and 

weakened, suggesting hydrogen and amide bond (Amide A) disruption, peptide bond 

cleavage, and amino group release, altering the protein structure.  

• Manure-PPW hydrolysis achieved a 36±0.25% reduction in protein content and a 

72±0.48% decrease in NH3-N at optimal conditions (9 g VSmanure L
-1 and 4 g VSPPW L-1, 

and 48 h hydrolysis). Adjusting the conditions (6.5 g VSmanure L
-1, 7 g VSPPW L-1, and 48 h 

hydrolysis) reduced NH4-N by 73±0.54% and VS by 30±0.12%. 
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• In the SEM analysis of manure-PPW hydrolysis, manure fibers initially appear distinct and 

unaltered, with a mix of compacted and porous areas. After 48 h of hydrolysis, protease 

enzymes fragment protein structures, leading to an amorphous appearance with frayed fiber 

edges, signifying enzymatic surface digestion. 

• After 48 h hydrolysis of manure-PPW substrates, the N-H stretch peak shifted, indicating 

an increase in hydroxyl or amine groups. The Amide I peak in control shifted, suggesting 

altered protein structures, while the Amide II peak changed from a sharp to a less defined 

peak, reflecting proteolysis and structural disruption. 

• The study highlighted that KPW and pineapple peel waste significantly improved manure 

hydrolysis, protein degradation, and ammonia reduction from 4 to 48 h under optimized 

conditions. 

• The observations from SEM and FTIR analyses of manure-KPW and manure-PPW 

hydrolysis succinctly illustrate the structural and functional transformations of manure 

protein structure induced by KPW- and PPW-derived protease treatment. 

 

Fermentation (anaerobic digestion) studies with Kiwi peel waste (KPW) 

• In anaerobic digestion of manure-KPW substrates, optimal biohydrogen yield reached 

389±11 mL g-1 VS on day 6 and 510±7 mL g-1 VS on day 12 with a M:KPW ratio of 0.5, 

pH 5, and 4 g VS L-1 inoculum. On the other hand, under similar conditions (albumin:KPW 

ratio of 0.5, pH 5, and 4 g VS L-1 inoculum and casein:KPW ratio of 0.5, pH 5, and 4 g VS 

L-1 inoculum), albumin yielded 200±3 mL H2 g
-1 VS at day 6 and 554±3 mL g-1 H2 VS by 

day 12, respectively, while casein produced 245±3 mL H2 g
-1 VS on day 6 and 400±4 mL 

H2 g
-1 VS on day 12. 
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• The study identified optimal conditions (manure:KPW ratio of 0.5, pH 5, and 4 g VS L-1 

inoculum) that achieved a biomethane yield of up to 80±4 mL g-1 VS on day 6 and 90±2 

mL g-1 VS on day 12 anaerobic digestion of manure-KPW. However, these optimal 

combinations for albumin (albumin:KPW ratio of 0.5, pH 5, and 4 g VS L-1 inoculum) and 

casein (casein:KPW ratio of 0.5, pH 5, and 4 g VS L-1 inoculum) did not produce any 

biomethane yield during the anaerobic digestion of albumin-PPW or casein-PPW. 

• A combination of Manure:KPW of 0.5, pH 5, and inoculum 4 g VS L-1 provided the highest 

COD and VS reduction of 43.31±0.17% and 66%.  

• At day 0, average protein concentrations across the three sets of albumin-KPW were 1178 

mg L-1. By day 6, an average protein reduction of 24.5% indicated the effectiveness of the 

anaerobic digestion process. By day 12, this reduction deepened to an average of 29.5%, 

with the most significant decrease reaching 33.2%. 

• At day 0, the average casein concentration across the three sets of casein-KPW was 611.67 

mg L-1. By day 6, the concentration had decreased to an average of 524.97 mg L-1, 

reflecting an average protein reduction of 22.8%. By day 12, the average concentration 

further declined to 447.51 mg L-1, marking an average reduction of 29.1%. This illustrates 

the progressive degradation of casein under different conditions. 

• In the SEM micrograph of albumin-KPW anaerobic digestion, albumin's initial large, 

irregular aggregates and KPW heterogeneous, mostly intact fibrous structures underwent 

early structural changes by day 6. With surface erosion, albumin-KPW aggregates became 

less distinct, and KPW's fibrous matrix started breaking down into smaller, less defined 

fragments. By day 12, substantial degradation was evident: albumin aggregates smoothed 
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out, and KPW's fibrous structure was nearly lost, indicating microbial enzymes' effective 

proteolytic and lipolytic action. 

• In SEM images of casein-KPW anaerobic digestion, initially (day 0), casein micelles 

showed typical globular structure, and KPW contributed irregular fibrous textures. By day 

6, signs of digestion emerged, with less distinct micelles and eroded, fragmenting fibers, 

indicating enzyme activity. By day 12, extensive degradation erases the original 

morphological features, showcasing the disruptive effect on protein and fiber structures 

due to digestion. 

• Fourier transform infrared (FTIR) analysis of albumin-KPW anaerobic digestion revealed 

changes and shifts between day 0 to day 12: amide I and amide II shifted their peaks, and 

amide III, initially initial peak became obscured, indicating significant protein structural 

changes. 

• Significant shifts were observed in the FTIR analysis of casein-KPW anaerobic digestion 

at day 0 and day 12. After 12 days of AD, the amide I band in the casein-KPW sample 

shifted location with less intensity, suggesting changes in primary protein structures and 

alterations in secondary protein structures. 

• Biohydrogen production from the anaerobic digestion of manure:KPW, albumin:KPW, and 

casein:KPW substrates predominantly followed the acetate pathway. The primary volatile 

fatty acids (VFAs) are produced in the following order of concentration: acetic acid > 

propionic acid > butyric acid> isovaleric acid > valeric acid. 
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Fermentation (anaerobic digestion) studies with Pineapple peel waste (PPW) 

• Under optimal anaerobic digestion conditions (M:PPW ratio of 0.9, pH 6, inoculum 5.5 g 

VS L-1), manure-PPW substrates produced biohydrogen yields of 345±6 and 385±7 mL g-

1 VS on day 6 and 12, respectively. Comparatively, albumin-PPW achieved 213±3 and 

247±6 mL H2 g
-1 VS on days 6 and 12, respectively. Casein-PPW yielded 233±3 and 312±3 

mL H2 g
-1 VS on days 6 and 12, respectively. These results highlight PPW's role in boosting 

biohydrogen production from protein-rich substrates. 

• In the study of manure-PPW anaerobic digestion under optimal conditions (manure: PPW 

ratio of 0.9, pH 6, and inoculum 5.5 g VS L-1), minimal methane production was observed 

by day 12 (6±1 mLmethane g
-1 VS). This contrasted with the results from similar conditions 

applied to albumin (albumin:PPW ratio of 0.9, pH 6, and inoculum 5.5 g VS L-1) and casein 

(casein:PPW ratio of 0.9, pH 6, and inoculum 5.5 g VS L-1), where no methane generation 

was observed on day 6 and 12. 

• A combination of Manure:PPW of 0.9, pH 5 and inoculum 7 g VS L-1 provided the 

highest VS reduction of 35.4% and highest COD reduction (64.8±0.99%) was obtained 

from manure: PPW of 1.45, pH 4 and inoclum 7 g VS L-1.  

• In albumin-PPW anaerobic digestion, at day 0, the average albumin concentration across 

three sets was 1479.10 mg L-1. By day 6, this average dropped to 1079.23 mg L-1, showing 

an average reduction of 27%. By day 12, the average reduction in albumin concentration 

further increased to 34.7%, likely due to optimal pH and inoculum levels for bromelain 

activity from PPW. 

• Throughout the anaerobic digestion process using casein-PPW, the average initial (day 0) 

casein concentration for three sets was 653.46 mg L-1. By day 12, it reduced to an average 
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of 466.17 mg L-1, marking an average reduction of 30.7%. This highlights the process's 

capacity to degrade casein, with variations in degradation rates influenced by the initial pH 

levels and inoculum sizes. 

• The albumin-PPW initially formed well-defined, spherical shapes, showing albumin's 

globular nature at day 0 of anaerobic digestion. By day 6, these spheres start merging, with 

surfaces roughening, signaling enzymatic breakdown. By day 12, the once spherical 

albumin transforms into irregular shapes, suggesting extensive proteolysis. Also, flaky 

structures, likely from undigested pineapple peel waste, indicate the peel's fibrous 

resistance to degradation. This results in a homogenized but structurally altered albumin-

PPW mixture. 

• Day 0 SEM images of casein-PPW digestion reveal casein's natural micellar formation 

alongside the textured, fibrous pineapple peel waste, highlighting casein's smooth micelles 

against the peel's rough texture. By day 6, enzymatic activity starts breaking down casein 

from globular micelles into irregular shapes, indicating the onset of proteolysis. By day 12, 

the transformation is profound; the casein's original micellar structure is replaced by a 

varied, rough texture, showcasing extensive protein degradation. 

• FTIR analysis of albumin-PPW at day 0 and day 12 showed significant enzymatic changes 

in proteins, evidenced by shifts in amide A, disappearance of amide I, and alterations in 

amide II and III bands, indicating protein and lipid-carbohydrate structural transformations. 

• By day 12, FTIR analysis of casein-PPW showed notable changes in amide bands, 

reflecting structural alterations in proteins due to enzymatic activity, with shifts in amide 

A, disappearance of amide I, and adjustments in amide II and III indicating significant 

protein transformation. 
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• In all experimental sets, acetic acid was the predominant acid produced, with propionic, 

isovaleric, butyric, and valeric acids following. Biohydrogen generation through anaerobic 

digestion of manure:PPW, albumin:PPW, and casein:PPW substrates mainly utilizes the 

acetate pathway. 

• The suitability of the developed models for hydrolysis and digestion of manure-KPW and 

manure-PPW was verified by ANOVA, with polynomial models preferred for their high R² 

values of 0.99. 

 

7.3 Recommendations for Future Studies 

The current research has explored innovative strategies for enhancing manure protein 

degradation and biohydrogen production using kiwi and pineapple peel waste. Through a series of 

experiments and analysis by Box-Behnken Response Surface Methodology, this study has 

demonstrated the potential of kiwi peel and pineapple peel waste to improve the hydrolysis 

processes of manure. The research featured the role of kiwi peel waste and pineapple peel waste 

as a valuable source of protease enzymes, specifically actinidin and bromelain, further supporting 

biohydrogen production from protein-rich manure. The following recommendations are proposed 

to enhance the understanding of anaerobic digestion and biohydrogen production potential from 

manure using plant protease sources. 

• Investigating the use of other agricultural or food waste sources rich in protease enzymes 

such as papain (from papaya), ficin (from fig), zingibain (from zinger) and compare their 

effectiveness in enhancing manure hydrolysis and biohydrogen production. 

• Examining the applicability of the findings to different types of animal manure, such as 

poultry, cattle, and swine, to understand the broader potential of the proposed methods. 
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• Alkaline proteases from the genus Bacillus are widely distributed in sand soil, dried fish, 

and slaughterhouses. A comparison can be drawn by employing available microbial and 

plant proteases to enhance biohydrogen or biogas production from protein-rich wastes. In 

addition, fungal proteases from the Aspergillus genus can be studied for the same purpose. 

Plant, bacterial, and fungal proteases can be compared in biogas production from protein-

rich wastes. 

• Exploring biotechnological approaches to enhance the protease activity and stability of 

actinidin and bromelain under various operational conditions to improve hydrolysis 

efficiency further. 

• Investigating the adaptation of microbial consortia specifically for the digestion of complex 

protein-rich wastes like manure under the effect of long-chain fatty acids (LCFAs) for 

biohydrogen production, aiming to improve process stability and efficiency. 

• In the course of this research, it was observed that the usage of oleic acid in the digesters 

for albumin-KPW, albumin-PPW, casein-KPW, and casein-PPW did not result in methane 

production, highlighting a potential inhibitory effect of LCFAs on methane-generating 

pathways. Interestingly, a slight biomethane generation was noted in the later stages of 

anaerobic digestion for manure-KPW and manure-PPW substrates, suggesting a delayed 

onset of methanogenesis under these conditions. This discrepancy underscores the need for 

deeper exploration into the mechanisms of LCFAs-induced inhibition of methane 

production. 

• Besides Box Behnken response surface methodology, biohydrogen or biogas yield can be 

analyzed using other advanced models, such as Artificial Neural Networks (ANN) and 

Multiple Linear Regression (MLR). 
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• Conducting comparative analyses of microbial communities in digesters processing 

manure alone versus those amended with kiwi and pineapple peel waste to identify 

enhanced digestion performance microbial indicators. 

• Investigating the dynamics of microbial communities throughout the anaerobic digestion 

process to understand how adding kiwi and pineapple peel waste influences microbial 

population shifts, particularly those involved in hydrolysis, acidogenesis, acetogenesis, and 

methanogenesis stages. 

• Examining how protease enzymes derived from kiwi and pineapple peel waste specifically 

affect the growth and activity of protein-degrading and methane-producing 

microorganisms to identify any potential synergies or inhibitions. 

• Conduct long-term operational studies to assess the stability of the anaerobic digestion 

process under fluctuating conditions, such as mesophilic or thermophilic temperature, 

pH, and substrate composition. 
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Appendix -  A: 

Characterization Laboratory Report 

 

Appendix A presents the characterization of raw dairy manure. 
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Appendix -  B: 

Analytical Method Procedures 

 

B. 1. Introduction 

Appendix B outlines an in-depth methodology for the experimental analysis, detailing the 

procedures to measure total solids (TS), volatile solids (VS), chemical oxygen demand (COD), 

ammonia (NH3), and ammonium (NH4
+) concentration. 

B. 2. Total Solids (TS) Measurement (Method No 2540 B) 

Total solids are defined as the residual material remaining in a container following the 

evaporation and subsequent oven-drying of a sample at a specified temperature (105±2°C). The 

procedure followed as- 

i) Record the weight of the evaporating dish (referred to as B). 

ii) Transfer 5 ml of a thoroughly mixed sample into the dish. 

iii) Place in an oven to dry at 105℃ for one hour. 

iv) Allow to cool in a desiccator. 

v) Measure the weight of the dish after cooling. 

vi) Continue the cycle of drying, cooling, and weighing until achieving a weight 

difference of less than 4% (documented as A). 

Calculations:  

mg total solids / L = 
(𝐴−𝐵)∗1000

𝑆𝑎𝑚𝑝𝑙𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑚𝐿)
 

Where: A = weight of solids + dish after drying in mg. 

B = initial tare weight of dish in mg. 
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B. 3. Volatile Solids (VS) Measurement (Method No 2540 E) 

i) Heat the dish and its contents in a 550°C muffle furnace until a constant weight is 

reached (5-20 minutes). 

ii) Let the dish cool in air, then in a desiccator to room temperature, and weigh it. 

iii) Repeat the process of drying, cooling, and weighing until the weight stabilizes or the 

change is less than 4% or 0.5mg, whichever is smaller. 

 

Calculations: 

mg volatile solids / L = 
(𝐴−𝐵)∗1000

𝑆𝑎𝑚𝑝𝑙𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑚𝐿)
 

Where: 

A = weight of solids + dish before ignition in mg. 

B = weight of solids + dish after ignition in mg. 

 

B. 4. Chemical Oxygen Demand (COD) Measurement (EPA Method 410.4) 

Chemical Oxygen Demand (COD) measures the amount of oxygen required to oxidize organic 

and inorganic compounds in water chemically. It's a critical parameter used to assess water quality, 

indicating the level of pollutants present. The following steps are followed- 

i) Clean all culture tubes and caps with 20% H2SO4 to avoid contamination. 

ii) Dispense 2.5 mL of the sample, blank, and standards into smaller tubes or 10 mL into larger 

tubes. 

iii) Introduce 1.5 mL of digestion solution into smaller tubes or 6.0 mL into larger tubes and 

stir. 
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iv) Carefully add 3.5 mL of catalyst solution to smaller tubes or 14.0 mL to larger tubes. 

v) Securely cap tubes and shake to ensure thorough mixing. Be cautious of heat. 

vi) Heat tubes at 150°C for two hours in an oven. 

vii) After heating, mix, cool the tubes, and allow any sediment to settle. Use a 

spectrophotometer to measure the blank, standards, and sample at 600 nm.  

B. 5. Ammonia (NH3) Measurement 

Ammonia (NH3) in the sample was measured with an ammonia gas sensing electrode (#K-

27502-00) inserted in a pH-204 Digital pH/ORP monitor following exactly the procedure shown 

in the manufacturer instructions that came with the instrument package. The steps are as follows- 

i) Connect the ammonia gas sensing electrode (#K-27502-00) to pH-ORP meter. 

ii) Prepare two standards close to the expected sample concentration. 

iii) Set the meter to concentration mode for 2 or 3-point calibration (Figure B-1). 

iv) Immerse the electrode in a less concentrated solution (500 ppm); stir with 2 mL of ionic 

strength adjuster (ISA). 

v) After 1 minute, fix the value per the manufacturer's instructions. 

vi) Rinse the electrode; dry with distilled water. 

vii) Place the electrode in a more concentrated solution (100 ppm); stir with 2 ml of ISA. 

viii) Add the sample and ISA to the beaker; immerse the electrode and stir it. 

ix) Read concentration from pH-ORP meter after 1 minute. 

x) Recalibrate pH-ORP meter every 2-3 hours; repeat steps ii to vii. 
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Figure B- 1. Calibration curve for ammonia measurement. 

 

B. 6. Ammonium (NH4
+) Measurement 

Ammonium (NH4
+) in the sample was measured with an ammonium gas sensing electrode 

(#K-27502-03) inserted in a pH-204 Digital pH/ORP monitor following exactly the procedure 

shown in the manufacturer instruction that came with the instrument package. The steps are as 

follows- 

i) Prepare three standard solutions by serial dilution of the 1000 ppm standard to match the 

expected sample concentration. 

ii) Immerse the electrode in a less concentrated solution (10 ppm); stir and add 2 ml of ISA. 

iii) After stirring for 1 minute, save the value in memory as per calibration instructions. 

iv) Rinse and dry the electrode with distilled water. 

v) Place the electrode in a more concentrated solution (1000 ppm); stir and add 2 ml of ISA. 

vi) After 1 minute, fix the value in the memory according to calibration instructions and 

prepare a calibration curve (Figure B-2). 

vii) Add 100 ml of sample and 2 ml of ISA to a beaker; start stirring. 

viii) After 1 minute, read the concentration from the meter display. 
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ix) Recalibrate the electrode every 1-2 hours, repeating steps ii to vii. 

 

 

Figure B- 2. Calibration curve for ammonium measurement. 

 

B. 7. Protein Quantity Measurement (Bradford method) 

Pierce™ Bradford Plus Protein Assay Kit (Thermoscientific, Catalog # 23236) was used to 

measure the protein concentration of any sample. The kit came with Pierce™ Bradford Plus Protein 

Assay Reagent, 950 mL containing coomassie G-250 dye and Albumin Standard Ampules, 2 mg 

mL-1, 10 X 1 mL ampules containing bovine serum albumin (BSA) at 2.0 mg mL-1 in a solution of 

0.9% saline and 0.05% sodium azide, methanol, phosphoric acid, and solubilizing agents in water. 

The experiment followed the following protocol (Figure B-3) to determine protein concentrations 

using the Bradford Plus assay method: 
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Figure B- 3. Procedure summary of Bradford protein quantity measurement. 

 

i) Transfer 0.05 mL of each sample into marked test tubes. 

ii) Combine 1.5 mL of Bradford Plus Protein Assay Reagent with the contents of each tube 

and thoroughly mix. 

iii) Allow the samples to stand for 10 minutes at room temperature. 

iv) Calibrate the spectrophotometer at 595 nm using a cuvette with water. 

v) Record the absorbance for each tube at 595 nm. 

vi) Calculate the net absorbance by deducting the average blank absorbance from each 

sample's absorbance. 

vii) Construct a standard curve (Figure B-4) with the corrected absorbance of the BSA 

standards against their concentrations and ascertain the protein concentration in the 

unknown samples. 
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Figure B- 4. Calibration curve for BSA using the standard test tube protocol of the Bradford 

method. 
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Appendix -  C: 

Copyright Permission 
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