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Nomenclature 

AD Anaerobic digestion 

N Nitrogen 

P Phosphorous  

K Potassium 

DM Dry matter 

DOE Design of experiment 

RSM Response surface methodology 

α  Significance level 

VS Volatile solid 

TS Total solid 

MS Moisture content 

ANOVA Analysis of variance 

BBD Box-Behnken design 

Pred. R2 Predicted  R2 

Adj. R2 Adjusted R2  

Adequation Precision Adequate Precision 

Cor total Total sum of the squares corrected for the mean 

df Degree of freedom 

Bs The energy content of Biogas produced by substances in [kW h/m3] 

9.67 The energy content of 1 Nm3 (Normal cubic meter) of biogas  

Ep The energy gained from a gram of volatile solid of substances from 

the biogas produced in [Wh/g-VS]  

Bp The biogas volume produced from each gram of volatile solid of 

substances. 

Ec The energy consumed by the water bath to digest the gram volatile 

solid of substances in [Wh/g-VS]. 

Ept The electric energy consumed in the digestion process, which was 
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Investigating the Production of Multiple Bio-Products from Cassava Peel and Date Seed 
through an Integrated Biorefinery Approach 

Alla Alrefai 
Abstract 
The environmental damage from fossil fuels due to harmful emissions and the desire to find 
alternative sustainable energy sources led to this investigation of utilising biomass energy. Food 
wastes are considered one of the important sustainable sources of energy. Exploiting them in the 
production of energy may lead to avoiding the damage resulting from their accumulation. In this 
study, the possibility of exploiting the waste/unused product from cassava and date were explored as 
they are an important food used by many nations. Globally about 550 million metric tons of cassava 
and 9 million tons of dates are produced annually. Several bio-products can be produced from 
cassava peel starch and date seed oil, in addition, biogas can be produced through the anaerobic 
digestion process. The cassava peels have a considerable amount of starch and date seeds contain oil, 
so this study aims to explore the effect of starch and oil extracted from them on the quantity and 
quality of the resulting biogas. It also contributes to demonstrating the possibility of benefiting from 
producing bio-products from extracted starch and oil such as adhesive, biodiesel and glycerine. 
Overall this research has investigated the production of multiple bio-products from cassava peel 
and date seed using an integrated biorefinery approach. 
 

Cassava peel was treated by beating pre-treatment process to chop and slice the peel and extract the 
starch at the same time. The date seeds were treated using a grains and stones grinding machine. The 
digestate resulting from the anaerobic digestion was tested to determine starch and oil extraction 
effects on the resulting digestate. The influence of temperature, volatile solid and sludge quantity 
were investigated with the aid of Design of Experiments (DOE). An optimisation process was carried 
out to calculate the energy balance at the optimal results and evaluate the impact of the extraction 
process on the biogas and digestate produced, calculating the production costs of biodiesel, the 
adhesive and the preliminary analysis of process boundary, thus to evaluate its biorefinery 
applications.  
 

The study revealed that the influence of the starch on the biogas quantity and quality was quite low. 
Simultaneously, the oil extraction process contributed to the decrease in the amount of biogas and 
methane. The addition of cassava peels and date seeds before and after starch and oil extraction 
contributed to increase biogas and methane yields. The highest biogas volume obtained from the 
cassava peel, date seed and extracted oil date seed was 3830 ml, 4140 ml and 3534 ml respectively. 
The maximum methane per gram volatile solid added was 850 ml /g-VS, 1143.8 ml /g-VS and 949.6 
ml /g-VS respectively. The percentage of oil extracted from date seeds was approximately 16% of 
the date seed weight, while the biodiesel and glycerine accounted for 79% and 9% of it. The starch-
based adhesives showed high adhesion strength to the plywood and paperboard specimens. The 
laboratory tests of the resulting digestate proved that the anaerobic digestion process contains the 
necessary elements in fertiliser, so this test aims to gain more knowledge about the digestate. Overall, 
the study investigated the feasibility of an integrated biorefinery approach to the use of cassava peel 
and date seeds; to produce several bio-products and proper waste management with promising 
results.
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Chapter 1 

1 INTRODUCTION 

1.1  Introduction 

Energy generation and consumption play a major role in developing and improving the 

economics of countries and societies [1]. The need for energy has increased due to technological 

development, population growth, urbanisation and industrial investment [2]. It is estimated there 

has and will be an increase in energy demand by 85% from 2010 to 2030 worldwide. More than 

80% of global energy is produced from non-renewable sources such as oil and gas [3]. The non-

sustainable and destructive nature of fossil fuels issues such as harmful emissions and price 

fluctuation have led to find safer and more efficient energy sources  [4, 5]. In addition to that, 

many studies of researchers and interested people focus on finding solutions to overcome 

difficulties in increasing energy productivity, diversifying energy sources, overcoming 

environmental issues and the fair use of the energy. Large amounts of carbon dioxide (CO2) and 

other harmful emissions have increased concerns about resulting environmental damage [6, 7]. 
Furthermore, there are concerns about future shortage of these sources for several reasons, such 

as natural disaster [8]. 

The search for alternative solutions to oil, began in the late last century as a result of the rise in 

oil prices [9]. Natural sources of energy such as; bioenergy, solar energy and wind energy are 

appropriate solutions to overcome the environmental issues caused by oil extraction/use. 

Renewable energy from natural resources, which are renewed constantly, can be derived directly 

or indirectly. Clean energy enhances environmental safety and thus supports society's needs from 

energy [10, 11]. 20% of the world’s energy is supplied from renewable sources, 10.4% of these 

sources were from modern sources such as wind, solar and biomass [12]. In 2017, a significant 

support for the renewable energy sector led to 70% of net added energy capacity around the 

world, which were from renewable sources, with an investment of more than 275 billion USD 

[12]. Figure 1 illustrates a representation of sustainable development known as doughnut 

economics [10]. 
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Figure 1: The doughnut economics [13]. 

The majority of renewable energy worldwide is from biomass fuel such as wood that used for 

cooking and heating. It is estimated the percentage of renewable energy needs to increase to 50% 

by the second half of the century [14, 15].  The full utilisation of these massive sources has the 

ability in principle to provide the world demands from the energy. Where that sustainable energy 

can be provided by continues utilising several energy sources such as hydropower, wind energy, 

solar energy, geothermal energy and biomass [16]. Some of renewable energy costs continue to 

fall down compared to the variability of fossil fuel price. All of these causes, in addition to 

reaching zero emissions and increasing their sustainability, indicate a promising future for 

renewable energy within the world markets [17, 18]. The low percentage of harmful emissions 

from renewable energy reduces the impact of climate change and environmental pollution [19]. 

In 2016, more than 170 countries employed their effort to reach to the ambitious of renewable 

energy [20]. The worldwide acceleration of innovation in renewable energy reflects the 

challenge among nations. Some countries such as Germany, Spain and Denmark are interested in 
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innovation in wind energy, while countries such as South Korea and Taiwan are interested in 

innovation in solar energy. Other countries such as America and Japan are also intensifying their 

effort in developing renewable energy [21]. It is expected that 70-85% of electricity may be 

generated from renewable energy sources by 2050 [22]. According to International Energy 

Agency (IEA), renewable energy will cover around 40% of energy demand in 2040 [23, 24].  

CO2 in the atmosphere has increased by 30% over the last five decades, with a dramatically rise 

of other harmful gases. In addition to these harmful emissions and the use of fossil fuels, 

temperatures have increased by 0.6 °C during last century [25]. Studies indicate that an increase 

in temperature by 0.2 °C per decade [25]. Reducing the number of forests and replacing them 

with buildings, has contributed to quadrupling climate change and increasing emissions by 15% 

during the 30 years proceeding in 2010. The number of deaths in Europe from diseases that 

related to the temperature increasing was estimated at 70,000 in 2003 [25, 26]. Belt and Road 

countries are responsible for more than 60% of CO2 emotions [27]. The Belt Road Initiative 

includes 68 countries (about 65% of the world's population) that aim to increase their economic 

growth and enhance their industrial capabilities by sharing technologies, skilled labour and 

resources [28]. 

Energy is considered the basis of economic growth and makes social life more well-being. 

Sustainable sources of energy are a major element for energy sustainability to obtain an energy 

security and economic development. Energy participates in most of life aspects such as in 

education, health, transport and agriculture. These contribute in the creation of Jobs [29]. In 

addition they contribute to the welfare of people in rural areas, by increasing their economic 

activities by taking advantage of their own resources [30]. Many nations are transforming from 

non-renewable energy to renewable energy to overcome the sustainability and environmental 

issues [20]. Several factors influence the energy development process, such as lack of 

community awareness about renewable energy and slow demand [31]. The improvement in 

renewable energy sector, will support in reaching many of people living in poverty by providing 

more available affordable energy. Governments in some countries support the approach to 

renewable energy, they providing supported programs through subsidies, tax exemption and 

other incentives to increase competitiveness. Recently, expansion in renewable energy for 

developing countries is grown faster than in developed countries [32]. 80% of the produced 
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energy is renewable in developed countries and 35% in developing countries [32]. For the period 

from 2004 to 2014, developed and developing countries spent about $ 270 billion on renewable 

energy. Support in developing countries increased 14 times, while in developed countries it 

increased fourfold [32, 33]. Worldwide, energy generated from renewable sources in 2017 was 

20.9% and It is expected to reach 50% in 2030 [34, 35]. European countries were to produce 

20% of total renewable energy by 2020 to meet rising demand [36]. The European Union 

reached the target since 2017, as the energy and carbon intensity decreased by more than 14.6% 

and 8.6% compared to 2008 [34, 37]. More than 50 countries worldwide have adopted laws and 

policies to develop renewable energy [38]. There are different types of energy sources depending 

on weather alone, such as wind and solar energy [17]. Biomass is another source of renewable 

that is receiving high attention [39]. They are developing and growing rapidly and it is expected 

to play a major role in the transformation process to renewable energy [17]. To meet the growing 

energy demand, which is expected to rise by more than 35% by 2040, the exploitation of 

renewable energy sources is increasing and it is expected to continue into the future [40, 41].  

Anaerobic digestion (AD) is a mature technology for utilising food waste, and converting sewage 

and grass to biofuel in several stages [42-44]. Currently, AD is not fully utilised in terms of food 

waste and products due to the lack of knowledge about this technology in addition to the contrast 

in the feedstock composition. The process needs further exploration of products that can be 

produced and the resources available [45]. AD is distinguished by its high organic load 

treatment, low cost and less energy demand [46, 47]. It is more feasible and economical than 

other biogas production processes despite the pre-treatment processes [48]. The main process 

faults are its poor stability and low conversion efficiency [47, 49]. Reactors regulation and 

parameters optimisation are some of the procedures that can lead to more effective AD process 

[50, 51]. The AD process usually uses one-digestion substances, while using two or more 

digestion substances is called co-digestion process [52]. 

The use of biomass has derived from ancient times to use today. Some differences in the current 

use, compared to the past are the multiplicity of biomass sources and more attention to the 

environment by controlling harmful emissions [53]. Biomass accounts for about 14% of global 

renewable energy consumption, increasing the dependence on these vital renewable resources 

reduces dependence on fossil fuels [54]. Three-quarters of this percentage is used in developing 
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countries, for example for heating, while the quarter remained is used in industrialised countries 

for energy production. It is converted to several forms of energy such as biofuels or to bio-

products for example bio-plastic and starch-based adhesive material by different methods. Many 

forms of energy can be produced from biomass such as electricity, heat and other fuels [54, 55]. 

Figure 2 shows the procedure of producing energy from biomass and its products [56]. 

  

Figure 2: AD process and resulted bio-products [56]. 

1.2 Contribution to the Science of Biomass Energy 

In light of the increasing environmental and health risks resulting from the accumulation of 

waste in general and food waste in particular, in addition to the emissions of fossil fuels, this 

study provides some novelty in this regard. The study seeks to provide some solutions to 

overcome some of the obstacles that hinder the AD process and expand the rely on bio-products. 

It also seeks to provide some solutions and options for managing food waste instead of using 

improper disposal. It is possible to exploit the waste of some food even before anaerobic 

digestion (AD), by extracting some compounds to produce other bio-products. 

 The study sought to produce numerous bio-products: biogas, digestate, biodiesel, glycerine, and 

starch-based adhesive from two types of food waste (cassava peel and date seed). The study 

introduces the principle of an integrated approach, by using the Hollander beater for the first time 

in pre-treating the cassava peel, plus extracting starch from it at the same time. No other studies 

were found, demonstrating the extraction of starch from cassava peel, using it to produce starch-
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based adhesive material, or using the residue in the AD process for biogas and methane 

production. Also, the effect of starch extraction from cassava peel on the quantity and quality of 

biogas produced, was equally not previously studied. So in this work, the effect of starch 

extraction from cassava peel on the quantity and quality of the biogas produced was analysed. 

Equally this study is unique to the study of biogas production from Sagai date seeds, before and 

after extracting oil from it, directly after grinding pre-treatment without additional heating or 

crushing processes, and its effect on the quantity and quality of the resulting biogas. The study 

shows the effect of starch and oil extraction on the digestate resulted from the AD of cassava 

peels and date seeds and gains more knowledge about it components and properties. The effect 

of temperature, volatile solid and sludge quantity was studied and analysed in terms of its effect 

on the quantity and quality of biogas. The optimisation process was performed in the study to 

calculate the energy balance at optimal settings. Moreover, the biodiesel produced from the 

Sagai Date Seed oil through Soxhlet extraction method was tested and compared with the 

standards and biodiesel formed from other date seed types. The resulting glycerine also was 

tested to determine its properties and compliance with standards. Furthermore, the starch 

extracted from cassava peel was utilised for the first time to produce starch-based adhesives from 

two types of gelatinisation (base and acid) in the adhesion of plywood, plastic and paperboard 

specimens, to determine its properties The energy balance calculations, the bio-product 

production cost and the preliminary analysis of process boundary were presented in this project 

as well. 

This study will answer the following questions: 

1- What is the effect of starch extraction from cassava peels on the quantity and quality of 

biogas? 

2- What is the effect of extracting oil from the Sagai Date Seed on the quantity and quality of 

the biogas? 

3- Is there an effect on extracting starch from cassava peel and oil from date seed on the 

resulting digestate? 
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4- What are the energy balance calculations resulting from the production of biogas from 

cassava peel and Sagai Date Seed after extracting starch and oil from them? 

5- To what extent the production of starch-based adhesive material, biodiesel and glycerine 

from food waste would be feasible? 

1.3  Objective and Aims of the Research 

The main objective of this study is to provide alternative uses for the accumulated food waste 

and the obstacles facing the process of anaerobic digestion through the exploitation of food waste 

in the production of multiple bio-products in addition to the biogas resulting from them. Some of 

food wastes contain starch within its waste, such as cassava peel. Exploiting the presence of 

starch in food waste in producing several bio product such as starch-based adhesive material and 

bioplastic may enhance the anaerobic digestion process without affecting the quantity and quality 

of biogas and digestate generated. Extracted starch cassava peels were used as a feedstock in the 

AD to produce biogas. The starch-based adhesive were subsequently produced from cassava 

peels starch, tested to determine its properties and calculate its production cost. 

 The study also aimed to explore the quantity and quality of biogas produced from date seeds 

after grinding pre-treatment without exposing them to any other treatment such as heating or 

crushing. The effect of oil extraction from the date seed on biogas quality and quantity will also 

be examined. The ability of biodiesel and glycerine from dates seed oil to enhance the AD 

process will be investigated as well in this study. Moreover, the effect of starch and oil extraction 

on the resulting digestate will be clarified as well, to gain more knowledge about its components 

and suitability for agriculture applications as a biofertiliser and soil amendment. 

The effect of some factors affecting AD process, such as temperature, volatile solid 

concentration and sludge quantity, were analysed during this study. The effect of interaction of 

these factors on the biogas produced were analysed to reach to the optimal composition to 

maximise the biogas and methane (CH4) percentage and to calculate the energy balance at the 

optimal settings. 
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1.4 Thesis Outline 

The thesis is organised as follows: 

• Chapter 1: This chapter provides an introduction to the work in this study followed by the 

contributions and objective of the study. 

• Chapter 2: The literature review section highlights the background of waste management, 

waste biomass to produce energy, food waste, pre-treatment, AD process and some of 

AD products: (biogas, biodiesel, glycerine, starch-based adhesive material and digestate). 

• Chapter 3: The substances and inoculum used in this work in addition to the experiment 

design and equipment used in the experimental works are presented in this chapter. 

• Chapter 4: The fourth chapter illustrates and discusses the results of the AD experiments 

of cassava peels and date seeds before and after oil extraction, biodiesel and glycerine 

properties and the results from the adhesion of plywood and paperboard specimens with 

the adhesive obtained from acid and base gelatinisations.  

• Chapter 5: Describes the energy balance calculations of the optimal settings, calculates 

the production cost of biodiesel and glycerine and starch-based adhesive and the 

preliminary analysis of process boundary assessment. 

• Chapter 6: Provides a summary of main conclusions and future works.  
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Chapter 2 

2 LITERATURE REVIEW 

2.1 Waste Management 

The incentive for waste minimisation and management has become essential, as waste 

accumulations lead to growing environmental hazards. This involves the recycling, reuse or 

application of waste via various waste generation techniques. Dealing with waste properly helps 

to reduce greenhouse gases and thus works to reduce global warming. The UK Climate Change 

Act of 2008 recommended a reduction of the amount of harmful emissions by 80% by 2050 [57]. 

Figure 3 shows the EU and other countries hierarchy of waste disposal priorities by rethinking, 

reducing, reusing, recycling or utilising them in energy production and finally disposal, (which is 

the least favoured option) [58-60]. The waste management system is an integrated waste 

management process that begins with waste handling and ends with recycling or destruction. The 

waste management process goes through several steps, Table 1 clarifies these steps in addition to 

the energy used in food waste management [61-63]. Failure to exploit and properly utilise waste 

leads to loss of a source of energy in addition to the other damages causes by its accumulated 

[64]. 

 
Figure 3: Waste hierarchy [58, 60]. 
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Table 1: Steps involved and energy consumed of food waste in a waste management system [62, 
63]. 

* FWT: Food waste treatment, AN: Aerobic and anaerobic digestion, CC: Centralised composting, CD: Co-disposal. 

2.2 Waste Biomass to Produce Energy 

Biomaterials derived from all parts of living plants such as fruits, trunks and tree leaves are 

biomass [54]. This Lignocellulose biomass, in addition to wood and grass, are suitable sources to 

convert to renewable energy [65]. Biomass is sustainable source, with annual production 

estimated at about 100 billion metric tons annually around the world [66]. One of the most 

important challanges facing the AD plants is the process of moving low density and large 

quantities biomass (as it contains high water content), as the only way to minimise this challenge 

is to use biomass in the vicinity of the AD plant. Supply operations account for the largest share 

Initial step Sub step Energy consumed of food waste management 

system  [MJ/fu] 

Process FWT* AN* CC* CD* 

Production of 

materials  

Waste sources  Capital equipment 

(material) 
24 47 53 54 

Source separation  
Internal collection  Collection of 

organic waste 
_ _ 487 147 

Production rates  
Waste types  Avoided 

Transportation 
-2.3 -6.8 -6.8 _ 

  
Collection and 

transport  

Collection  Transportations 57 _ 4.9  
Transport  Water supply 15 _  1.0 
Transfer  Wastewater 

treatment 
15 _ 0.20 0.0007 

Treatment  Physical: Shredding, 

sorting, compacting Thermal: Incineration, 

gasification  
Waste pre-

treatment 
38 _ 122 17 Biological: Anaerobic 

digestion, aerobic 

composting  Final disposition  Recycling  
Total 146 40 661 218 

Land filling 
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of the biomass energy cost [67]. It is worth reducing these costs by working with supply 

operations, due to the low cost of biomass energy [68, 69]. The supply of biomass includes the 

processes of collection, transportation, storage and utilisation. Figure 4 demonstrates the general 

supply operation of biomass [70, 71]. In an analysis study of the supply chain of wood biomass 

found that the transportation process has the largest share in energy consumption and harmful 

emissions [72]. 

                                    

Figure 4: Supply operation of biomass in general [70]. 

Muscat, et al. (2019) [73] identified the most important factors that have a positive or negative 

affect on the use of the biomass. One of the factors affecting the use of biomass is the increase in 

demand for bioenergy, due to the fact that its sustainability is linked to many other factors such 

as increasing food prices and water consumption. Working to increase the quantities of 

agricultural crops without expanding the agricultural areas helps in reducing the effects of the 

increased demand for biomass [73]. The study also indicated that the effectiveness of supply 

processes contributes to reducing food waste and enhance the sustainability of biomass energy. 

[74]. The type of biomass used in the production of bioenergy determines its sustainability. It 

also determines whether it is possible to produce additional bio-products [73, 75]. 

Biomass energy contributes to energy security and sustainability, which reduces concerns about 

the greenhouse emissions to near zero. That would be achieved for the small amount of 
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emissions from biomass recourses, which reduces harmful effects on the environment and health 

[76, 77]. Zero emissions can be achieved by balancing biomass production and use [78]. 

2.3 Food Waste 

Food waste is the material that is produced of, when preparing food in homes or commercial 

settings. These wastes consist of vegetables and fruits wastes, grain waste, animal waste and 

other food waste [79]. A third of this excess food waste that is disposed to landfill, which results 

in environmental damage and negative climate change [80, 81]. Therefore, minimising food 

waste has a role in the improving welfare, economy, sustainability and environment of 

developing countries [82]. Other ways to dispose of waste include burning or storage in landfill, 

which cause pollution and/or harmful emissions such as CO2, resulting from storage or during 

transportation. These damages effect negatively on human life and pose a threat to the 

environment [83, 84]. Landfills may not be able to handle the increasing number of food waste in 

the future, so it is necessary to find sustainable ways to dispose of waste [85]. Utilising these 

wastes to produce or recycle bio-products is an appropriate, environmentally friendly and 

sustainable choice [86].  

The management of food waste in retail stores has become an important issue because of its 

influences on the efficiency of the commercial process [87, 88]. Food waste from stores 

represents 5% of total food waste in Europe, while it reaches 13% in the United State [89, 90]. 

One of the reasons for the accumulation of waste in retail stores is related to the poor packaging 

process. Inadequate and excessive storage also contributes to waste [91]. Food waste in Europe 

for the year of 2012 was estimated at 88 million tons. The share of each person was more than 

170 kg of food waste per year which counts about 20% of the total food of 865 kg/person of food 

produced for each person [89]. While food waste in 2019 was estimated at more than 119 million 

ton in the EU [92]. Table 2 and Figure 5 shows the share of sectors and people in the 

accumulation food waste in Europe in 2012 [89]. Ireland produces nearly one million metric tons 

of food waste from individual consumer and the commercial sector waste, even though 

approximately 10% of the population is undernourished [93]. The per capita quantity in Saudi 

Arabia from the food waste was estimated between 1.2-1.4 kg/day, or approximately 511 kg 

annually [94]. The value of these food wastes was estimated at 70 million SR daily or 8 million 

meals/day, which means disposing of 1.65 million tons annually of food in the landfill [95, 96]. 
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Table 2: The sectors and person share in accumulation food waste [89]. 

Sector Food waste 
Million ton Kg/person 

Primary production 9.1 18 
Processing 16.9 33 
Wholesale and retail 4.6 9 
Food service 10.5 21 
Household 46.5 92 
Total food waste 87.6 173 

                                                                              

Figure 5: The sectors share in accumulation food waste [89]. 

The amount of surplus food around the world is estimated at 1.3 billion ton annually [97]. While, 

currently more than 690 million (8.9% of the world population) hungry people exist in the world. 

It is expected that in 2030 these number will reach to 840 million of hungry people which 

represent approximately 10% of the world's population [97, 98]. This large amount of food 

waste, which accounts for a large proportion of food production, contribute to many 

environmental, health and social issues [82, 97]. In order to reduce the issue of disposal of 

surplus food to landfill, their re-use must be exploited. Exploiting waste can be achieved by 

raising awareness consumers about the harmful effects of food disposal, managing the waste 

generated by residential complexes, public places such as restaurants and hospitals would also 

assist in the reduction of waste accumulation in landfill [99-101]. Additionally, energy plants 

play an important role in waste management when the waste used in renewable energy 
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production processes [102]. Food and agricultural waste, which are the most important biomass 

waste resources, contribute in increasing environment and health risks. The exploitation and 

treatment of these wastes to produce bio-products, producing energy and fertilisers contributes to 

promote the renewable energy, and thus sustainability [102, 103]. 

Population growth has led to more energy consumption from fossil fuels, accompanied by 

increased harmful emissions and global temperatures. Population growth and rising temperatures 

rely on clearing land by deforestation. By the end of the last century, deforestation contributed to 

more than 35% of global warming. Continued deforestation at the same rate is expected to cause 

an increasing the world's population to more than 14 billion in 2100 [104]. Simultaneously, a 

decrease in the rate of deforestation may keep the population at around 10.3 billion [104]. 

Factors such as agricultural expansion, infrastructure development and exploration for oil and 

minerals constitute further deforestation [105-107]. The unjust cutting of forests for the 

production of fuelwood and charcoal contributes to this deforestation [108]. Among the factors 

that threaten the existence of forests is the fires due to human caused climate change [105]. 

A study on deforestation in 28 tropical areas found that the motives for deforestation lie in 

commercial and subsistence farming, in addition to the desire for expansion and development. 

Cassava cultivation was one of the major deforestation crops. The agricultural expansion of 

cassava cultivation in tropical regions is a major driver of deforestation. Although cassava is a 

staple crop in many tropical cities, its effect on deforestation has not received attention [109]. On 

the other hand, globally there has been an increased demand for palm oil production from 

Southeast Asia, Africa and Latin America, which calls for the sustainability of palm oil 

production. This could lead to more deforestation and consequently environmental damage. The 

proportion of land used to cultivate oil palms around the world has increased nearly six-fold, 

reaching more than 21 million hectares from 1961 to 2017 [110, 111]. Oil palm cultivation has 

been associated with many negative impacts on the environment and society due to sustainability 

and the resulting greenhouse gas emissions [112]. Also, oil palm plantations carry out many 

other harmful operations, such as the use of wastewater, fertilisers and petrol (gasoline) to 

remove weeds [113]. Several measures are being worked on to reduce these impacts, such as oil 

palm cultivation in areas with less carbon pollution, avoiding deforestation and the use of bio 

fertilisers and biodiesel [114-116]. There is an urgent need to develop solutions to reduce the 
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impact of oil palm cultivation sustainability on the environment and human health, by creating 

an environmentally friendly supply chain that reduces the negative effects on human health 

[117]. Despite this, the cultivation of oil palm trees has positive effects on the producing 

countries, such as improving income, providing job opportunities and economic growth [118, 

119]. The composition of the oil palm differs from date palm, as in the date palm contains 100 

times more sugars than the oil palm, which contains more oil, despite both trees appearing to be 

same, as shown in Figure 6 [120].  

Forests in Saudi Arabia, which constitute 1.3% of the total area, are facing degradation due to 

lack of rain, high temperatures and natural factors. Urban expansion in addition to deforestation 

represents major challenges to sustaining forest development. Recently, there has been a lot of 

interest placed on many projects to plant trees and restore forests. It is imperative to raise 

people's awareness of the importance of preserving forests and trees for the success of these 

initiatives [121-123]. 

 
Figure 6: (a) Oil palm and (b) date palm trees and fruits compositions [120, 124, 125].  

 

 

(a) 

 

 

 

 

 

(b) 
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2.3.1  Cassava 

Cassava shown in Figure 7 is a tropical plant that grows in many countries in Asia, Africa and 

South America and in low-fertility soils [126, 127]. Its length reaches to 35 cm and diameter up 

to 10 cm, it is also known as manioc, tapioca and yucca [128, 129]. It is harvested after 8-24 

months after planting and does not depend on fertilisers or any other materials in its production 

[129, 130]. Globally, more than 200 million metric ton a year were produced from cassava in 

2015, so it is considered one of the most important food sources that are rich in carbohydrates 

[131]. In 2018, cassava yields rose by almost three fold to reach to 550 million metric ton; about 

350 million metric ton [132] of them are cassava waste (peel, leaf, bagasse and stem). More than 

two-thirds of the annual cassava crop is waste including peel, leaves and stem [132]. 

Approximately half a ton of cassava peel and pulp produced per ton of processed cassava is used 

to produce ethanol and starch in some Asian countries such as Indonesia and Thailand [131, 

133]. The cassava peel counts up to 20% of its fresh weight. Table 3 shows the main 

composition of cassava [129]. That cassava peel percentage could reach up to 30% by hand 

peeling [134]. Many products can be produced from cassava peel, which made it an area of 

interest for researchers [135]. The cassava peel is rich in starch [136]. In fact, one of the cassava 

peel uses has been the production of biogas and bio-fertiliser by AD process [132, 137]. 

 
Figure 7: Cassava. 
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Table 3: Composition of cassava [129].  

Composition  % of Fresh Weight 
Moisture 62-66 
Total Solids 38 
Volatile Solids 99 
Ash 0.9-1 
Peel 10-20 
Starch 18-32 

Cassava is not cultivated in Saudi Arabia due to its large abundant need for water, rain and tropical 

climate. Nevertheless, for the plant diversity in Saudi Arabia, a study was conducted for the purpose 

of cultivating cassava in Saudi Arabia and studied its potential to adapt in the environmental and 

regional conditions. It showed a vigorous and rapid growth after exposed to hardened process 

adaption [138]. Saudi Arabia imported approximately 535 metric tons of cassava in 2019 from 

many countries such as India, which has the largest share of cassava exported to Saudi Arabia [139]. 

However, cassava is not grown in the Arabian Peninsula, except it grows in Zanzibar and in some 

lands in Oman [140]. 

The highest biogas yield was of a study on the production of biogas from cassava peel with urea 

under mesophilic condition at 80.79 ml/g.TS added [141]. The cassava peel was treated by soaking 

it in water for 7 days. The study concluded that the 0.01 of urea with cassava peel increases the 

biogas volume by 24.33% [141].  Jekayinfa and Scholz [142] found that, the highest biogas volume 

and methane content volume produced from cassava peel were 660 ml/g-VS and 280 ml/g-VS 

respectively at 35°C.  

2.3.2 Palm Date  

The palm tree has existed for more than 5,000 years ago. It grows in extreme climatic conditions, 

which normally not ideal for the growth of many other plants [143, 144]. It can grow and survive 

in arid, semi-arid and hot climate regions [143]. A palm date is scientifically known as “phoenix 

dactylifera L.”. It is an essential food for many countries such as the Middle East, North Africa. 

It is one of the oldest and main staple food in this region due to its content of several nutrients 

[144]. Its composition and other contents of vitamins and minerals make it a highly nutritional 

and health value products. Many people worldwide depend on the date for their daily diet as a 

main source of food. Although dates are rich in sugars, the Glycaemic Index of date is low and 
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therefore, their regular consumption do not lead to health worries [145]. That is due to the high 

quality of carbohydrates in dates which resulting in a low glycaemic response [146]. Some of the 

well-known types of dates are Sagai, Ajwa and Sukkary [147]. The Sagai Date is illustrated in 

Figure 8 and the date composition is shown in Figure 9. Dates are processed in mass production 

to produce many products such as date syrup and date paste [148, 149]. The seed is one of the 

wastes produced from the date, which annually estimated at more than 960 thousand tons. It is a 

solid rectangular body inside the dates, tends to be brown in colour [150, 151]. The date seed is 

used as a source of energy, nutritious drinks and polymer components [152-154]. In addition, 

some studies extract oil from the date seed in order to produce biodiesel [155-158]. Date Seed 

Oil is also used in cosmetic industries such as creams, shampoos and soaps [159].  It consists of 

more than 90% carbohydrate, protein and lipids and this enhances its use as a source of biogas 

production through the AD process [160]. This high carbohydrate percentage is a catalyst for 

microbial fermentation in the AD process [161]. Date palm tree produces many other wastes 

such as leaves and fibre [162]. Date palm fibre can be used as a filler and reinforcement material 

[163, 164].  

The annual production of dates in 2004 was estimated at approximately 7 million ton, while the 

value of the resulting waste was estimated at 2 million ton [165]. The total production reached 

more than 9 million tons annually in 2019, which harvested in approximately 1.4 million ha 

[166]. The disposal of these wastes in landfill has contributed to increasing the harmful 

emissions into the air, resulting in the increment of global warming across the globe [167]. The 

structure of date fruit is known to consist of three parts: seed, skin or date flesh (pulp) and 

endocarp (Figure 9). The largest share of date seed weight is for the skin while the seed 

represents 10-15% [148] of the whole date weight. Table 4 shows the components and 

proportions of dates for a type date seed (Dalaki). The seed is the main waste of dates and is 

often used as animal feed [148, 168]. Egypt, Iran, Saudi Arabia, Algeria and Iraq are the most 

prolific producers of dates in 2012. The total production of dates in the world was estimated at 

7,500,000 mt (metric ton). The share of the five countries of total production was about two third 

of the world’s production. Table 5 shows the largest producing countries dates for the year 2012 

and the share of each country [169, 170]. In 2018, Egypt, Saudi Arabia, and Iran produced nearly 

half of the world's production, by an increase of about 25%. In contrast, Tunisia is the world's 

largest exporter of dates, with more than 17.5% of global production in 2018 [154]. 
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Figure 8: Sagai date  

 

Figure 9: Date composition [148]. 

Table 4: Dalaki date components proportions [168].  

Date Part Content (% dry basis) 
Flesh 85.7 ± 0.12 
Seed 13.8 ± 0.29 
Skin 0.50 ± 0.15 
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Table 5: The top 10 countries producing dates and their share in 2012 [169].  

Rank Country Date Yield (mt) 

1 Egypt 1400000 
2 Iran 1069655 
3 Saudi Arabia 1031082 
4 Algeria 789357 
5 Iraq 655450 
6 Pakistan 524612 
7 Sudan 433500 
8 Oman 281000 
9 United Arab Emirates 221529 
10 Tunisia 192000 

Dates in Saudi Arabia consider as one of the most important food crops. The number of palm 

trees was estimated at more than 25 million palm trees cultivated in 107,281 ha. The total 

production of dates in 2016 was more than 1.1 million tons of dates [171]. While the number of 

palm trees increased in 2019 to more than 30 million palm trees, producing more than 1.4 million 

tons annually [172]. Palm trees can withstand water stress and dryness for long periods of time, 

as their roots spread across the ground to reach wet areas [173]. Half of the palm trees in Saudi 

Arabia are irrigated by drip irrigation, which reduces water consumption, while the rest of the 

trees are irrigated by flood irrigation [171]. The regions of Riyadh and Al-Qassim are the largest 

areas for growing dates in Saudi Arabia, with 39,301 ha under cultivation, with an estimated 

production of 190,000 tons of dates in 2011 [174]. Saudi Arabia's export of dates increased from 

108,000 tons in 2015 to 130,000 tons in 2019 [175]. There are about 29 types of dates grown in 

Al-Qassim region [176]. In Saudi Arabia, there are more than 300 types of dates, each has a 

different shape and taste. Moreover, the chemical composition and sugar content of each type is 

a bit different. Table 6 shows the chemical compositions and sugar content of some date seeds 

[177]. Figure 10 illustrates the different shapes for several date types [178].  
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Table 6: Chemical compositions for different date seed types (g/100 g dry weight).  

Date type Chemical composition Total 
Sugar 

 Ref 
Moisture Protein Lipid Ash 

Zahdi/Zahidi 26.1± 0.0 3.38 ± 0.00 N/A 2.53 ± 0.00 68.5±0.00 [179, 180] 
Digal 10.0  ± 0.0 2.00 ± 0.00  

 

8.00 ± 0.00  25.0 ± 0.00 

  

 

55.0± 0.00 [167] 
Khalas 14.2 ± 3.7 7.61 ± 0.00 N/A 1.10 ± 0.00 82.5±0.00 [181, 182] 
Sagai/Segae 14.5 ± 0.1 2.73 ± 0.04 0.41 ± 0.005 2.29 ± 0.03 79.7± 0.20  

 

 

[177] 

Ajwa 22.8 ± 0.1 2.91 ± 0.02 0.47 ± 0.001 3.43 ± 0.01 74.3± 0.20 
Shalaby 15.2 ± 0.2 4.73 ± 0.01 0.33 ± 0.005 3.39 ± 0.01 75.9± 0.50 
Khodari 19.5 ± 0.1 3.42 ± 0.03 0.18 ± 0.004 3.42 ± 0.04 79.4± 0.30 
Anabarah 29.5 ± 0.2 3.49 ± 0.01 0.51 ± 0.004 2.33 ± 0.01 78.4± 0.20 
Sukkari 21.2 ± 0.1 2.76 ± 0.01 0.52 ± 0.001 2.37 ± 0.05 78.5± 0.10 
Safawy 23.6 ± 0.3 2.48 ± 0.02 0.12 ± 0.003 1.68 ± 0.01 75.3± 0.10 
Burni 24.4 ± 0.1 2.50 ± 0.04 0.67 ± 0.001 2.02 ± 0.01 81.4± 0.04 
Labanah 10.5 ± 0.1 3.87 ± 0.05 0.72 ± 0.002 3.94 ± 0.02 71.2± 0.10 
Mabroom 21.3 ± 0.1 1.72 ± 0.05 0.27 ± 0.001 2.79 ± 0.05 76.4± 0.07 

N/A: Not Available 

 
Figure 10: Different types of dates [178].  
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Jaafar [183] showed that the amount of biogas produced from AD in thermophilic conditions at 

55 °C was estimated to be 570 ml/g-VS. The methane percentage was found to be 67%. Zahdi 

Date Seed was treated by boiling it in water and then allowed to cool down wherein the resulted 

feedstock was washed and filtered twice. Lattieff [167] found that 15% of Digal Date Seed/water 

produced the highest amount of biogas of 182 ml/g-VS at 37 °C and for 28 days. The biogas 

volume was increased to 203 ml/g-VS when using recycled digestate waste. In his study, the pre-

treatment process for date seed was not discussed in detail. The researcher mentioned that the 

date seed were pitted and shredded before the AD process. 

The studies on AD of oil-extracted dates are scarce, where only one study looked at the 

production of biogas from extracted oil of two types (Khalas and Khudari) of date seed [181]. 

There are some studies which researched extracting oil from date seeds to produce biodiesel 

[167, 183]. In one study [181] of biogas production from raw and oil-spent date palm seeds, two 

types of date seeds (Khalas and Khudari) were mixed with wastewater treatment sludge. The 

seeds were washed by water to remove the remains and dried in oven for 24 h at 50 °C. The 

seeds were crushed using a steel hammer, then ground by using a household mixer and sieved 

into three different sizes 1.18-3.75, 0.6-1.18, and 0.425-0.6 mm. Grounded date seeds co-

digested with wastewater sludge at seed/sludge total solids ratios of 0%, 2.5%, 5%, 7.5%, 10%, 

20% and 40%. The incubation period for the reactors was 14 weeks. There was no significant 

effect of the date seed grain size on the biogas volume produced, although the smallest grains 

size produced slightly more biogas. The study found that there was no significant difference in 

the biogas produced from the raw date seeds and extracted oil date seeds. The highest biogas 

volume reached was 390 ml/g-VS when the seed/sludge ratios were 0-10%. Mixtures containing 

higher percentages of date seeds/sludge (20% and 40%), they provided higher amounts of VS, 

however the yield of biogas was lower than that for the sludge alone. The reason for this, was 

due to inhibition and acid accumulating which was determined as a result of low pH. The oil 

extracting process improved digestion efficiency and decreases the inhibition of biogas 

production. The average methane ratio from the total biogas was about 65%. A Soxhlet 

extraction method (an effective oil extraction method that will explain later in the next chapter) 

was used to extract oil from the date seeds with a solvent mixture with methanol, chloroform and 

water volume ratio of 2:1:0.8 respectively [181].  
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2.4 Anaerobic Digestion 

AD is an efficient and reliable method to produce energy from natural sources. It produces more 

net energy than many other energy-producing techniques from microorganisms such as 

gasification and consumes less energy [184, 185]. The AD process is the process of converting 

organic matter into biogas in the absence of oxygen (O2) by different types of bacteria. Biogas 

contains different gases in different percentages. Methane is the main component of biogas, 

generally reaching up to 70%. The remaining gases containing up to 45% of CO2 and the balance 

includes O2 and hydrogen sulphide (H2S) [186, 187]. Several types of inoculum, such as sludge 

from wastewater treatment plants and sludge of manures are used in the AD process. The process 

of producing biogas through AD goes through four stages as shown in Figure 11 [188]. There are 

many factors that influence the AD process, for example, the temperature; its effect in the 

thermophilic (50-60 °C) condition is different than in mesophilic condition (30-40 °C) [189]. 

The result of a fast reaction rate in thermophilic, results in a biogas that is higher than in 

mesophilic with the potential for acidification, which affects the AD production. The rise in 

temperature leads to an increase in the energy used and thus raising the production cost. 

Mesophilic conditions are less sensitive to environmental changes and have better stability, 

however the methane yield is lower than that for in thermophilic conditions [190, 191]. 

Moreover, the pH, Carbon/Nitorgen ratio (C/N), retention time and the organic load rate also 

have an effect on the AD process and thus affect the quantity and quality of the process output 

[190]. The bacteria growth process is affected by the pH, so the optimal value of the pH is 6.5-

7.2 [192]. Adjusting the C/N ratio between 16.5-24.9 found the optimal range for food waste 

[193]. The time required to keep the organic material in the reactor to complete the biogas 

production process is known as the retention time. The retention time depends on the 

temperature used and is associated with the organic load rate. The time required for completing 

the degradation process and producing the biogas within a mesophilic condition is typically 15-

30 days while it is a little shorter under thermophilic condition [194]. A two-stage digestion 

process can reduce the retention time to 12 days without affecting the process or the quantity of 

energy produced [44]. 
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Figure 11: AD stages [188]. 

In addition to biogas, a rich nutrient digestate can be produced from an AD process. Figure 12 

shows an overview of the resulted products and their use [195]. The exploitation of this digestate 

leads to enhance the benefit of using the AD process, by increasing the process products value. 

The resulting digestate can be used in many fields such as a bio-fertiliser or soil amendment in 

agriculture or reuse it in a two-stage AD process [196, 197].  
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Figure 12: AD products and uses [195].  

The AD process faces many challenges that limit its further exploitation and use. Among these 

challenges is the instability of the process due to inhibition of substrates that disrupt the stability 

of AD and inhibit methane production. The presence of some elements in large quantities such as 

protein, fats, minerals, pesticides and other organics in the substrates inhibits the AD process by 

inhibiting microbial activity [198]. Controlling the factors affecting the process such as, 

temperature, pH and organic loading provide process stability [198, 199]. Digestate quality is 

another issue that faces the AD process, as the dehydration of digestate leads to the loss of large 

amounts of the necessary elements that it contains, such as nitrogen and phosphorous [200]. The 

recovery of these elements leads to more costs [201]. Digestate can be recycled and reused in 

AD processes [167, 202]. Although mechanical pre-treatments effectively treat substrates to 

increase biogas production, they are costly in terms of energy consumption [203]. 

2.5 Pre-treatment 

Biomass consists of complex compositions that make analysing and decomposing them difficult 

[204]. Breaking up these complex compositions helps in converting some of the compounds into 
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simple sugars. The pre-treatment process aims to disassemble the protective layer of sugary 

compounds and increases the porosity of the biomass to facilitate their digestion [205]. Fruits 

biomass contain inhibitors that may reduce yield despite their easy degradation [206]. Bacteria 

actions that are in the sludge causes the release of compounds inside the cells, which helps to 

improve biodegradation, thereby enhancing the AD and increasing the resulting biogas [207]. 

The pre-treatment process enhances the hydrolysis and methanogenesis in the AD process with 

increases in resulting methane yield [208]. The biogas from food waste is associated with the 

cellulose (either total solids or carbohydrates) amount presented in the waste. Therefore, the pre-

treatment of these wastes makes the conversion of cellulose into simple sugars in addition to the 

lignin compounds easier. These simple sugars make their hydrolysis less complicated as shown 

in Figure 13 [86, 209]. Non-biological pre-treatments, despite their efficiency, they are 

expensive, consume high energy and producing a considerable amount of harmful chemical 

wastes. Therefore, biological pre-treatments are more desirable as they are cost less and have less 

harmful emissions [210, 211].  

There are several methods of biomass pre-treatment that are used to make it digestible by 

microbes. Pre-treatment is accomplished under certain conditions to prevent degradation 

processes. There are different types of pre-treatments for biomass, including physical/mechanical 

pre-treatments e.g. (beating, grinding and milling), thermal pre-treatment such as (microwave), 

chemical pre-treatment e.g. (alkali) and biological pre-treatment e.g. (microorganism) [206, 212-

214]. 

 



 27 

 
Figure 13: The pre-treatment effects on food waste [86]. 

2.5.1 Mechanical Pre-treatment 

Several studies have demonstrated the need of substances for pre-treatment due to the effect of 

their partical size on the AD outcomes [215-217]. Mechanical pre-treatment includes chipping, 

grinding and milling processes. They perform to increase the susceptibility biodegradation of 

substances before the AD process [218]. It also helps in reducing polymerisation and 

crystallisation of cellulose [219]. Mechanical pre-treatment of substances especially that rich in 

fibres and seeds helps in improving the biogas volume than untreated substances [220]. 

However, it modifies the substances physical properties, such as increasing the surface area. This 

facilitates digestion and microbial feeding in AD. Moreover, it contributes to reducing the 

retention period for biogas production [221]. The particle sizes produced vary according to the 

treatment method, for example the sizes ranging between 10-30 mm as a result of the chipping 

pre-treatment, while, in milling and grinding pre-treatment it is between 0.2 and 2 mm. However 

reducing the practical size to less than 0.4 mm has been shown to have no effect on the volume 

of biogas produced [216, 222]. The required particles size and the energy consumed depend on 

several factors, including the type of substances and the treatment time, as the treatment of 

woody materials requires more energy than agricultural materials [219, 223].  
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 A) Beating Pre-treatment 

Beating treatment is a treatment method used to treat substances to improve the AD Process. The 

bioenergy group at DCU introduced this treatment method using Hollander beater device in the 

last decade. The beating treatment process breaks down the substances and increases their 

surface area. This increases the chances of microbes feeding and thereby increasing the biogas 

yield. Beating pre-treatment has been applied in many previous studies to produce biogas on 

food waste, algae and paper [224-226].  

In a study [224] of producing biogas from sludge with silage corn, fresh grass and potato peels, 

the feedstock was pre-treated with a Hollander beater before being mixed with sludge. It was 

found that beating pre-treatment has a positive effect on the volume of biogas resulting from the 

AD of these substances. The yield of biogas from silage corn increased by approximately 27%, 

while it increased with fresh grass to more than 38% and 31% with potato peel compared with 

untreated feedstock. The pre-treatment time for silage corn was 20 minutes while it was 5 

minutes for both fresh grass and potato peel [224]. 

A study conducted by Tedesco (2014) [226] showed the effect of algae beating treatment on 

biogas and methane production. Whereas, the beating treatment increased the yield of biogas by 

52% and increased the volume of methane by 53% compared to untreated algae [226]. Rodriguez 

(2017) [225] found that beating treatment of paper contributed to a 21% increase in methane 

yield. In this study, it was found that treating the paper with a Hollander beater for 60 minutes 

produced the best volume of methane. The methane yield did not raise much when the paper was 

treated for 30 minutes. In order to reduce the operating costs by reducing treatment time and 

increasing methane yield, an optimisation process was applied. It was found that the optimum 

methane was increased 17% at 245 ml for 55-minute of treatment time [225]. 

B) Grinding Pre-treatment 

Milling and grinding are common pre-treatment processes that are used in treating lignin 

biomass. The choice between them is made based on the wet content of the biomass [227]. In the 

grinding pre-treatment the surface area, the polymerisation and the porosity of the substances are 

modified which helps in improving their degradability. These properties could be changed based 

on the type and conditions of grinding [223, 228, 229]. The particle size from the grinding 
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process ranges between 0.2-2 mm [230]. The surface area of the material increases with 

increasing the degree of grinding, accompanying with an increase in energy consumption [231]. 

The grinding machine supply by feedstock into the grinding chamber and inserted in batches by 

rapid mechanical effects. Grinding occurs when materials collide with rotating teeth or a sieve 

[232]. Several studies conducted on the impact of the grinding/milling pre-treatment on the 

biogas and methane yield. Table 7 illustrates some of these studies and their effect on 

Biogas/Methane yield and AD conditions [48].  

Table 7 : Effects of grinding/milling pre-treatment on the biogas/methane yield [48].  

Biomass AD Conditions Effect on 
Biogas% 

Effect on 
Methane% 

References 

Elephant grass, Mexican 
sunflower, Siam weed 

37 °C, 30 days - 22 [233] 

Meadow grass 54 °C, 27 days 27 - [234] 
Wheat straw 37 °C, 28 days - 49.3 [235] 
Ensiled meadow grass 54 °C, 20 days - 25 [236] 
Rice straw 35 °C, 25 days 17.5 - [237] 

2.6 Biogas 

The biogas resulted from the AD of organic waste is flammable, colourless and contains several 

gases at different percentages. The highest biogases percentages reached more than 60% of CH4 

and up to 40% of CO2 [238]. Oxygen (O2), Hydrogen Sulfide (H2S) and nitrogen (N) are the 

other gases that produced at a lower percentage of 1-5% [239, 240]. Biogas has been used as a 

primary source of energy for households from the past in some countries in Asia and Africa. It 

was then used to produce energy in Western Europe and Northern America. Biogas is currently 

used in many countries for heating, electricity production and to produce transport fuels (i.e. 

converted to methane) [241]. Using the biomethane from food waste as vehicles fuel could 

reduce harmful emissions [242]. Several factors affect the production of biogas such as 

temperature, retention time, mixing, substances volatile concentration and pH. These factors may 

slow or reduce the biogas yield [243].  

The temperature plays an important role in the biogas production process. In thermophilic, the 

methane yield enhances, while in the mesophilic, less methane yield [244, 245]. The reaction 

temperature should be monitored and controlled to maintain the temperature constant, especially 

when climate changes affect the reactor [240]. Retention time is the time required for the 
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decomposition of organic matter during the AD process. It is also related to the temperature, as 

in the mesophilic conditions the retention time for organic waste is between 15 to 30 days, while 

it is up to 14 days in the thermophilic conditions [224, 246]. Mixing (shaking) process stabilises 

the digester and increases the methane volume [247, 248]. It also increases the possibility of 

contact between bacteria and feedstock, distributes bacteria and temperature eventually in the 

reactor and prevents deposits. Slow mixing is recommended to avoid disrupting the bacteria 

[224]. The mixing process can be achieved by using mechanical mixers, reactor recirculation or 

by bumping back the biogas to the reactor [249, 250]. Improper adjusting of volatile solids added 

value leads to instability and hence a decrease in the biogas produced [251]. Also, increasing the 

volatile concentration inhibit the reaction and reduces the biogas volume [160]. Therefore, 

adjusting the volatile solid added value is a major factor in determining the amount of biogas 

produced [251]. The optimum pH for biogas production is between 6.5 and 7.2. It is also an 

indicator of the reaction stability. The pH value affects the AD process and digestion efficiency 

as low pH inhibits digestion process and methane production [252, 253]. Table 8 below shows 

the different types of food waste and the percentage of methane produced from these wastes 

[254]. 

Table 8: The methane percentage produced from different food wastes [254]. 

Substrates Inoculum Conditions Methane (ml/ g-VS) References 
Cucumber residues + pig 
manure + corn stover 

Sludge Temperature= 
35 °C 
 

305.4 [255] 

Potato waste + cabbage 
waste 

Sludge Temperature= 
37 ± 1 °C, 
 

360 [256] 

Kitchen waste + cow 
manure 

Sludge Temperature= 
35 °C, 
pH=7.5 

179.8 [257] 

Organic fraction of 
municipal solid waste + 
fruit and vegetable waste  

Sludge Temperature= 
35 °C, pH=7.4-
8.2, 

396.6 [258] 

Food waste + wheat straw Sludge Temperature= 
35 ± 1 °C, 
pH=7.1-7.5 

344  
 
[259] 

Food waste + wheat straw Sludge Temperature= 
55 ± 1 °C, 
pH=7.1-7.5 

370 
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2.7 Digestate 

The digestate consist of the residues of the AD process. The digestate can be used for several 

applications rather than just disposal [260, 261]. Due to the availability of several techniques to 

improve digestion that can be implemented in an integrated approach for AD plants, digestate 

management with integrated solutions received more attention. The solid digestate can use to 

produce biochar or recovered for cultivating insects or fungal [262, 263]. Promising alternative 

applications can be created to increase the system's efficiency by integrating AD processes with 

digestate processing processes [264]. Where biochar can be used as a solid fuel or as a soil 

amendment, liquid digestate can be reused in biogas production [265, 266]. Nitrogen (N), 

phosphorus (P) and potassium (K) exist in the feedstock reside in digestate, this presence is 

essential when used in agriculture [267]. Digestate contains carbon, which ends up been stored in 

the soil, thus preserving the environment from global warming [195]. The use of inorganic 

fertilisers with pesticides may lead to soil and agricultural crops damage [268]. Bio-fertilisers are 

more favoured than chemical fertilisers as they help in improving the soil and thus increase water 

retention of soil and thus reduced irrigation. This leads to a reduction in water consumption used 

during an irrigation process. Moreover, the need to use pesticides with bio-fertiliser is less than 

that with chemicals, leading to improved soil. The digestate represents a significant percentage 

of the AD residues [195].  

The bio-fertilisers are evaluated based on the amount of necessary minerals they contain or by 

comparing them with the available organic or inorganic fertilisers [269, 270]. The optimal 

composition of the essential elements (NPK) differs in the digestate, so the ideal way to 

determine it is based on what the soil lacks from that composition because the plant derives its 

food from the soil [271]. Despite this, some standards values are: 2,300-4,200 mg/kg of N, 200-

1,500 mg/kg of P and 1,300-5,200 mg/kg of K [272]. Table 9 shows a comparison of several 

available fertiliser sources. The use of digestate, which contains the necessary nutrients as 

organic fertiliser, has a clear value. N is available in bio-fertiliser at high rates, especially if it is 

not lost during the AD process, but less than that found in compost. The availability of P and K 

is similar to that found in compost. Compared with compost, the use of digestate, which contains 

a high percentage of N as a bio-fertiliser, leads to an increase in their value in the short term 

[273]. Fertiliser standards differ between some countries [270], Whereas, the European Union 
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developed legislation to implement the use of digestate of numerous sources under the standards 

stipulated [274]. Several studies concluded that the digestate produced from some animal manure 

and organic household waste is suitable for agricultural use [270, 275]. Digestate significantly 

reduced the rate of nutrient loss compared to conventional fertilisers [276]. The contribution of 

the AD process in reducing emissions, is not only associated with the production of biogases. 

Maintaining the carbon in the soil for use as natural fertiliser is another factor in reducing 

harmful emissions [195]. 

Table 9: Fertiliser components from different sources [270, 277]. 

Organic source N  DM (%) Biodegrability Fertiliser Value (%) 
Solid manure 6 kg m-3 25 Low 10-20 
Sewage sludge (high DM) 4-5 kg t-1 25 Medium 15-30 
Sewage sludge (low DM) 1-2 kg m-3 5 Medium 45-55 
Digestate from biomass 
plant 

2-3 kg m-3 8 Low 40-60 

Digestate with co-
fermentation 

3-15 kg m-3 5 Low 50-70 

Poultry slurry 10 kg m-3 15 Medium 70-85 
Cattle slurry 4 kg m-3 7.5 Low 34-45 

2.8 Biodiesel 

The increasing demand for energy in addition to environmental pollutants from fossil fuels has 

contributed to the search for more environmentally friendly and less harmful fuel. Many 

countries have turned to produce biofuels (includes bioethanol etc.) in different quantities, as 

shown in Figure 14 [278].  Therefore, biodiesel may be considered as one of such appropriate 

solutions [279]. Biodiesel is a fuel that could be derived from vegetable oil, animal oil and fats 

and cooking oil waste. It is renewable and suitable for diesel engines [280-283]. It is non-toxic, 

biodegradable and does not contain sulphur and aromatics [284]. Biodiesel has fewer CO2 

emissions compared to conventional diesel, however if it replaced the biodiesel from fossil fuel, 

it is expected that the dependence on biodiesel will be more in the future [279, 285, 286]. Clean 

and inexpensive biodiesel is produced by conversion technologies from bio-waste oils [287]. The 

cost of substrates, i.e. bio-waste oils, the produced energy efficiency and the conversion process 

time are some of the most important challenges and factors in determining the cost of biodiesel 

[288, 289]. The cost of substrates accounts about 75% of the total cost of producing biodiesel, 

the use of low-cost substrate reduces the process cost [290, 291]. About 350 substrates have been 
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identified for the production of biodiesel that is extracted from crop oils, algae oils, waste 

cooking oil and animal fats [283].  

 
Figure 14: Quantities of several biofuels types produced by the leading countries in 2018 [278]. 

Table 10 demonstrate some of the substrates for biodiesel production and its region. The oil 

share of each substrate is illustrated in Table 11 [285]. There are several techniques for 

extracting oil from the seeds; mechanical (laboratory Soxhlet extraction), chemical and 

enzymatic techniques. Mechanical and chemical techniques are the most used. The seeds are 

separated from the fruits and then dried either in the oven or by placing them in the air before the 

extraction process [283]. Soxhlet extraction is an extraction method used widely in several 

studies [155, 156, 292, 293]. Figure 15 shows the laboratory Soxhlet extraction device and its oil 

extraction method.  
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Table 10: Some of substrates for biodiesel production [283]. 
Countries  Substrates 
China  
Indonesia  
India  
Japan  
Malaysia  
Philippines  
Bangladesh  
Pakistan  
Thailand  
Iran  
Singapore  
Ghana  
Zimbabwe  
Kenya 
Mali  
Norway  
Sweden  
France  
Germany  
Greece  
Spain  
Italy  
Turkey 
UK  
Ireland 
Canada  
Mexico 
USA 
Cuba  
Argentina 
Brazil  
Peru  
Australia  
New Zealand  

Jatropha, Waste cooking oil, Rapeseed 
Palm oil, Jatropha/Coconut 
Jatropha, Pongamia Pinnata (Karanja), Soybean, Rapeseed, Sunflower 
Waste cooking oil 
Palm oil 
Coconut, Jatropha 
Rubber seed, Pongamia Pinnata 
Jatropha curcas*  
Palm, Jatropha, Coconut 
Palm, Jatropha, castor, Algae 
Palm oil  
Palm 
Jatropha 
Castor 
Jatropha curcas  
Animal fats 
Rapeseed 
Rapeseed, Sunflower  
Rapeseed 
Cottonseed 
Linseed oil, Sunflower 
Rapeseed, Sunflower 
Sunflower, Rapeseed 
Rapeseed, Waste cooking oil  
Frying oil, Animal fats 
Rapeseed, Animal fat, Soybeans, Yellow grease and Tallow, Mustard, Flax  
Animal fat, Waste Oil 
Soybeans, Waste oil, Peanut 
Jatropha curcas, Moringa, Neem  
Soybeans 
Soybeans, Palm oil, Castor, Cotton oil  
Palm, Jatropha  
Beauty leaf, Jatropha curcas, Pongamia, Waste cooking oil, Animal tallow waste 
Cooking oil, Tallow  

* Jatropha curcas is a specie of Jatropha [294] 

Table 11: The oil share of substrates [285]. 

Substrate Oil% Substrate Oil% Substrate Oil% Substrate Oil% 

Jatropha 50-60 Coconut  63-65 Rice bran  15-23 Palm oil 30-60 
Calophyllum  65 Rapeseed  38-46 Sunflower  25-35 Corn (germ) 48 

Moringa  40 Cottonseed  18-25 Jojoba  45-50   

Soybean  15-20 Olive oil  45-70 Microalgae  30-70   
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Figure 15: The Soxhlet extractor device and its mechanism [295].  

N-Hexane is widely used as an organic solvent during Soxhlet extractor and in the industrial 

sectors, it is one of the most important solvents for oil extraction [296, 297]. It is also used in 

many other fields such as; printing, cleaning, food processing, petroleum and the plastics 

industry [298]. It is characterised as a non-polar solvent, with high selectivity for oils and a low 

boiling point at 69 °C, easily evaporated due to its low latent heat of evaporation at 29.74 kJ/mol, 

has high extraction efficiency and low energy consumption. It has been blamed for being unsafe, 

harmful and causing some damage to health and the environment when it is emitted into the air, 

however, this is not associated with the production of date seed oil, biodiesel and glycerine as a 

result of under reflux reactions conditions that have been performed. Figure 16 shows the 

process of separating n-hexane from the oil by rotary evaporator after extracting the oil from the 

base compound by the Soxhlet extractor [297]. 

Several techniques are used to recover the N-Hexane and reuse it, such as solvent extraction, 

evaporation, air stripping and thermal distillation [299, 300]. In a study by Xiao et al. (2007), 

doing n-hexane solvent recovery, they found that thermal distillation was suitable for recovering 
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the n-hexane solvent at a rate of 81-85% and restoring the same efficiency of use when heated 

for 90 seconds at 80-85 °C [296]. Wu et al. (2001) found that water washing technology is an 

appropriate technology to recover more than 97% of n-hexane organic solvent at optimal 

conditions of 40 °C, where the water volume used was recommended to be 3-4 times the volume 

of organic solvent and 5 min washing time [301]. 

Moreover, the amount of methanol used in the transesterification process was more than that 

required to complete the reaction. This excess quantity can be separated and reused, contributing 

to preserving the environment from the surplus quantities, reduced costs, and improved biodiesel 

quality to meet standards [302]. Al-Mawali et al. [303] found that a ratio of 15:1 of oil to 

methanol weight was the optimal ratio for the transesterification process, when producing large 

quantities of biodiesel (1,000 kg biodiesel from 1,111.11 kg of oil with 74.07 kg of methanol). 

95% of the methanol used in the reaction can be recovered and reused. Figure 16 shows a 

schematic of the separation process of N-hexane from the oil. 

 
Figure 16: (a) Extracting the oil by n-hexane solvent in Soxhlet extractor (b) Separating the n-

hexane solvent from the oil by the rotary evaporator [297].  

Hydrolysis and transesterification are two of the main processes involved in biodiesel 

production. Hydrolysis is a chemical reaction in which water molecules are divided into oxygen 

and hydroxide anions. The reaction process between fats and alcohols to form biodiesel and 

glycerine is based on the transesterification process. The ratio of alcohol to fat in the 

transesterification process should be 3:1 and may reach 6:1 to achieve higher yield. Ester forms 

by replacing triglyceride molecules with alcohol molecules. Due to the splitting of alcohol, this 
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process is also called alcoholises. Sodium hydroxide and potassium hydroxide are used as a 

catalyst [304]. Methanol and ethanol are often used in esterification processes, which are 

considered environmentally friendly processes. The methanol is used for its cheap price, high 

polarity and short alkyl chain, while ethanol is chosen as it can be extracted from agricultural 

products and renewable resources [305]. Table 12 depicts the percentage range of the products as 

a result of the transesterification process. Figure 17 shows a simple process diagram used in the 

production of biodiesel and glycerine from vegetable oil [306].  

Table 12: Percentages range of transesterification process [306]. 

Product Percentages References 
Biodiesel 90-91 [307-309] 
Glycerol 9.0-9.6 [308-312] 
Unreacted products 0.4-1.0 [307, 310, 313, 314] 

 
Figure 17: Biodiesel and glycerine production process flowchart [306].  

Amani et al. (2013) [292] found that the properties of biodiesel extracted from date seed oil were 

optimal when the cetane number was 60.3, the iodine value was 46, the viscosity was 3.48 mm/s 

and at a flashpoint temperature of 140 °C. The biodiesel resulting from this study was affected 

by its high pouring point which was -1 °C, which limits its use in cold regions. In this study the 

seeds were ground using a heavy-duty grinder. The oil was extracted by using a Soxhlet extractor 

and n-hexane solvent for 4 hours. The solvent was separated from the resulting oil by using a 

rotary evaporator and passing it through a filter for purification. Methanol and sodium hydroxide 

were added to the date seed oil and reacted for two hours at 60-65 °C using reflux and constant 
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stirring. The reaction resulted in a mixture of biodiesel and glycerine that was separated by a 

separating funnel based on their different densities. To remove impurities from biodiesel, it was 

washed with hot water at (70 °C) and dried with a rotary evaporator.  

Jamil et al. (2016) [293] found during their study in producing biodiesel from date seed oil that 

the highest yield of date seed oil was 16.5% (the weight difference between a pre-dried sample 

and extracted sample divided by dried sample). The date seeds were washed to remove 

impurities and dried in air for 6-7 days, prior being dried in the oven for 12 hours at 70 °C. The 

date seeds were ground in a mechanical grinder to obtain the required particles sizes of 250-300 

nm. The optimal conditions for producing oil, whilist using the Soxhlet device, were at a reaction 

temperature of 70 °C, a ratio of solvent to seeds 4:1 and for 7 hours of extraction. To produce 

biodiesel, a reaction was conducted using methanol for one hour at 65 °C, where the ratio of 

methanol to oil was 6:1. It was found that the biodiesel produced had a cetane number of 58.23, 

density of 870 kg/m-3, cloud point of 4 °C, pour point of -1 °C, and viscosity of 3.97 mm2/s at 40 

°C.  

Ali et al. (2015) [155] studied the effect of particles size of Zahdi date seed on the oil produced 

volume. They used the Soxhlet device with several solvents to extract the oil. The study found 

that the highest percentage of oil was 8.5% (the weight of oil extracted divided by weight of date 

seed used) for 2 hours, when the particles size of the date seed was 0.425 mm and using n-

hexane as a solvent. The seeds were washed, dried in the air and milled using a mechanical 

grinder to several sizes (0.425 and less, 1 mm and less and 1.2 mm and less). Five different 

solvents (n-hexane, methanol, 2-propanol, chloroform and toluene) were used to find the best 

solvent that provided the highest oil percentage and for extraction time 1, 2, 4 and 6 hours. In a 

study by Elnjjar et al. (2018) [156] in the production of biodiesel from the seeds using the Khalas 

and Allig date, the Soxhlet and Folch methods were used to extracted oil from the date seeds. 

Date seeds were washed and dried in the oven at 80 °C for 12 hours. The date seeds were then 

milled to five different sizes (300 nm, 0.1-0.3 mm, 0.3-0.85 mm, 0.85-1.18 mm, and > 1.18 mm) 

and compared to the whole date seeds. The study found that the particle size of the date seed has 

a noticeable effect on the percentage of oil produced. Where the oil percentage produced 

increased with the decreasing date seed particles size, except for the particles sizes of 300 nm. 

The oil produced from both date seeds using the Soxhlet method was 10.4% and 10.5% of the 
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date seed mass, while the ratio was 9.0% and 9.7% using the Foch method for extracting oil. The 

percentage of oil produced was determined by dividing the mass of extracted oil by the mass of 

dried sample used. They also found that the Soxhlet extraction method was more productive than 

the Folch method, for all particle sizes and both date seeds types. Table 13 illustrates the 

biodiesel characteristics of different date seed types.   

Table 13: The Characteristics of biodiesel obtained from date seed oil from previous studies. 

Feed stock  AN 
(mgKOH/g) 

CN  BP 
(°C) 

 CP 
(°C) 

D 
(kg/m3) 

FP 
(°C) 

PP 
(°C) 

Vs 
(mm2/s) 

Ref. 

Multiple date 
seed 

N/A 60.3 N/A 4 877 140 -1 3.84 [292] 

Unknown 
date seed 

0.21 58.23 N/A 4 870 137 -1 3.97 [293] 

AN: Acid Number, CN: Cetane Number, BP: Final boiling point, CP: Cloud point, d: Density, FP, Flash point, PP: Pour point, Vs: Viscosity, 
N/A: not available. 

2.9 Glycerine 

Glycerol or as typically known as glycerine is formed during the transesterification process with 

ethanol or methanol [315]. Producing biodiesel from natural oils, also produces glycerine as a 

by-product of up to 10% [316]. Many previous studies indicated that the percentage of glycerine 

from the biodiesel transesterification process ranges between 9-9.6% of the total product [308-

312]. Glycerine is environmentally friendly, harmless to human health, soluble in water, and is 

colourless and odourless [317]. Glycerol does not mix with biodiesel, it polymerises at high 

temperatures resulting in the emission of a toxic gas [318]. Therefore, it is more expedient to 

exploit the glycerol produced from the production of biodiesel [319]. The price of glycerine 

ranges from 0.33 USD/Ib (0.7277 USD/kg) for pure glycerine to 0.055 USD/Ib (0.1213 USD/kg) 

for crude glycerine, according to the United State National Biodiesel Board (NBB) in 2017 [278, 

320]. Glycerine is available in different forms as shown in Table 14 [321]. The purity of 

glycerine affects its final use. Crude glycerine is less preferred in use, so it is sold to large 

refineries to purify it. Purified glycerine is preferred in food, pharmaceutical and cosmetic 

manufactures, while commercial glycerine is considered optimal in medical applications [278, 

306]. 

 



 40 

Table 14: Glycerine types and propitiates [321]. 

Types Crude Purified Commercial 
Glycrine (%) 60-80 99.1-99.8 99.2-99.98 
Moisture content (%) 1.5-6.5 0.11-0.8 0.14-0.29 
Soap content (%) 3.0-5.0 0.56 N/A 
Ash (%) 1.5-2.5 0.054 <0.002 
Acidity pH (%) 0.7-1.3 0.10-0.16 0.04-0.07 
Colour (APHA) Dark 34-35 1.8-10.3 
pH Values 9.8-11.2 6.7-6.9 6.7-6.8 
Gross energy (Cal/g) 3685-3825 5810-5831 5832 

Globally, glycerine production from bio-oil increased threefold, from 200,000 tons to 600,000 

tons between 2003-2006. Based on the European Biodiesel Board (EBB) report, the European 

Union increased its glycerine production from 2015 to 2017 by 84%. The volume of glycerine 

produced in the European Union increased from 1.16 million tons in 2015 to 2 million tons in 

2017. According to the NBB in the United States, glycerine production recorded a dramatic 

increase from 25 million gallons to 289 million gallons from 2006 to 2016. Figure 18 shows the 

expected growth in glycerine production over the period from 2001 to 2026 worldwide. A report 

issued by the Organisation for Economic Cooperation and Development (OECD) in 2017 

indicated that the global glycerine production is expected to reach more than 4000 million litres 

in 2026. Crude glycerine that produces from biodiesel transesterification process contains some 

impurities such as alcohol, soap, water and ash that limit its direct use. The cost of purifying the 

crude glycerine and the abundance of pure glycerine drove the crude glycerine price down 

significantly. Therefore, many studies seek to reduce these costs by finding suitable alternatives 

to convert crude glycerine into useful products [278]. Figure 19 illustrates some industries that 

use glycerine in their processes. The chemicals emanating from fossil fuels result in many 

environmental damages such as greenhouse gases and carbon dioxide. Greenhouse gases from 

these chemicals constitute approximately 7% of total emissions and 5.5% of carbon dioxide 

emissions. It also results in harmful water discharges and many other harmful chemical wastes 

[322]. 

The glycerine that results from the biodiesel transesterification process is not pure enough and 

requires further purification [323]. The type of catalyst used in the esterification process, its 

quantity, recovery methods, unreacted methanol and other impurities are factors that effect the 

quality of the crude glycerine produced. The purification cost of glycerine is estimated at 
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approximately 0.15 USD/kg [306]. Glycerine extracted from sunflower oil is composed (w/w) of 

30% glycerine, 50% methanol, 13% soap, 2% moisture, 2-3% salts and 2-3% other impurities 

[306]. While in a study by Hansen et al. [324] of 11 samples from 7 producers, they found that 

the percentage of glycerol ranged between 38-96%, where the methanol and ash ratios reached 

more than 14% and 29% respectively.  

 
Figure 18: Global glycerin production [278].  

 

Figure 19: Industries usage of glycerine [325].  

2.10 Starch-based Adhesive  

Starch-based adhesive that produces from several food wastes is abundant, cheap and easy to 

use. The adhesive is characterised by its high quality and ability to degradable. It is usually in 
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powder form and mixed with water before use. Starch is extracted from some rich starch food 

such as potatoes, corn and cassava [326]. Adhesives are used in several applications such as 

woody composites, plastic and paper [261, 327, 328]. The properties of Adhesive starch appear 

after heating them at certain temperatures to break down the starch granules. The heating process 

breaks down the starch granules, and this process is known as gelatinisation [329]. The 

gelatinisation temperatures vary according to the starch type used, as shown in Table 15 [330, 

331]. 

Table 15: The gelatinisation temperature of different starches [330, 331]. 

Starch Source Gelatinisation Temperature ºC 
Corn 62-72 
Wheat 58-64 
Oat 56-61 
Rice 68-78 
Potato 59-68 
Cassava 49-70  

Some modification compounds are added to the adhesive to improve its efficiency and 

properties, such as borax (sodium tetraborate), which uses as a viscosity enhancer. Also adding 

sodium hydroxide (NaOH) and hydrogen chloride (HCl) enhancing the gelatinisation of adhesive 

produced [332-334]. Urea-formaldehyde or melamine-formaldehyde with an acid catalyst is 

added to the adhesive to increase the adhesive water resistance. Since formaldehyde is not safe, 

its use is not attractive [330]. Several responses help determine the adhesive quality, such as 

adhesion strength, viscosity, density, pH and roughness [332]. 

Cassava starch is abundant, low cost, safe, biodegradable, and characterised by its ability to 

paste, which makes it suitable for applying as an adhesive [335]. The process of cassava starch 

sustainability faces some difficulties such as high cost and problems associated with waste 

management. Researchers seek to manage cassava waste by turning it into biological products of 

more valuable and reduce the damage resulting from its accumulation in the landfill [336]. The 

temperature required for the gelatinisation process for cassava starch is quite low comparing to 

the starch produced from other food sources. That contributes to reducing the heating 

temperature and thus saving the energy used [331]. Gunorubon (2012) found that the temperature 

and adding viscosity enhancer and gelatinisation enhancers have different effects on adhesive 

properties from cassava-based (viscosity, density, acidity, dry time and adhesion strength). The 
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study concluded that the temperature was indirectly proportioned with the viscosity and density. 

The temperature had a slight influence on the pH; at high borax concentrations, the pH was 

almost stable. While increasing the temperature, the pH slightly decreases at lower 

concentrations of borax. Using sodium hydroxide improves the gelatinisation rate of the adhesive 

and has a stronger bond than using hydrogen chloride. On the other hand, the drying time for the 

adhesive with sodium hydroxide has a longer drying time than with the hydrogen chloride. The 

study also showed that adding borax increased viscosity, density and pH [333]. Oghenejoboh 

(2012) in his study of cassava starch-based adhesive, conclude that the cassava starch which 

contains a high concentration of cyanohydric acid and has a lower pH value produce stable and 

high-quality adhesive and the longer drying time leads to a longer life [331]. 

Sun et al. [337] produced as adhesive from cassava starch with an esterification modifier 

(dodecenyl succinic anhydride) for use with plywood. A polyvinyl alcohol solution, deionised 

water and cassava starch were mixed at certain quantities. Dodecenyl succinic anhydride was 

added to the mixture at different quantities (0-8%wt of starch) and heated at 55 °C. The pH of 

the mixture was set at 8-8.5 and stirred for 45 minutes. Polyaryl polymethylene isocyanate was 

added to the adhesive as a crosslinking and stirred until it became homogenous. The study 

showed that the adhesive viscosity increased by increasing dodecenyl succinic anhydride 

concentration from 101 mPa.s at 0% dodecenyl succinic anhydride to 5,830 mPa.s at 8%. The 

shear strength of the plywood glued with produced adhesive increased from 1.51 MPa at 0% 

dodecenyl succinic anhydride to 2.61 MPa at 2% dodecenyl succinic anhydride. Subsequently, 

the shear strength of the plywood decreased with an increase of the modifier concentration. 

Table 16 shows the viscosity and shear strength values of plywood and the effect of adding the 

esterification modifier. 

Table 16: Effect of esterification modifier on adhesive properties [337]. 

Modifier concentration (%) Viscosity (mPa.S) Shear strength (MPa) 
0 101 1.51 ± 0.10 
2 318 2.61 ± 0.23 
4 367 2.23 ± 0.30 
6 5510 1.77 ± 0.17 
8 5830 1.73 ± 0.11 



 44 

In another study [338] to produce starch-based adhesive material to be used with plywood, corn 

starch was used in combination with polyvinyl alcohol, borax, hydroxyel (polyethylene glycol 

400) and different concentrations of thickening factor (concentrations of carboxymethyl cellulose 

(CMC)) (0, 0.25, 0.75 and 0.75%). Isocyanate prepolymers were added to the adhesive as a 

cross-linking and to enhance the water resistance. The study found that adding carboxymethyl 

cellulose increased the viscosity of the starch-based adhesive. Increasing this percentage by a 

large amount made it difficult to distribute the adhesive evenly over the plywood surface. The 

highest viscosity achieved was a little more than 450 mPa.s at 0.75% of carboxymethyl cellulose, 

while it was around 25 mPa.s at 0% of carboxymethyl cellulose. Figure 20 illustrates the change 

in viscosity with different carboxymethyl cellulose amounts. The bonding strength of plywood at 

different concentration of carboxymethyl cellulose and different ratios of Isocyanate prepolymers 

to hydroxyel is shown in Table 17. The relationship between bonding strength, carboxymethyl 

cellulose concentration and hydroxyl ratio was complicated. The lowest bonding strength 

attained was 1.39 MPa at 0% carboxymethyl cellulose concentration and Isocyanate prepolymers 

and hydroxyl ratio. In comparison, the highest bonding strength found was 3.78 MPa at 0.75% at 

100 molar ratio of isocyanate to hydroxyel.  

 
Figure 20: The effect of thickening factor on the adhesive viscosity [338].  
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Table 17 : Plywood shear strength [338]. 

Bonding strength (MPa) 

CMC (%) 

Ratios of Isocyanate prepolymers to hydroxyel 

0 15 25 50 100 

0.00 1.39 ± 0.07 2.29 ± 0.09 3.14 ± 0.15 3.44 ± 0.16 2.99 ± 0.06 
0.25 2.03 ± 0.08 2.80 ± 0.09 2.41 ± 0.10 3.58 ± 0.18 2.87 ± 0.14 
0.50 1.69 ± 0.12 2.67 ± 0.22 2.84 ± 0.11 3.01 ± 0.12  3.37 ± 0.46 
0.75 1.53 ± 0.13 2.80 ± 0.18 2.20 ± 0.12 3.25 ± 0.10 3.78 ± 0.13 

Yap et al. [328] studied the use of a commercial adhesive with 3-D printed ASA plastic. Two 

commercial adhesives (epoxy and cyanoacrylate) were used to determine the plastic specimens' 

adhesive properties with and without heat treatment. Samples surfaces were cleaned with 

isopropyl alcohol, before adhesion with the commercial glue. The samples were clamped with 

spacers and left for 24 hours to cure either at room temperature or some samples were placed in 

the oven at 80 °C to explore the effect of heat treatment on adhesive. Two types of failure 

appeared for all of the adherent samples. Failure was in the substrate for all samples adherent 

with the cyanoacrylate, while failure was in the adhesive for all samples of plastic adherent with 

epoxy. The heat treatment affected the strength of the epoxy glue while increasing the failure 

load of the cyanoacrylate adherent samples. Surface treatment of ASA plastic with sandpaper of 

320 grit led to a significant improvement in the adhesive shear strength, as a result of the 

improvement of surface conditions. The failure load increased from 473 N to 808 N (70%) after 

the sanding process. 

 In a study to overcome the issue of removing the adhesive from the paper during the recycling 

process, it was found that adding hyperbranched polyester (H102) to the adhesive material acts as 

a dispersant and leads to stabilising the performance of the adhesive and extends its shelf life 

[261]. The adhesive was produced from corn starch, where the starch was dissolved in water, 

then added ammonium persulfate (APS) (oxidizing agent to catalyze the polymerization), sodium 

lignin sulfonate (polymerized) and H102 (dispersant). The study showed that the adhesive was 

well suited to the paper and resisted humidity to a certain extent. The paper was affected by the 

increase in humidity, the paper’s shear strength was affected as well. The fracture occurred in the 

paper without the adhesive being affected. Moreover, the addition of H102 led to a decrease in the 

adhesive viscosity, thus stabilising the adhesive and extending its shelf life. The shear strength of 
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the paper was approximately 1.07 MPa (20% humidity), higher than 0.3 MPa at 100% humidity 

[261]. 

2.11 Adhesive Bond Strength 

The adhesion properties can be evaluated through several methods, including lab shear test, pull 

off test, torque test, etc. Failure can occur in several locations of the substrate or adhesive, as will 

be explained later. These tests provide quantitative or qualitative data for adhesion not physical 

analysis [339]. The shear test provides a quantitative description of adhesion performance as it 

measures the ability of a material to withstand stresses by moving the shear force in opposite 

directions. Its low cost and simplicity characterise this test [340]. Figure 21 shows a schematic of 

samples used in a lap shear strength test. This test has been used to explore the properties of 

adhesive strength by several researchers [261, 328, 341].  Many factors affect the adhesive shear 

strength, such as the type of substrate, the adhesive used, the surface treatment and thickness of 

the adhesive [342]. 

 
Figure 21: Schematic drawing of lap shear strength test [343]. 

2.11.1 Surface Preparation 

Surface pre-treatments and optimisation of substrate parameters improve the adhesive's bond 

strength [342]. Surface properties, mechanical interlocking and chemical bonding can be 

improved between the adhesive and the substrate by surface pre-treatment process that removes 

contaminants and adjusts the surface topography and wetting properties [344, 345]. Different 

surface treatment can be used such as grinding, sandblasting and anodising, which affect the 

bonding strength [346, 347]. Moreover, the surface roughness affects the surface adhesion 

strength due to the decrease in the actual contact area and increased distance between surfaces 

compared to smooth surfaces. Roughness causes a force of friction between the contacted 

surfaces [348]. Surface roughness can be adjusted by several ways, such as mechanical 

polishing, which is easy to use and effective for improving the roughness of surfaces, different 

sizes sandpaper and sandblasting that changes the substrate's topography [342, 349]. The 

relationship between surface roughness and adhesion is variable, and there is no specific trend to 
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link this relationship. Furthermore, The optimum surface roughness values vary according to the 

adhesive and adherent, therefore this relationship is complex [350]. In studying the effect of 

surface roughness on the bonding shear strength of aluminium and wood panels after being 

treated with emery and sandpaper respectively, Budhe et al. [350] found that the surface 

roughness affects the adhesion strength. Figure 22 (a and b) shows adhesive strength values 

againest the change of surface roughness. The adhesive strength of aluminium increases with the 

increase in surface roughness and then begins to decrease with a further increase in roughness. In 

contrast, wood exhibit high adhesion strength as the surface smoothness increases. The adhesive 

strength decreases with the increase in surface roughness, as shown in Figure 22 (b) [350]. 

Generally, the adhesion strength is also affected by the particle size and shape, in other words, 

the particle size has a large effect on the adhesion strength [351]. 

 

 
(a)                                                                          (b) 

Figure 22: Relationship between bonding shear strength and surface roughness of (a) Aluminium 
(b) Wood [350]. 

The poor surface properties of polymers, such as ineffective adhesion to polymers, are amongst 

the issues that limit their wide application. That has led to research to modify polymers surfaces 

such as plasma treatment, acid etching, machining and other processes to increase the adhesion 

strength [343, 352]. Failure to adhere polymeric materials can also occur based on weak 

cohesion forces connecting molecules of similar materials. Mechanical bonding, which depends 

on surface roughness, is one method for bonding substrates with adhesives. The adhesive 
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penetrates the pores, cracks, and other surface residues, forming mechanical interlocking 

between the adhesive and the substrate [353]. Optimal rheological properties of the adhesive to 

penetrate small cavities and wet the surfaces help in performing good mechanical bonding. 

Chemical bonding is another method that can be used to bond materials by forming covalent 

bonds between the adhesive and the substrate [343]. Figure 23 depicts the mechanical and 

chemical bonding.  

 

 
Figure 23: Mechanical interlocking and chemical bonding [343]. 

2.11.2 Adhesive Thickness 

The bonded area and the thickness of the adhesive layer constitute the size of the adhesive. 

Although increasing the bonded area may increase the bond strength, increasing the adhesive 

layer's thickness may weaken the performance of the adhesive strength. Generally the adhesive 

thickness is often tens of microns [354]. Shokrian et al. [342] found that the shear strength 

decreased slightly with the difference in the adhesive thickness from 0.3, 0.5 and 1 mm, 

consistent with what stated in the study of Silva et al. [355], where the thickness of the adhesive 

was inversely proportional to the strength of the adhesive. The shear strength was affected by the 

difference in the adhesive thickness, as shown in Figure 24, which shows a scattered data, 

depicting a downtrend with increasing thickness. The reason for the scattered data may be due to 

errors in fabrication and sample testing. The epoxy adhesive was used to adhere aluminium 

specimens. Moreover, increasing the thickness of the adhesive material weakens the adhesive 

strength, as it increases the possibility of adhesion failure [342, 356].  In contrast, Liao et al. 
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[357] mentioned that the thickness and type of adhesive affect the adhesive strength and the 

failure of brittle adhesive increases with the decrease in the adhesive thickness. [357].  

 
Figure 24: The effect of adhesive thickness on the bond shear strength [342]. 

2.11.3  Adhesive Failure 

There are three forms of adhesion failure: (1) Adhesive failure, (2) Cohesive failure and (3) 

Substrate (adherent) failure as illustrated in Figure 25 [343]. Adhesive failure (1) forms in the 

layer between the adhesive and substrate surface (separating layer between the adhesive and 

adherent) due to insufficient surface preparation or using inappropriate adhesive for a substrate. 

Also, the lack of covalent activities between the adhesive and the surfaces leads to adhesive 

failure. Cohesive failure (2) is where adhesive remains on both surfaces of the substrate when the 

failure occurs. It is determined based on the rate of failure to bond and accordingly, the 

adhesive's effectiveness is determined. The greater the cohesive failure value indicates the 

weakness and inefficiency of the adhesive. Factors such as adhesive type and insufficient 

adhesion lead to cohesive failure. The cohesive failure indicates the suitability of the adhesive to 

the adherent surfaces and result in failure occuring inside the adhesive [358, 359]. Fractures that 

occurs in the substrate (3), before or not in the adhesive, are known as substrate failure [359]. 

This type of failure occurs for the low tensile strength substrates, where the strength of the 

adhesive greater than the tensile strength of the substrate. It occurs inside the substrate [360]. 

Figure 26 shows the different adhesive failures [361]. 
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Figure 25: Adhesive failure forms [343]. 

 
Figure 26: Acceptable and unacceptable adhesive failures [361]. 
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2.11.4 Substrates of Adhesive Process  

Many materials such as plywood, plastics, paperboard and paper are commonly used in several 

fields that required adhesion processes in some of their uses, applications and assembling [362, 

363]. 

(A) Plywood 

Plywood is one of the most common types of wood used in different fields, such as in the 

furniture and cabinet industries, engineering floors manufacturing and construction. Wood panels 

are bonded with many types of formaldehyde-based adhesives, such as urea-formaldehyde resin 

and resin phenolic-formaldehyde due to their lower cost and high performance. However, it is 

not resistant to external factors such as humidity, resulting in harmful formaldehyde emissions. 

Wood composite materials are the most harmful sources of formaldehyde emissions [362, 364]. 

There are many types of plywood such as birch and beech, which are used in many countries 

worldwide [365]. The global production of plywood panels in 2019 was approximately 163 

million m3 [166, 365]. Birch wood is a hardwood that is mostly used for indoor applications due 

to its low dimensional stability [366]. Cakiroglu et al. [365] found that birch wood had almost 

the same mechanical strength as other wood panels such as beech. Therefore, relying on it 

instead of beech wood in their applications would reduce manufacturing costs. 

(B) Plastic 

Plastic composed of several organic polymers such as polyethylene, nylon and polyvinyl 

chloride, which can be formed and modified into several flexible and rigid shapes. Daily life has 

many requirements of plastic products to meet the purposes and needs. Plastic is produced from 

various materials of fossil origin, renewable or mineral base. Plastic is used in many fields such 

as medical delivery systems, automotive and packaging industries. Plastic is characterised by its 

low cost, strength, low density, adjustable and ease of design and uses. Table 18 shows some 

types of plastics with their description and potential applications [363, 367, 368], however it is 

numerous.  

Table 18: Several plastics types, descriptions and usage [363]. 

Type Description Applications (Virgin or recycle plastic) 
PET: Polyethylene 
Terephthalate 

Fiber, Clear tough plastic Detergent bottles, soft drink bottles, fleecy 
jackets and mineral water 
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UPVC: 
Unplasticised 
Polyvinyl Chloride 

Clear, hard rigid plastic Detergent bottles, plumbing pipe fittings, 
tiles, juice bottles and clear cordial, plumbing 
pipes fittings and blister packs 

HDPE: High 
Density 
Polyethylene 

Very common plastic, 
usually white or coloured 

Detergent bottles, compost bins, crates, 
mobile rubbish bins, freezer bags, crinkly 
shopping bags, milk and cream bottles 

LDPE: Low 
Density 
Polyethylene 

Flexible, soft plastic 
 

Industry, packaging and plant nurseries, film 
for builders, bags, garbage bags, garbage 
bins, lids of ice-cream containers and black 
plastic sheet 

PPVC: Plasticised 
Polyvinyl Chloride 

Elastic plastic, flexible and 
clear 
 

Industrial flooring, hose inner core, shoe 
soles, garden hose, tubing and blood bags 

PS: Polystyrene clear, glassy, rigid, brittle 
plastic 

Office accessories, coat hangers, spools and 
rulers, clothes pegs, plastic cutlery, yoghurt 
containers and imitation crystal ‘‘glassware” 

PP: Polypropylene Many uses, flexible and 
hard plastic 

Kerbside recycling crates, compost bins, 
potato crisp bags drinking straws and ice-
cream containers 

EPS: Expanded 
Polystyrene 

Lightweight, foamed, 
thermal insulation and 
energy absorbing 

Meat trays and packaging, takeaway food 
containers and hot drink cups 

ABS: Acrylonitrile 
Butadiene  Styrene 

iRigid, opaque, glossy 
tough, good low 
temperature properties 

Furniture such as chairs and tables, Luggage 
cases containers, telephone handsets, rigid 
luggage, electroplated parts, radiator grills 

PC: polycarbonate Transparency, strong, 
thermal stability, stiff, 
hard, tough and very rigid. 

Data storage including, CD and DVD, 
construction materials such as dome lights, 
sound walls, automotive, glazing, electronic, 
business machine, optical media and medical 
and lighting 

HIPS: Polystyrene 
(High Impact) 

Hard, rigid, translucent, 
high impact strength 

Countertop point of purchase displays, indoor 
signs, yoghurt pots, refrigerator linings, 
vending cups, bathroom cabinets, toilet seats 
and tanks 

PA: Polyamides 
(Nylon) 

Very tough materials with 
good thermal and chemical 
resistance 

Hair combs, machine screws, gaskets, other 
low-to-medium-stress components, fishing 
line, carpets, food packaging, offering 
toughness and low gas permeability 

TPE: 
Thermoplastic 
Elastomers 

Flexible, clear, elastic, 
wear resistant and 
impermeable 

Damping elements, grip surfaces, design 
elements, back-lit switches and surfaces, 
soles and heels for sports shoes, hammer 
heads, seals, gaskets and skate board wheels 

EP: Epoxies Rigid, clear, very tough, 
chemical resistant and 
good adhesion properties 

Adhesives, coatings, encapsulation, electrical 
components and aerospace applications 
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(C) Paperboard 

The recycling process of paperboard and paper is considered one of the major issues in the 

sustainable development process. Paper recycling faces some issues such as chemically complex, 

ink and papermaking chemicals and adhesive sticking to the equipment during the recycling 

process. These adhesives are not degradable and insoluble in water. Through their ability to 

dissolve and degrade, bio adhesive can provide a solution to the problem of adhesive adhesion to 

recycling equipment [261, 369]. Papers are used for a variety of uses, such as writing, wrapping 

and many other purposes [370]. 

2.12 Summary 

The increasing negative impact on the environment and climate change due to fossil fuels has led 

to more research and studies to convert to alternative energy sources that are environmentally 

friendly, sustainable and renewable. Renewable sources provide large amounts of clean energy 

that can help to overcome the environmental issues caused by fossil fuels. Biomass energy is one 

of the renewable resources that may generate considerable amounts of energy when applied 

widely. Biomass energy needs more attention, research, and study on using available resources to 

make it more efficient and economical and become more reliable and sustainable. Food waste 

quantity, which is increasing dramatically, is one of the most important renewable energy 

sources that have not yet been fully exploited. It has the potential to produce many forms of 

energy and products from one feedstock.  

AD is one of the most important and efficient ways to convert biomass into energy. Many factors 

affect the efficiency of the process, such as temperature, volatile solid and inoculums. It also 

requires pre-treating the raw materials to make the digestion process easier and effective. Pre-

treatment processes include mechanical pre-treatment process, in which feedstock is sliced or 

ground. Some raw materials contain different components that may enhance the AD process 

when exploited. For example, some substances contain starch or oil in their waste. In this study, 

cassava peel and date seeds were selected as feedstock in the AD process. As the cassava peel is 

rich in starch and the date seed contains oil, they are two of the food sources consumed heavily 

in Asia, Africa and South America. Extracting starch and oil from them before placing the 

residue into the AD reactor to produce other energy sources or bio-products may enhance the AD 
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uptake. The starch can be converted into several bio-products such as bio-plastic or starch-based 

adhesive material, while biodiesel and glycerine can produce from date seed oil. 

In this study, the cassava peels will mechanically pre-treat by beating the pre-treatment process 

to slice the cassava peel and extract the starch at the same time using a Hollander beater. 

Simultaneously, the date seed will be pre-treated by a mechanical grinder to convert it to powder. 

The effect of this extraction on the quantity and quality of the resulting biogas will be 

investigated and determine the optimum setting for biogas production based on the required 

criteria. Bio adhesive material from the starch of cassava peel will be generated for adhering 

plywood, paper, and plastic samples. Several tests such as viscosity, density, pH and shear 

strength will be conducted to analyse the adhesive properties, quality and conformity to the 

standards. The oil will extract from the date seed by the Soxhlet method with n-hexane. The 

transesterification process to produce biodiesel and glycerine from date seed oil will be 

implemented using methanol and sodium hydroxide. Digestate resulting from the AD process 

will test to determine its components and properties to gain more knowledge about its potential 

to use different applications and the effect of the extractions process on its component. The bio-

products production costs will be calculated to assign the production cost of each product 

separately on a lab scale. Finally, the preliminary analysis of process boundary assessment on a 

lab scale will also be clarified later in this study. 

After reviewing the literature, it has become clear that there is a huge amount of food waste that 

is not utilised, which leads to environmental damage due to the accumulation of these wastes. 

There is also diversity in the study of factors affecting the quantity and quality of biogas. Many 

studies have not focused on finding solutions to the AD process's difficulties, such as instability 

of the AD process, residual digestion and reducing pre-treatment costs. Cassava and dates are an 

important food in many nations worldwide, which produce significant amounts of waste. Many 

studies researched several methods of pre-treating cassava and date wastes before the AD 

process. Studies on extracting starch from cassava peels and producing biogas from them are 

scarce or absent. The same applies to the date seeds, in which most studies are subjected to prior 

softening processes before grinding, which leads to them losing their weight and thus changing 

their properties. 
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In this study, cassava and date waste represented in cassava peels and date seed will be used to 

produce several bio-product such as biogas, biodiesel, glycerine, adhesive and digestate, in an 

attempt to reduce production costs, overcome some of its environmental issues and increase its 

sustainability. Furthermore, applying an integrated approach, pre-treating the cassava peel and 

separating the starch from it using the Hollander beater and grinding the date seeds without 

exposing them to pre softening processes to reduce the pre-treatment processes and subsequently 

reduce the operation cost, which leads to proper waste utilisation and producing bio-products 

without significant effect on their quantity and quality. To provide solutions to the above-

mentioned gaps, three main factors will be studied: temperature, the volatile solid added value, 

and sludge quantity to determine the optimum combinations and results according to the criteria 

set, which will be explained later in Chapter 5. Controlling these factors may contribute greatly 

in stabilising the AD process. The diversity of bio-product resulting from the food waste from 

extracting the starch and oil may play an important role in reducing the operational costs of the 

process. This study also seeks to learn more about the characteristics of the resulting digestate 

from the AD processes and its content from the necessary elements to utilise them in various 

fields. 
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Chapter 3  

3 Materials, Methods and Experimental Design 

This chapter describes the feedstock wastes (cassava and date seeds), inoculum and the Design 

of experiment software (Design Expert) applied in designing experiments and analysing the 

results. The experimental procedures used to produce biogas from cassava peel and date seed, 

extraction the oil from the date seed, producing biodiesel and glycerine from date seed oil and 

producing starch-based adhesive material will be explained in this chapter. Furthermore, the 

substrates used in the adhesion process and their preparation methods will be described in this 

section. The equipment and materials used in the study will be detailed in this chapter and in 

Appendix (A). The accuracy of the devices and their calibration methods will be noted for each 

instrument used. Figure 27 provides an overview for this chapter. 

 
Figure 27: Flowchart of Methodology and Materials used. 
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3.1 Feedstock 

In this study, two types of food waste were chosen, namely: cassava peel and date seed. The 

reason for choosing these food wastes because they are rich in starch and oil. In Asia, Africa, and 

South America, cassava is consumed in large quantities, while dates are consumed more in the 

Middle East.Their wastes are not exploited instead of being thrown in landfill. Cassava is a 

starch-rich food that can be used to produce several bio-products. Oil can be extracted from date 

seed, biodiesel and glycerine can be produced from that extracted oil. 

3.1.1 Cassava 

Cassava was purchased from Veg-ex shop, Dublin, Ireland. The cassava was peeled manually 

and cut into small pieces to facilitate the treatment process. The volume of 2.22 kg of cassava 

peel treated by beating pre-treatment process with a Hollander beater for 5 minutes with 20 L of 

water. The starch was isolated from the mixture, dried and then stored for future use. The 

feedstock was distributed in three containers and the volatile solid (VS) of each container was 

adjusted to 4.2, 2.65 and 1.1 g-VS.   

3.1.2 Date Seed 

Date seed (Sagai) was brought from Saudi Arabia. A kilogram of date seed was prepared and 

washed with water to remove impurities and remaining date flesh. It was left for three days in air 

to dry.  

3.1.3 Inoculum 

The sludge was collected from Green Generation Ltd., Nurney, Co. Kildare, Ireland in a 20L 

container. The sludge was brought on the same experiment day to maintain its properties.. The 

total solid (TS) of the sludge was 6.5%, the volatile solid was 4.51% and its pH was 8.1. 

3.1.4 Plywood  

Birch plywood sheet was purchased and prepared by Woodworkers Ireland. The plywood was 

cut into 100×25×4 mm pieces. The average surface roughness of the plywood pieces was 2.983 

µm. 
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3.1.5 Paperboard 

A4 Eco Craft brown card sheets (paperboard), 400 g were purchased and cut by Klee paper, 

Ireland. The paperboard sheets were cut into 100×25×4 mm pieces, with a paperboard roughness 

was 4.084 µm.  

3.1.6 Plastic 

Radionics Ireland provided ABS plastic sheet of 1,220×610×3 mm size. The tensile strength of 

the plastic sheet was 50 MPa. The sheet was cut into pieces 100×25×4 mm by Plastic Craft 

Limited using a CNC machine. The surface roughness measurement carried out of the plastic 

was 1.457 µm. The plastic surface was prepared using sandpaper grit 100 to increase the surface 

roughness, thus increase the plastic samples' potential to glued and enhance the adhesion 

strength. 

3.1.7 Chemicals 

Sigma Aldrich Ireland provided chemicals used in the study such as (n-hexane, methanol, NaOH, 

HCl and borax). 

3.2 Design of Experiment (DOE)  

DOE was introduced in the early 1920s by Sir R. Fisher to determine the effects of various 

fertilisers on different ranges of plots of land. DOE has been utilised in different fields such as 

biological, pharmaceutical and engineering, etc. [42]. The design of experiments is a statistical 

method that helps to identify the significant parameters and their interactions that influence a 

process. Mainly, DOE provides numerical, categorical, and graphical results. The latest version 

of DOE Design-Expert software version 12, was used in this study [44]. 

3.2.1 Response Surface Methodology (RSM) 

A Box-Behnken design (BBD) with three numeric factors was conducted during this study. The 

AD studied factors were (temperature, volatile solid concentration and sludge quantity). They 

were designed as RSM to describe and evaluate the performance of the process and to provide 

the optimal combinations and results, based on ranges found from literature and pre-studied 

trials. RSM identifies the relationships between the resultant responses and the input variables. 

The levels of each factor were set as shown in Table 19. The ranges of the three factors were set 

based on carrying out a number of preliminary trials and in accordance to previous studies [160, 
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167, 183, 371-373]. The results were statistically analysed using the Design-Expert software, 

which determines the relationship between factors and responses using mathematical models, 

predicting and optimising responses. Furthermore, the software also tests the adequacy of 

models, the overall models, each term and the lack of fit by using statistical significance tools. 

Table 19: Factor levels in coded and actual values. 

The interaction, perturbation between factors and responses and the adequacy of the process 

were determined by the analysis of variance (ANOVA). The statistical significance of the models 

developed and each term in the regression equation were also tested using the sequential lack-of-

fit test and F-test. The confidence level (95%) of the model (α=0.05) was tested using the p-

value. 

3.3 Energy Balance 

The energy balance based on mechanical processing is calculated using the following formula as 

shown in equation: 

Bs = (CH4%) × (9.67)      Equation (1) 

While; Bs is the energy content of biogas produced by cassava peel/date seed in [kW h/m3], 

CH4% is the average of methane percentage of each sample. The value 9.67 is a reference value 

and indicates the energy quantity of 1 Nm3 of biogas [213]. The energy gained from a gram of 

volatile solid of feedstock from the biogas produced is calculated by the following formula:  

Ep = Bp× Bs      Equation (2) 

Where, Ep is the energy gained from a gram of volatile solid of feedstock from the biogas 

produced in [Wh/g-VS] while Bp is the biogas volume produced from each gram of volatile solid 

Factors  
 

Symbol Unit 
 

Type 
 

Lower 
value  

Higher 
value  

Lower 
code 

Higher 
code 

Mean 
value 

Temperature 

 

(A) 

 

ºC Numeric 34 40 -1.00 1.00 37 

Volatile solid 

 

(B) 

 

g Numeric 

 

1.1 

 

4.2 

 

-1.00 

 

1.00 

 

2.65 

Sludge quantity (C) % Numeric 25 50 -1.00 1.00 37.5 
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of feedstock. The formula to calculate the electricity consumed by pre-treatment to treat a gram 

of volatile solid of cassava peel is: 

Ec= Ept⁄VSm       Equation (3) 

Where, Ec is the electricity consumed by pre-treatment to treat a gram of volatile solid of 

feedstock in [Wh/g-VS] and Ept is the electricity consumed in the pre-treatment process that 

measured by a prodigit kilowatt-hour meter. The total amount of volatile solid in the machine 

indicated as VSm. The net energy produced by a gram of volatile solid of treated feedstock 

(Net E!) in [Wh/g-VS] was calculated by the formula:  

Net Ep= Ep-Ec      Equation (4) 

The energy gain percentage is the difference between the energy gained by the biogas from 

treated feedstock (Ep-treated) and the energy produced from the biogas from untreated feedstock 

(Ep-untreated). When the energy gain% is negative, it indicates that the mechanical pre-treatment of 

feedstock caused loss of energy compared to untreated feedstock. The energy gain% was 

calculated by the following formula: 

Energy balance% = Net Ep/Ec             Equation (5) 

3.4 Experimental Procedures 

The experiment procedure is divided into four stages: (1) Pre-treatment of feedstock, (2) 

measuring the dry solid weight of treated samples, (3) performing the AD process for cassava 

peel and date seed and (4) measuring and analysing the biogas released. Figure 28 shows the 

flowchart of accomplished and PhD experimental procedure. Table 19 shows the critical factors 

affecting on the AD process. The design matrix for cassava peel and date seed designed by RSM 

technique based on the critical factors is illustrated in Table 20 in their actual and code values. 
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Figure 28: The experimetal procedure flowchart. 

The coded models describe the factors symbolised by letters A, B and C, which are A: 

temperature, B: volatile solid and C: sludge quantity. While in the actual models, the factors 

names are used. The coefficient of the factors in the coded model illustrates the effect of each 

factor and the greatest effect of any factor is the one with the largest coefficient. While the 

coefficient sign indicates whether the effect is positive or negative. The positive sign means an 

upward effect and the negative sign means the opposite. The actual models can be used to predict 

the response at a given factor level within their range used in the study.  

The perturbation plots help in determining the influence of each factor on the response of interest 

and compare the effects of all factors. While the effect of the interaction between factors on the 

responses are illustrated in associated interactions graphs. Interaction occurs when one factor 
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depends on another factor. This is indicated in the plots by two non-parallel lines. The contour 

plot is a 2-D graph that illustrates all points that have the same responses and connecting them by 

contour lines. All graphs are constructed from all the designed spaced values used in the study. 

Table 20: Design factors matrix at their coded and actual values. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.4.1 Pre-treatment of Cassava Peel 

Beating pre-treatment was employed in the study using a Hollander beater device (see Appendix 

A). A volume of 2.22 kg of cassava peel with 20L of water with ratio 1:9 [371-373] was placed 

into the beater for 5 minutes. This was done to slice the cassava peel into small slices and isolate 

the starch from the peel. Beating pre-treatment was applied immediately after slicing the 

Std. Factor 1 Factor 2 Factor 3 Factor 1 Factor 2 Factor 3 

 A    B C  A    B C 

°C g-VS % °C g-VS % 

            Code value            Actual value 

1 -1 -1  0 34 1.10 37.5 
2  1 -1  0 40 1.10 37.5 
3 -1  1  0 34 4.20 37.5 
4  1  1  0 40 4.20 37.5 
5 -1  0 -1 34 2.65 25.0 
6  1  0 -1 40 2.65 25.0 
7 -1  0  1 34 2.65 50.0 
8  1  0  1 40 2.65 50.0 
9  0 -1 -1 37 1.10 25.0 
10  0  1 -1 37 4.20 25.0 
11  0 -1  1 37 1.10 50.0 
12  0  1  1 37 4.20 50.0 
13  0  0  0 37 2.65 37.5 
14  0  0  0 37 2.65 37.5 
15  0  0  0 37 2.65 37.5 
16  0  0  0 37 2.65 37.5 
17  0  0  0 37 2.65 37.5 
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feedstock by high-pressure beating against inclined blades. The mixture was discharged into a 

large container through a sieve to isolate the cassava peel from the mixture. It was left for 3-4 

hours for the starch to settle down in the container [374]. The water at the top was decanted off 

and added to the pre-treated peel.    

A) Total Solids and Volatile Solids  

The TS and volatile solids were measured and adjusted as designed in the experiment matrix 

according to the standard methods (NREL/MRI LAP 1994, 2008) [375]. Three samples were 

taken directly from the beater (prior to starch separation). Three other samples were also taken 

after starch isolation to measure the TS and volatile solid. The samples were dried in a drying 

oven at 105 °C for 24 hours to calculate the moisture content (MS) and the TS. Thereafter, the 

samples were burned at 575 °C for 4 hours to calculate the ash weight and thus the volatile solid 

amounts. According to previous studies [371-373], the preliminary trials which were conducted 

to set the ranges of the volatile solid added, (1.1-4.2 g-VS were found to be ideal).  The 

preliminary trials revealed that the volatile solid higher than 4.2 could lead to a system failure, 

while lower values of volatile solid led to a starving condition [376]. 

3.4.2 Grinding Pre-treatment of Date Seed 

A kilogram of the date seed was prepared and washed with water to remove impurities and flesh. 

It was left for three days in the air to dry. The date seeds were then ground by using a grains and 

stones grinding machine which is ground them efficiently in ideal sizes. The grinding process 

was performed without any additional process to soften the seeds such as heating or hammed to 

ensure that the seeds are not affected (losing weight) [303] by any external factors as well as to 

reducing the operational costs. The grinding process resulted in a powdered date with a practicle 

range of 800-355 µm, post sieving, as shown in Figure 29. 
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Figure 29: Date seed Powder with particle size 800-355 µm.  

A) Total Solid and Volatile Solids 

According to standard methods (NREL/MRI LAP 1994, 2008), the TS and volatile solid were 

measured and adjusted as designed in the experiment matrix [375]. The volatile solid value of the 

grounded date seeds was calculated by taking three samples and placing them in the oven at 105 

°C. The MS and the TS of all the samples were calculated then they were burned in the oven at 

575 °C for 4 hours. Thereafter, the volatile solid was determined based on the resulting ash 

weight. Consequently, based on the previous studies [167, 181, 183] and the preliminary 

experiments, found that the optimal value of the volatile solid lies between 1.1 and 4.2 g-VS. 

3.4.3 Extraction of Oil from Date Seed 

The Sagai date seeds were brought from Saudi Arabia. About 2 kilograms of date seeds were 

prepared and washed with water to remove the date flesh and impurities. It was then left in air 

for 72 hours to dry. The date seeds were ground by a grinding machine without subjecting them 

to any softening or prior preparation processes to reduce preparation costs. The oil extraction 

process for the production of biodiesel and glycerine was carried out using the Soxhlet device, 

according to the AOCS official method Am 2-93 [377]. Each time 20 g of date seed powder was 

placed in a paper thimble and covered with a piece of cotton to prevent the feedstock from 

leaking into the extraction device. The n-hexane organic solvent was used for the extraction 
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process at a ratio of 1:4 (seed/n-hexane). The mixture was left to react at 70 °C for 5 hours under 

reflux and continuous stirring. The n-hexane solvent was separated from the oil by a rotary 

evaporator. To produce biodiesel and glycerine, Amani (2013) [292] method was followed. The 

date seed oil was heated at 60 °C, then methanol was added to the oil at a ratio of 1:5 (methanol 

to oil) and approximately 0.4 g of sodium hydroxide. The components were left to react for 2 

hours under constant stirring and reflux. After producing the biodiesel and glycerine, the alcohol 

was extracted from the mixture using a rotary evaporator. Biodiesel and glycerine were placed in 

a separating funnel to separate them from each other due to their differences in densities. The 

impurities and remaining glycerine were removed from biodiesel using hot water and then dried 

in a rotary evaporator [292, 293]. 

 (A) Total Solids and Volatile Solids 

Three samples were taken and placed in the oven at a temperature of 105 °C to calculate the TS 

value of the date seed powder according to standard methods (NREL/MRI LAP 1994, 2008) 

[375]. The moisture content and the TS were calculated as shown in Table 21. The samples were 

placed in an oven at 575 °C for burning. The weight of the resulting ash was measured and 

accordingly the volatile solid value was calculated as shown in the same table. It was noticed that 

each gram of date seed powder would give 0.867 g-VS. It was found from previous studies, that 

the optimal value of the volatile solid was between 1.1 and. 4.2 g-VS [160, 167, 183]. 

Accordingly, the volatile solid was measured and adjusted [375] as designed in the experiment 

matrix as follows: 4.85 g of date seed powder to yield 4.2 g-VS. As well, 3.06 g of date seed 

powder gave 2.65 g-VS, and 1.27 g of the date seed powder provided 1.1 g-VS. Date seed 

powders were placed in a 500 ml flask and sludge was added to the flask at different quantities 

(25%, 37.5% and 50%) from the total of 400 ml. Water was added to the mixture in a variable 

ratio to raise the flask to 400 ml.  

Table 21: Date seed powder sample specifications  

Sample specifications 

 

Unit Value 
Wet weight g 1 
Moisture content % 13 
Total solid % 87 
Ash weight % 1.53 
Volatile solid  g 0.867 
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3.4.4  Anaerobic Digestion of Cassava Peel 

Water was added to each container at a different ratio to adjust the value of volatile solids added 

in each container. The ratio of water to cassava peel was 9:1,18:1 and 27:1, respectively. The 

volatile solid added value of each container was 4.2, 2.65 and 1.1 g-VS. The 500 ml glass flask 

was filled by cassava peel and inoculum at different values 25, 37.5 and 50%. Factor levels in 

coded and actual values are shown in Table 19.  

The sludge quantity varied in each flask (50%, 37.5% and 25%) of the total volume of the flask 

(400 ml) (Appendix A). The remainder of the 400 ml was filled with pre-treated cassava peel 

after were mixed well to ensure that the solids were not deposited at the bottom of the container. 

The samples that contained starch were used as controls. The same procedure was followed with 

the controls (samples that were not extracted starch). In order to allow comparison with the 

predicted values at the same conditions, the controls were digested at the volatile solid of 4 g-VS, 

sludge quantity of 50% and at each of three temperature levels. However, the ratio of water to 

cassava peel varied due to the presence of starch. The ratio of water to cassava peel in the control 

samples were 5.75:1, 9.7:1 and 23:1 respectively. Each sample was connected to an aluminium 

gas-bag (Appendix A), the nitrogen was pumped into the system and pulled out twice to ensure 

that the system was free of O2. Each sample was carried out in triplicate. The control samples 

conditions are shown in Table 22. 

Table 22: Control sample conditions. 

 

 

 

 

Samples were placed in water baths at mesophilic operation temperatures that were set based on 

previous studies and pilot tests (34°C, 37°C and 40°C).The incubation time was 21 days. The 

flasks were shaken on a daily basis throughout the period of the experiment. The biogas 

produced from each sample was measured twice (on day 9 and day 21). The biogas volume was 

Sample 

No. 

Factor 1 Factor 2 Factor 3 

A: Temperature B: volatile solid C: Sludge quantity 

°C % % 

1 34 4.0 50 
2 37 4.0 50 
3 40 4.0 50 
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measured using volumetric flask (Appendix A). It uses gas-sampling tubes that were installed in 

a gas jar with confining tab water. A biogas analyser (biogas5000 Geo-tech) (Appendix A) was 

used to measure the concentration of the gases: CH4, CO2, O2, and H2S. The pH of the digestate 

resulted from each sample was measured by a Hanna Precision pH meter (accuracy ± 0.01), 

model pH 213 (Appendix A) and examined to confirm the suitability of applying it in 

agricultural settings. Figure 30 illustrates the flow chart of the experimental work of the study. 

 
Figure 30: The flowchart of the AD of cassava peel experiment. 

3.4.5 Anaerobic Digestion of Date Seed 

For each reactor a specific amount of date seed powder, which would give the required amount 

of volatile solid was placed in a 500 ml flask (Appendix A). This was performed according to 

Table 19. Sludge was added to the mixture with different percentages (25%, 37.5% and 50%) 

from the total sample size of 400 ml. Then, completing the volume to 400 ml by adding water. 

The flasks were connected to aluminium gasbags (Appendix A) to form the reactor. Then the O2 

was withdrawn from the reactor by flushing nitrogen gas into it. A vacuum pump (Appendix A) 

was used to pump out the gases from the reactor. This process was repeated twice to ensure that 
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the reactor is nearly free of O2.  Reactors were placed in three water baths with three different 

temperatures. Each sample was replicated three times. The incubation period was set to 21-days. 

The reactors were shaken on a daily basis. The produced biogas volume was measured using a 

volumetric cylinder (Appendix A). It uses gas-sampling tubes that were installed in a gas jar with 

confining liquid. The biogas was measured twice during the experiment period (in day 9 and at 

the end of the incubation period). Figure 31 shows the flowchart of performing the AD 

experiment of date seeds.  

The biogas analyser (Appendix A) model biogas5000 Geo-tech was used again to measure 

percentages of the biogases produced (mainly: CH4, CO2, O2 and others gases). The pH of each 

reactor was measured at the end of the period using Hanna Precision pH meter (Appendix A). In 

addition, the residue of the process was tested to determine its validity to be used as an organic 

fertiliser. This test was carried out at Advance Laboratory Testing Ltd, Newbridge, Ireland.  

 
Figure 31: Flowchart of performing the AD of date seed experiment. 
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3.4.6 Anaerobic Digestion of Extracted Oil Date Seed 

A specific amount of extracted oil date seed powder (as mentioned in section 3.4.3 part (A)) was 

placed in a 500 ml flask to give the required amount of volatile solid added. Sludge was added in 

different proportions (25%, 37% and 50%) as shown in the experiment matrix Table 21. With the 

further adding of water to the mixture to raise the mixture to 400 ml of the flask. The reactor was 

formed by connecting the flask to an aluminium gasbag. The oxygen was withdrawn from the 

reactors by pumping Nitrogen to the reactor and withdrawal using a vacuum pump. This process 

repeated twice to ensure that the reactor was free of oxygen. The reactors were placed in three 

water baths at specified temperatures that were determined from previous studies and 

preliminary experiments (34 °C, 37 °C and 40 °C) as illustrated in Table 20. Each sample was 

repeated three times. The retention time for the experiment was 21 days and the reactors were 

shaken daily. The resulted biogas was measured using a volumetric cylinder twice during the 

experiment on day nine and day twenty-one. The proportions of the gases that form the biogases: 

methane (CH4), carbon dioxide (CO2), hydrogen sulphide (H2S) and oxygen (O2) were measured 

by using a Biogas analyser model Biogas5000 Geo-Tech. The pH was measured for all samples 

at the end of the experiment using a Hanna Precision pH meter (accuracy ± 0.01), model pH 213. 

The resulting digestate from the AD process was tested to investigate the effect of oil extraction 

on the N, P and K components. The tests were carried out at Advance Laboratory Testing Ltd., 

Newbridge, Ireland. 

3.4.7 Biogas Measurement 

The resulting biogas was measured twice during the experiment on day 9 and day 21 at room 

temperature. Due to that some bags are almost full on the eighth/ninth day. The volumetric flask 

was filled with a specific amount of tap water for comparison. An inverted cylinder of 250 ml 

was placed in the volumetric flask and the biogas is pumped into it. The water level increased to 

reach a new level. The difference between the two levels represented the volume of the biogas 

produced. 

3.4.8 Soxhlet Extraction Methods  

Franz von Soxhlet designed the Soxhlet extractor in 1879. It consists of a round bottom flask, 

siphon tube, adapter, condenser, cooling water inlet and outlet, thimble and heat source. The 

substrate powder is placed in the strong fibre porous thimble and placed inside the extractor. The 
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solvent is placed in the bottom round flask with specific ratio to the powder and heated at a 

certain temperature using the heating source. The solvent evaporated by heat to the condenser, 

then returned to the extractor until it reaches the siphon arm. The content is emptied into the 

round bottom flask again loaded with the extracted oil. This process is repeated for a specified 

period of time to extract the optimum percentage of crude oil [378]. Figure 32 shows the Soxhlet 

extractor device [379]. The oil extracted from the solvent by rotary evaporator [295]. Methanol is 

often used in the transesterification process because of its lower cost compared to other catalysts 

[303]. Methanol and sodium hydroxide are added to the extracted oil and heated at a certain 

temperature to produce biodiesel and glycerin. The alcohol isolated by rotary evaporator. 

Biodiesel is isolated from glycerin by separating funnel [295].  

 
Figure 32: The Soxhlet extractor.  

3.5 Substrate Preparation for the Adhesion Process 

Table 23 shows the studied factors in the adhesive production process and their values. Different 

amounts (40, 45 and 50 ml) of two type of gelatinisation NaOH or HCl (base or acid) were added 

to a fixed amount of starch (1.5 g) in a glass beaker. The mixture was stirred continuously at the 

target temperatures (65, 75 and 85 °C). When the mixture became sticky, borax (0.1, 0.2 and 0.3 
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g) was added to the mixture during constant stirring. The adhesive material was left to cool, and 

then it was used in adhering the specimens. 0.15-0.2 mg/mm2 of the adhesive was put on to each 

sample surface. The samples were prepared according to ASTM D 907, ASTM D 3163 and the 

method used by Wu et al. (2020) [261, 380, 381]. Each sample was cut to 100 × 25 × 4 mm with 

a bonding area of 25 ×25 mm2.  The samples were clamped with a force of 1.15 N at room 

temperature and left to dry. The adhesive viscosity was measured in line with the method used 

by Mahrdt et al. (2016) [382] using a rheology international viscometer (cone and plate 

measuring geometry) with a cone diameter of 30 mm, fixed lower plate 50 mm at 18 °C, where 

the gap between cone and plate was 0.1 mm and measured at 10 r.p.m. The adhesive density was 

measured using a density kit at 18 °C according to ASTM D792-20 standard [383]. The pH of all 

samples was measured at 18 °C by a Hanna Precision pH meter. The shear strength of all of the 

samples were measured on the next day of adhering at 60% humidity using a Zwick Roell 

machine at 1.3 mm/min. Figures 33 illustrates prepared samples for adhesion. 

Table 23: Actual factors values. 

Factors and codes Unit Lower level Centre point Upper level 
Gelatinisation, (A) ml 40 45 50 
Borax, (B) g 0.1 0.2 0.3 
Temperature, (C) °C 65 75 85 

 

 
 
 

                           (a)                                          (b)                                        (c) 

Figure 33: (a) Plywood, (b) Plastic and (c) Paperboard prepared samples. 
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3.6 Additional Equipment and Devices 

Several devices and equipment were used during this study. Some were used in the preparation 

and pre-treatment process and some were used to calculate the total solid, volatile solid and 

moisture content. Other equipment and devices were used during AD and biogas measurement. 

Such equipment and devices are presented in Appendix A. The equipment used in preparing and 

producing biodiesel, glycerine and adhesive material also described in Appendix A. 
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Chapter 4  

4 RESULTS AND DISCUSSION 

4.1 Introduction 

Chapter 4 is divided into ten main sections as shown in Figure 34. Sections 2-7 discusses the 

general results achieved from the AD experiments of cassava peel, date seed and extracted oil 

date seed then each experiment will be detailed separately. The results of the AD of date seeds 

before and after oil extraction will be compared in this section in addition to the digestates 

resulting from all AD processes. The remaining sections are concerned about the production of 

biodiesel, glycerine and adhesive material. The last section of this chapter is the results 

summary. 

 
Figure 34: Results structure flowchart. 
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4.2 General Results of AD processes 

The p-value of all models throughout this chapter indicated the significane of models (P-values 

of overall model were less than α where (α=0.05). The impact of each factor, the interaction 

between factors and the checked probability ("p-value") of them are described in the ANOVA 

tables. These tables illustrate significant model terms. The tables also show that all models were 

adequate as all values of R2, predicted R2 and adjusted R2 were close to 1. For all models the 

Predicted R² was in reasonable agreement with the Adjusted R2 as the difference between them 

was less than 0.2. When the Adjusted R² and Predicted R² values are lower than 1, this does not 

affect the significance of the model as long as the difference between them is less than 0.2. The 

model graphs aid in illustrating the behaviour of each response as the factors vary. In Figures 35 

to 40 (probability graphs) all of the points were close to the distribution line, this indicates that 

the distribution was normal and that the adaptation of the model was adequate, which shows the 

normal probability and predicted volatile solid actual residual values. As the majority of the 

points did not deviate from the line, the agreement between the actual and predicted response 

was excellent.  

 
Figure 35: Normal probability and predicted versus actual residuals plot of Biogas  

produced from cassava peel. 
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Figure 36: Normal probability and predicted versus actual residuals plot of CH4%  

produced from cassava peel. 

  

Figure 37: Normal probability and predicted versus actual residuals plot of Biogas 
 produced from date seed. 
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Figure 38: Normal probability and predicted versus actual residuals plot of CH4/g-VS  

produced from date seed. 

 

Figure 39: Normal probability and predicted VS actual residuals plot of biogas/g-VS  
produced from extracted oil date seed. 
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Figure 40: Normal probability and predicted VS actual residuals plot of CO2%  
produced from extracted oil date seed. 

4.3 Cassava Peel Results 

The cassava peel constitutes approximately 20-25% of cassava weight which corresponds to 

what is mentioned in the study of Eziekiel and Aworh [135]. According to a study in 2018, 5% 

of the cassava weight is peel [384], this percentage can be raised to 20% by using one of the 

efficient peeling methods (mechanical, chemical and manual) [384-386]. In contrast, the current 

study found that, starch represented between 17-20% of the cassava peel. This is less than half of 

what Sivamani et al. mentioned in (2018) [136]. Table 24 illustrates the Biogas and CH4% from 

the sludge. 

Table 24: Biogas, CH4% and methane resulted from sludge only. 

Temperature (°C) Biogas (ml) 

(cc) 

CH4 (%) CH4 (ml) 

34  997 53.9 537 
37  813 52.3 425 
40 721 52.9 382 

Furthermore, the experimental works of the study revealed that the effect of starch on the 

quantity of the biogas produced from the AD of cassava peel was relatively low, which ranged 

between 1.4% and 3.4%. While, the difference between methane percentages did not exceed 
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0.66%. Tables 25 and 26 show the results of all experiment responses and the comparison 

between actual and predicted values of the control samples. 

Table 25: The experiment responses results for cassava peel. 

* A= Temperature, B= Volatile solid, C= Sludge quantity. 

Table 26: Comparison between actual and predicted values of control samples (before starch 
extraction). 

Resp. Control samples Predicted value 
Biogas Biogas 

/g-VS 
CH4 CO2 CH4 

/g-VS 
Biogas Biogas 

/g-VS 
CH4 CO2 CH4 

/g-VS 

T (°C) ml ml/g-VS % % ml/g-
VS 

ml ml/g-
VS 

% % ml/g-
VS 

34   2766.1 691.5 40.5 35.0 280.1 2727.7 667.3 40.2 35.2 243.0 
37 3558.7 889.7 42.9 33.3 381.4 3479.2 882.8 42.7 33.9 365.2 
40 3630.5 907.6 41.7 32.3 378.8 3505.9 837.3 41.5 32.6 333.2 

Std. Run Factor 
1 

Factor 
2 

Factor 
3 

Resp. 
1 

Resp. 
2 

Resp. 
3 

Resp. 
4 

Resp. 
5 

A* B* C* Biogas Biogas/g-VS CH4 CO2 CH4/g-VS 
°C g-VS % ml ml/g-VS % % ml/g-VS 

1 14 34 1.10 37.5 831 755.4 56.8 19.6 428.8 
2 7 40 1.10 37.5 1587 1442.5 54.5 21.0 

.0 

786.7 
3 1 34 4.20 37.5 2275 541.7 39.7 36.1 214.9 
4 5 40 4.20 37.5 3367 801.6 42.5 33.7 340.9 
5 9 34 2.65 25.0 1271 479.7 45.8 29.2 219.8 
6 4 40 2.65 25.0 1844 695.8 47.1 28.3 327.7 
7 17 34 2.65 50.0 1870 705.7 54.7 22.5 386.3 
8 16 40 2.65 50.0 2562 966.9 57.8 20.4 559.2 
9 6 37 1.10 25.0 1096 996.0 43.6 32.0 434.2 
10 3 37 4.20 25.0 3064 729.5 33.8 37.8 246.6 
11 11 37 1.10 50.0 1552 1411.0 60.3 15.9 850.8 
12 12 37 4.20 50.0 3830 911.9 39.3 35.7 358.7 
13 8 37 2.65 37.5 2390 928.2 58.3 23.4 540.8 
14 2 37 2.65 37.5 2169 818.6 59.8 22.9 489.8 
15 10 37 2.65 37.5 2210 833.8 61.8 22.7 515.0 
16 13 37 2.65 37.5 2255 851.0 58.5 24.6 497.5 
17 15 37 2.65 37.5 2225 839.5 57.2 22.5 480.4 
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The highest biogas amount achieved was 3,830 ml at 37 °C, 4.2 g-VS and 50% sludge. At the 

same (run #12), the concentration of the CH4 and CO2 were 39.3% and 35.7% respectively. On 

the other hand, the lowest amount of biogas produced was 831 ml at the lowest temperature, 

lowest volatile solid added value, and 37.5% of sludge. While, the CH4 concentration resulted 

from this (run #14) was 56.8% and 19.6% of CO2. The highest percentage of the biogas yield per 

g-VS (run #7) was 1,442.5 ml/g-VS that achieved at 40 °C, 1.1 g-VS and 37.5% of sludge. In 

addition, the lowest volume of the biogas/g-VS achieved (run #9) was 479.7 ml/g-VS at 34 °C, 

2.65 g-VS and 25% of sludge, from run #9. 

Figure 41 shows the effect of adding cassava peel to the sludge, on biogas production compared 

to biogas produced from sludge only. The figure shows that cassava peel addition significantly 

increased the amount of biogas in all samples except for the sample #1, which was at the lowest 

temperature and volatile solid added values. This may be due to the bacteria being starved and 

inactivated due to the low temperature of the reaction. At 37 °C, the highest biogas quantity was 

achieved for the sludge/cassava compared to the sludge only (sample #12), the biogas volume 

rose by more than four times from approximately 813 ml to 3,830 ml. 

 
Figure 41: The amount of biogas produced from sludge before and after adding cassava peels. 
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Moreover, there was an inversely relationship between the percentage of the CH4 resulted and 

CO2. From Table 25, the CH4 percentages ranged from 33.8% to 61.8%. The lowest percentage 

of CH4 and the largest CO2 were found for run #3 of 37 °C, 4.2 g-VS and 25% sludge. While the 

highest CH4% (run #10) was 61.8% at 37°C, 2.65 g-VS and 37.5% of sludge. While, based on 

table 25 it is the case the highest CH4/g-VS produced was 850.8 ml/g-VS at 37 °C, 1.1 g-VS and 

50% sludge (run #11). In contrast, at 34 °C, 4.2 g-VS and 37.5% sludge, the CH4/g-VS was 

214.9 ml/g-VS which was the lowest yield (run #1). The pH value ranged between 7.7 and 8 for 

all samples. 

Figures 42-43 show the effect of adding cassava peel on the resulting biogas quality in terms of 

the methane percentage and methane volume. The graph shows the varying effect of temperature 

on the CH4% and methane. Figure 42 shows an increase in CH4% to 61.8% (sample #15) 

compared to about 53% from the sludge only. The methane produced (Figure 43) after adding 

the cassava peel increased dramatically for the majority of samples. It rose from approximatelly 

425 ml to about 1,505 ml (sample #12) at 37 °C and from 381 ml to 1,393 ml at 40 °C (sample 

#8). The methane in both cases increased by more than 3 times. 

 
Figure 42: The effect of adding cassava peel on CH4%. 
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Figure 43: The effect of adding cassava peel on methane volume   

Additionally, the actual and predicted values for the control samples are illustrated in Table 26. It 

highlights the difference between the percentages of biogas/g-VS; the biggest difference was 

7.7% at 40 °C. The maximum reduction in the CO2 amount was -1.8% at 37 °C. The difference 

between CH4/g-VS values was the highest, as it reached 13.2% at 34 °C and 12.0% at 40 °C 

while it was 4.2% at 37 °C.  

The highest biogas yield from a study on the production of biogas from cassava peel with urea 

under mesophilic condition was 80.79 ml/g-TS added. The cassava peel was treated by soaking it 

in water for 7 days. The study concluded that the 0.01 of urea with cassava peel increased the 

biogas volume by 24.33% [141]. Jekayinfa and Scholz [142] found that, the highest biogas 

volume and methane content volume produced from cassava peel were 660 ml/g-VS added and 

280 ml/g-VS added respectively at 35 °C. Compared to the previous studies, the results of the 

proposed study showed an increase in the volume of biogas produced. This increase confirms the 
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that, there was no obvious impact of the isolated starch on the quantity and quality of the biogas 

produced.  
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Comparing the volume of produced biogas from the control samples at 34 °C with the studies 

described above, a significant increase in the volume of biogas reached more than 4.5%. This 

could potentially be an illustration of the positive effect of beating pre-treatment on cassava peel. 

While the ratio decreased to 1.1 % when compared with other samples (Starch-free samples), 

which confirms the limited effect of starch on the resulted biogas. The use of starch in producing 

more bio-products such as bio-plastic and bio adhesive material may enhance the efficiency of 

AD process and increase the reliance on it in the future.  

4.3.1 Model Estimation 

Figures 44-46 show the influence of each factor considered in this study on quantities of Biogas, 

Biogas/g-VS and CH4/g-VS respectively. While Figures 47-49 describes each factor effect 

separately on the quality of the biogas. It is evident from Figure 44 that the highest value of 

CH4/g-VS was attained at 37 and 40 °C. Figures 45 and 46 indicate that the highest values of 

CH4/g-VS  can be attained at 1.1 g and 37.5 °C and 50% of sludge. 

 
Figure 44: The impact of tempreture variance on the Biogas, Biogas/g-VS and CH4/g-VS.   
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Figure 45: Effect of volatile solid added value change on the Biogas, Biogas/g-VS and CH4/g-

VS.   

 
Figure 46: The influence of increasing sludge quantity on the Biogas, Biogas/g-VS and CH4/g-

VS.   
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Figures 47-49 show the effect of each factor on methane and carbon dioxide percentage. Figures 

47 and 48 shows an increase of CH4% and a decrease of CO2% for all temperatures, at 2.65 g-VS 

and 1.1 g-VS. On the other hand, increasing the amount of sludge to 37.5% and 50% increased 

the CH4% and reduced CO2% in the resulting biogas for most of the samples, as clear in Figure 

49. 

 
Figure 47: The temperature effects on biogas quality.   

 
Figure 48: Changes in CH4% and CO2% with volatile solid added value change.  
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Figure 49: CH4% and CO2% Values with different sludge quantity. 
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(AC) on all responses. 
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around 38°C after that it became steady before it reduced slightly. The highest biogas volume 

was achieved when the sludge quantity at 50% at temperature between (36-40) °C and volatile 

solid of more than 4 g-VS according to Figure 51. The coefficients of coded equation (6) 

clarifies that the highest positive influence of volatile solid on the biogas followed by 

temperature and sludge quantity: 

Biogas = 2310.11+ 389.13*A+ 933.75*B+ 317.38 C - 359.24*A2               Equation (6) 

The actual equation (7) for Biogas is: 

Biogas = -59681.43752 + 3083.42747 *Temperature + 602.41935 *Volatile Solid + 25.39000* 

Sludge Quantity - 39.91512*Temperature2                                        Equation (7) 

Table 27: ANOVA table for the Biogas response. 

Source Sum of 
Squares 

df Mean 
Square 

F-value p-value  

Model 9.539E+06 4 2.385E+06 86.14 < 0.0001 Significant 
A-Temperature 1.211E+06 1 1.211E+06 43.76 < 0.0001  
B-Volatile Solid 6.975E+06 1 6.975E+06 251.97 < 0.0001  
C-Sludge Quantity 8.058E+05 1 8.058E+05 29.11    0.0002  
A² 5.466E+05 1 5.466E+05 19.74    0.0008  
Residual 3.322E+05 12 27682.67    
Lack of Fit 3.038E+05 8 37972.65 5.35 0.0614 Not significant 
Pure Error 28410.80 4 7102.70    
Cor Total 9.871E+06 16     
Adequacy 

measuring tools 

R²= 0.9663 Adjusted R²= 0.9551 Predicted R²= 0.9212 
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Figure 50: Perturbation plot shows the effect of all factors on Biogas volume. 

 
Figure 51: 3-D surface plot views the effect of temperature and volatile solid on Biogas volume 

at sludge quantity of 50%. 
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4.3.3 Biogas/g-VS 

It is evident from Figure 52 that the highest Biogas/g-VS added produced was at its lowest 

volatile solid amount of 1.1 g-VS, this is because when calculating the Biogas/g-VS, the biogas 

volume divides the volatile solid added value. The higher the volatile solid value, the less 

volume of Biogas/g-VS that results and vice versa. In contrast, the same Figure 51 illustrates the 

direct relationship between Biogas/g-VS and both temperature and sludge quantity. As with the 

biogas impacts above, the effect of temperature increased until 38 °C, then it began to reduce 

slightly again. The interaction impacts of temperature and volatile solid added on the Biogas/g-

VS is shown in Figure 53. The response increased slightly by increasing the temperature when 

using volatile solid of 4.2 g-VS. In contrast it significantly increased using a volatile solid of 1.1 

g-VS. The response was at its minimum values at 34 °C, noticing as there was no significance 

difference when using both volatile solid values. This is due to the fact that the high volatile solid 

values of cassava requires higher temperatures to fully digest [371]. The contour graph in Figure 

54 illustrates that the highest Biogas/g-VS was found at a volatile solid less than 1.3 g-VS and 

temperature between 38-40 °C. The coded Equation (8) clarifies the highest negative effect of 

volatile solid on the Biogas/g-VS: 

Biogas/g-VS = 850.98+ 178.04*A - 202.53*B+ 136.81 C - 106.80*AB - 134.90*A²  
+ 165.17*B²                                     Equation (8) 

The actual equation (9) for Biogas/g-VS is: 

Biogas/g-VS = -23698.37993 + 1229.40976*Temperature + 354.76907*Volatile Solid 
+ 10.94500*Sludge Quantity -22.96774*Temperature * Volatile Solid - 14.98918*Temperature2 

+ 68.75021*Volatile Solid2                                                          Equation (9) 
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Table 28: ANOVA table for Biogas/g-VS response. 

Source Sum of 
Squares 

df Mean 
Square 

F-
value 

p-value  

Model 9.592E+05 6 1.599E+05 31.05 < 0.0001 Significant 
A-Temperature 2.536E+05 1 2.536E+05 49.24 < 0.0001  B-Volatile Solid 3.281E+05 1 3.281E+05 63.72 < 0.0001  C-Sludge Quantity 1.497E+05 1 1.497E+05 29.08 0.0003  AB 45624.96 1 45624.96 8.86 0.0139  A² 76839.04 1 76839.04 14.92 0.0031  
B² 1.152E+05 1 1.152E+05 22.37 0.0008  
Residual 51494.42 10 5149.44    
Lack of Fit 44108.57 6 7351.43 3.98 0.1011 Not significant 
Pure Error 7385.85 4 1846.46    
Cor Total 1.011E+06 16     
Adequacy 

measuring tools 

R²=0.9491 Adjusted R²=0.9185 Predicted R²=0.7554 

 
Figure 52: Perturbation plot shows the effect of all factors on Biogas/g-VS volume. 
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Figure 53: Interaction plot clarifies the effect of interaction between temperature and volatile 

solid on Biogas/g-VS. 

 
Figure 54: Contour plot views the effect of temperature and volatile solid on Biogas/g-VS 

volume at sludge quantity of 37.5%. 
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4.3.4 Methane Percentage 

According to Figure 55, the influence of temperature was quite low on the methane percentage. 

Volatile solid slightly affects positively on the methane percentage and then decreases 

dramatically by further increasing the volatile solid value. On the contrary, the effect of the 

sludge quantity affects positively on the response and decreases slightly at sludge quantity of 

38.5%. Figure 56 shows the influence of the interaction of volatile solid and sludge quantity on 

the response. The CH4% significantly increased when changing sludge quantity from 25% to 

50%. This is because the promotion of inoculum in the AD process, consequently affects the 

activity of bacteria to increase the methane yields [371, 387, 388]. The lowest CH4% was found 

at 4.2 g-VS and at both sludge quantities. The 3-D surface plot in Figure 57 illustrates the wide 

area for the highest CH4% achieved when using volatile solid less than 2.5 g-VS and sludge 

quantity of 37.5% and more. The highest factor effect on the methane percentage was volatile 

solid value followed by sludge quantity as demonstrates in the coded equation (10). The volatile 

solid affects negatively on the response while the sludge quantity positively affects the response. 

The coded equation (10) for CH4% is:  

CH4% = 59.12 + 0.6125*A - 7.49*B + 5.23*C - 2.80*BC - 1.82*A2- 8.92*B2  

- 5.95*C2                             Equation (10) 

The actual equation (11) for CH4% is: 

CH4% = -322.49969 + 15.18917*Temperature + 20.27206*Volatile Solid + 3.65577*Sludge 
Quantity - 0.144516*Volatile Solid * Sludge Quantity - 0.202500*Temperature2- 
3.71384*Volatile Solid2- 0.038064*Sludge Quantity2   Equation (11) 
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Table 29: ANOVA table for CH4% response. 

Source Sum of 
Squares 

df Mean 
Square 

F-value p-value  

Model 1240.05 7 177.15 69.90 < 0.0001 Significant 
A-Temperature 3.00 1 3.00 1.18    0.3048 

 
B-Volatile Solid 448.50 1 448.50 176.98 < 0.0001 

 
C-Sludge Quantity 218.40 1 218.40 86.18 < 0.0001 

 
BC 31.36 1 31.36 12.37    0.0065 

 
A² 13.99 1 13.99 5.52    0.0434 

 
B² 335.20 1 335.20 132.27 < 0.0001 

 
C² 148.94 1 148.94 58.77 < 0.0001 

 
Residual 22.81 9 2.53 

   
Lack of Fit 10.42 5 2.08 0.6729    0.6674 Not significant 
Pure Error 12.39 4 3.10 

   
Cor Total 1262.86 16 

    
Adequacy 

measuring tools 
R²=0.9819 Adjusted R²=0.9679 Predicted R²=0.9459 

 
Figure 55: Perturbation plot shows the effect of all factors on CH4%. 
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Figure 56: Interaction plot clarifies the effect of interaction between volatile solid and sludge 

quantity on CH4%. 

 
Figure 57: 3-D surface plot views the effect of volatile solid and sludge quantity on CH4% 

volume at temperature of 37°C. 
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4.3.5 Carbon Dioxide Percentage  

The impact of temperature was quite low on the CO2% according to Figure 58. Whereas, it 

increased significantly by increasing the volatile solid and decreasing the sludge quantity. The 

response slightly increased by increasing the volatile solid at a sludge quantity of 25% (Figure 

59). In contrast, CO2% rises rapidly with increasing of volatile solid at sludge quantity of 50%, 

plus there was no difference in CO2% when using volatile solid of 4.2 g-VS and both sludge 

quantities. Figure 60 demonstrate the lowest CO2% achieved at the same wide area of highest 

CH4% was found which illustrates the inverse relationship between CH4% and CO2%. The coded 

equation (12) shows the positive highest effect of the volatile solid added value on the response, 

followed by the negative effect of the sludge quantity: 

CO2%= 23.04 - 0.5000*A + 6.85*B - 4.10*C - 0.9500*AB + 3.50*BC + 4.79*B²  
       + 2.29C²                               Equation (12) 

The actual equation (13) for CO2% is: 

CO2% = 62.34837 + 0.374731*Temperature - 5.36725*Volatile Solid -1.90692*Sludge Quantity 
- 0.204301*Temperature * Volatile Solid +0.180645*Volatile Solid * Sludge Quantity + 

1.99463*Volatile Solid2+ 0.014669*Sludge Quantity2              Equation (13) 

Table 30: ANOVA table for CO2% response. 

Source Sum of 
Squares 

df Mean 
Square 

F-value p-value  

Model 689.15 7 98.45 114.70 < 0.0001 Significant 
A-Temperature 2.00 1 2.00 2.33    0.1612  
B-Volatile Solid 375.38 1 375.38 437.35 < 0.0001  
C-Sludge Quantity 134.48 1 134.48 156.68 < 0.0001  
AB 3.61 1 3.61 4.21    0.0705  
BC 49.00 1 49.00 57.09 < 0.0001  
B² 96.96 1 96.96 112.97 < 0.0001  
C² 22.18 1 22.18 25.84    0.0007  
Residual 7.72 9 0.8583    
Lack of Fit 4.90 5 0.9793 1.39    0.3873 Not significant 
Pure Error 2.83 4 0.7070    
Cor Total 696.88 16     
Adequacy 

measuring tools 

R²=0.9889 Adjusted R²=0.9803 Predicted R²=0.942 
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Figure 58: Perturbation plot shows the effect of all factors on CO2%. 

 
Figure 59: Interaction plot clarifies the effect of interaction between volatile solid and sludge 

quantity on CO2%. 
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Figure 60: Contour plot views the effect of volatile solid and sludge quantity on CO2% volume at 

temperature of 37°C. 
 

4.3.6 Methane/g-VS 

The direct proportion between temperature and sludge quantity on added CH4/g-VS while the 

volatile solid added indirectly influenced the methane/g-VS demonstrates in Figure 61. Where at 

the lowest value of volatile solid of 1.1 g-VS, the highest methane/g-VS was achieved (Figure 

60). The CH4/g-VS depends on its calculation by dividing it on the volatile solid added value, so 

increasing the volatile solid value reduces the response value and vice versa. The influence of the 

interaction between the temperature and volatile solid is shown in Figure 62. The response 

doubled by increasing the volatile solid from 1.1 g-VS to 4.2 g-VS when the temperature was 34 

°C. While it slightly rose by increasing the temperature when using the volatile solid of 1.1 g-VS 

and significantly increased by increasing the temperature when using the volatile solid of 4.2 g-

VS. Figure 63 shows the effects of the interaction between the volatile solid added and the 

sludge quantity. The response doubled when the sludge quantity increased from 25% to 50% 

when using volatile solid of 1.1 g-VS. As shown from the same figure, the methane/g-VS for 

both sludge quantities was at the same value when the volatile solid value of 4.2 g-VS and this is 

due to the methane inhibition [389]. The 3-D surface plot shown in Figure 64 suggests the 
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highest CH4/g-VS was resulted at volatile solid less than 1.5 g-VS, sludge quantity of 50% and at 

more than 37 °C. As it clears from the coded equation (14), the volatile solid added influence 

was the highest on the response: 

CH4/g-VS = 512.58 + 95.59*A - 167.42*B + 115.84*C - 57.98*AB - 76.13*BC - 79.6*A² 
                   - 49.86*C²                    Equation (14) 

The actual equation (15) for CH4/g-VS is: 

CH4/g-VS = -14899.53404 + 719.50991*Temperature + 500.62903*Volatile Solid + 
43.61388*Sludge Quantity 12.46774*Temperature * Volatile Solid - 3.92903*Volatile Solid * 

Sludge Quantity - 8.84605*Temperature² -0.319133*Sludge Quantity² Equation (15) 
Table 31: ANOVA table for CH4/g-VS response. 

Source Sum of 
Squares 

df Mean 
Square 

F-value p-value  

Model 4.806E+05 7 68651.47 50.86 < 0.0001 Significant 
A-Temperature 73095.76 1 73095.76 54.16 < 0.0001 

 
B-Volatile Solid 2.242E+05 1 2.242E+05 166.14 < 0.0001 

 
C-Sludge Quantity 1.073E+05 1 1.073E+05 79.53 < 0.0001 

 
AB 13444.40 1 13444.40 9.96    0.0116 

 
BC 23180.06 1 23180.06 17.17    0.0025 

 
A² 26762.41 1 26762.41 19.83    0.0016 

 
C² 10498.41 1 10498.41 7.78    0.0211 

 
Residual 12147.72 9 1349.75 

   
Lack of Fit 9874.08 5 1974.82 3.47    0.1256 Not significant 
Pure Error 2273.64 4 568.41 

   
Cor Total 4.927E+05 16 

    
Adequacy 

measuring tools 
R²=0.9753 Adjusted R²=0.9562 Predicted R²=0.8693 
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Figure 61: Perturbation plot shows the effect of all factors on CH4/g-VS. 

    

Figure 62: Interaction plot clarifies the effects of interaction between temperature and volatile 
solid on CH4/g-VS. 
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Figure 63: Interaction plot clarifies the effects of interaction between volatile solid and sludge 

quantity on CH4/g-VS. 

 

Figure 64: 3-D surface plot views the effect of volatile solid and sludge quantit on CH4/g-VS% at 
50% of sludge. 
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4.4 Date Seed Results 

The Biogas, CH4% and CH4 volume produced from sludge given in Table 32 are expanded in 

Figures 65-67, to show the Biogas, CH4% and CH4 produced from sludge and after adding the 

date seed. The biogas yield increased due to the addition of the date seed to the sludge at all 

temperatures. The highest biogas was found to have increased by approximately five times at 37 

°C, from around 880 ml to 4,140 ml as indicated in Figure 65. Figures 66-67 show the effect of 

adding date seed to sludge on the percentage and amount of methane produced. Again the 

highest rise in methane percentage was found at 37 °C, (from 52.9% to 71.1%). While Figure 67 

shows the apparent rise due to the addition of date seeds occurred at all temperatures. The 

highest increase in the amount of methane was again at 37 °C from 466 ml to 2,430 ml. 

Table 32: Biogas, CH4% and methane produced from sludge. 

Temperature °C  Biogas (ml) CH4 (%) CH4 (ml) 
34  1103 51.7 570 
37  880 52.9 466 
40 801 51.3 411 

 
Figure 65: Biogas yield from sludge only and after adding date seed. 
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Figure 66: CH4% variance when adding date seed to the sludge.   

 

Figure 67: The changing in methane quantity following to add date seed to the sludge. 
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While the experiment matrix shown in Table 33 presents the conditions of each experiment run 

and the associated response values. It is clear from run #15 that the highest volume of biogas of 

4,140 ml was achieved at 37°C, volatile solid value of 4.2 g-VS and sludge quantity of 50%. 

While the lowest biogas of 1,256 ml was obtained at the same temperature, volatile solid value of 

1.1 g-VS and sludge amount of 25% (run #16). In both cases the CH4 percentage was close to 

each other at 58.7% and 57.9%, respectively. In contrast, if the amount of CH4 per volatile solid 

added is to be considered, then its value of 661 ml/g-VS (run #16) would be higher in the second 

case due to a lower volatile solid of 1.1 g-VS was used. However, the amount of CH4 per volatile 

solid in the first case was 579 ml/g-VS (run #15), due to a higher volatile solid of 4.2 g-VS was 

used.      

Table 33: The experiment responses results for date seed. 

* A= Temperature, B= Volatile solid, C= Sludge quantity. 

Std. Run Factor 
1 

Factor 
2 

Factor 
3 

Resp.  
1 

Resp. 
2 

Resp. 
3 

Resp.4 Resp. 
5 

A* B* C* Biogas Biogas/g-VS CH4 CO2 CH4/g-VS 

°C g-VS % ml ml/g-VS % % ml/g-VS 
1 6 34 1.10 37.5 1596 1450.5 54.3 24.0 788.1 
2 14 40 1.10 37.5 1648 1497.7 52.3 22.6 783.8 
3 2 34 4.20 37.5 3398 809.1 67.7 18.3 547.5 
4 9 40 4.20 37.5 3801 905.0 52.6 23.9 476.0 
5 12 34 2.65 25.0 1986 749.5 67.5 15.1 505.9 
6 17 40 2.65 25.0 2108 795.6 57.4 19.6 456.4 
7 7 34 2.65 50.0 2771 1045.8 56.3 21.2 588.4 
8 1 40 2.65 50.0 2888 1089.6 51.9 24.0 565.9 
9 16 37 1.10 25.0 1256 1141.6 57.9 18.2 661.0 
10 8 37 4.20 25.0 3328 792.3 71.1 13.0 563.6 
11 13 37 1.10 50.0 2023 1838.9 62.2 17.6 1143.8 
12 15 37 4.20 50.0 4140 985.8 58.7 17.0 579.0 
13 5 37 2.65 37.5 2515 949.0 53.4 24.9 506.4 
14 3 37 2.65 37.5 2802 1057.3 56.7 26.2 599.2 
15 11 37 2.65 37.5 2606 983.5 55.7 26.6 547.8 
16 4 37 2.65 37.5 2603 982.4 55.5 25.6 545.2 

17 10 37 2.65 37.5 2710 1022.7 54.4 25.5 556.4 
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However, the highest amount of Biogas per g-VS of 1,838.9 ml/g-VS was obtained at 37 °C, 

volatile solid value of 1.1 g-VS and at 50% sludge (run #13). At these conditions the highest 

CH4/g-VS quantity of 1,143.8 ml/g-VS was recorded. On the other hand, the lowest value of 

Biogas/g-VS from of 749.5 ml/g-VS was reported at 34°C, 2.65 g-VS, and 25% of the sludge 

(run #12). The minimum CH4/g-VS of 456.4 ml/g-VS was obtained from run #17 at 40°C, 2.65 

g-VS and 25% sludge. 

A methane percentage ranged between 51.9% and 71.1% was achieved which is higher than that 

recorded by Jaffar [183]. While the CO2% was between 13.0% and 26.6% lower than that found 

in the same study [183]. Table 33 shows the relationship between CH4% and CO2%. It was found 

that as the CH4% increased the CO2% decreased. The highest CH4% and lowest CO2% was 

found at the following conditions: 37°C, 4.2 g-VS and 25% sludge quantity (run #8). In contrast, 

the lowest CH4% of 51.9% was found from run #1 at the following conditions: 40 °C, 2.65 g-VS 

and 50% of the sludge. The highest CO2% was found from run #11 at the following conditions: 

37 °C, 2.65 g-VS and 37.5% of the sludge.  

When comparing the amount of biogas produced in this study with previous studies [167, 183], 

the volume of Biogas/g-VS produced in this study was higher than the amount that recorded by 

Lattieff [167]. This increase is attributed to the treatment method followed in this study and 

inoculum used. Furthermore, it was found that the amount of biogas was two times higher than 

that reported in [183]. This is could be due to the treatment method used on date seed in this 

study as no boiling or exposing of the date seed to elevated temperatures was conducted (i.e. 

only grinding). Also, the difference in the inoculum used may be a reason for the change in the 

volume of the resulting biogas. However, due to the similarity in the components of most types 

of dates and their proportions, this study's results are applicable to other types of date seeds, at 

different times. 

4.4.1 Model Estimation 

Figures 68-73 illustrate the impact of temperature, volatile solids, and sludge quantity on the 

responses for each factor separately. Figure 68 shows that the effect of temperature on CH4/g-VS 

did vary, where the highest value was found at 37 °C from sample #11. On the contrary, a 

decrease in the volatile solid added value caused an increase in CH4/g-VS (Figure 69). Figure 70 

shows that at 50% of the sludge, the highest amount of CH4/g-VS was achieved.  
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Figures 71-73 show the effect of factors on CH4 and CO2 percentages. The CH4% exceeded 71% 

at 37 °C, 4.2 g volatile and 25% sludge as shown from the charts. In these conditions, the lowest 

CO2% was reached 13%. Also, from the same charts, the inverse relationship between CH4% and 

CO2% was evident. 

 
Figure 68: The impact of temperature on the Biogas, Biogas/g-VS  and CH4/g-VS.   

 
Figure 69: The infulence of volatile solid added value on the Biogas, Biogas/g-VS  and CH4/g-

VS. 
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Figure 70: The effect of increasing the slaudge quantity on the Biogas, Biogas/g-VS  and CH4/g-

VS. 

 
Figure 71: The alteration in biogas quality with temperature rise.   
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Figure 72: Shifting in biogas quality at different volatile solid values.   

 
Figure 73: The impact of sludge quantity on CH4% and CO2%.   
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The ANOVA tables 34-38 show that all models were significant. The coded equations (16, 18, 

20, 22 and 24) and the actual equations (17, 19, 21, 23 and 25) are shown below with each 

response. The influences of volatile solid (B) and sludge quantity (C) were significant for all 

responses, while there was no significant influence of temperature (A) on the Biogas/g-VS and 

CH4/g-VS. The interaction of (BC) had a significant influence on the Biogas/g-VS, CH4% and 

CH4/g-VS responses. In contrast, the CH4% and CO2% were significantly affected by the 

interaction of temperature and volatile solid (AB). There was no significant influence for the 

interaction between the temperature and the amount of the sludge (AC) on all responses. 

4.4.2 Biogas 

As its clear from Figure 74, the highest biogas produced was found at added volatile solid of 4.2 

g-VS. Also, it is clear that the biogas produced was directly proportional to the volatile solid and 

sludge quantity. This is in line with what Igoni et al. [390] mentioned that the volume of biogas 

increased with an increase in the volatile value in the batch reactor. The biogas produced was 

slightly affected by temperature variation as shown in Figure 74. This differs from what was 

stated in Lattieff [167], where the volume of biogas produced decreased by 27% when the 

temperature changed from 37 °C to 55 °C. This difference may be due to that the reaction 

changed from mesophilic to thermophilic condition and recycled digestate used. Figure 75 

illustrates that the highest biogas produced was at volatile solid of 4.2 g-VS and at any 

temperatures. The coded equation (16) demonstrates that the most factor affect the biogas 

volume was the volatile solid added followed by sludge quantity and temperature. The effect of 

these factors on the biogas yield were a positive effect. However, this effect was on the quantity 

of biogas only. The effect of the factors on the quality of the biogas will be discussed later.  

The coded equation (16) for Biogas is: 

Biogas = 2619.21 + 6.75*A + 1018.00*B + 393.00*C - 145.97*A² + 102.53      Equation (16) 

The actual equation (17) for Biogas is: 

Biogas = -23274.69295 + 1229.14474*Temperature + 430.59751*Volatile Solid + 
31.44000*Sludge Quantity - 16.21930*Temperature² + 42.67485*VolatileSolid²    

                             Equation (17) 
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Table 34: ANOVA table for the Biogas Response. 

Source Sum of 
Squares 

df Mean 
Square 

F-value p-value  

Model 9.714E+06 5 1.943E+06 191.40 < 0.0001 Significant 
A-Temperature 60204.50 1 60204.50 5.93    0.0331  
B-Volatile Solid 8.291E+06 1 8.291E+06 816.77 < 0.0001  
C-Sludge Quantity 1.236E+06 1 1.236E+06 121.73 < 0.0001  
A² 89968.45 1 89968.45 8.86    0.0126  
B² 44382.50 1 44382.50 4.37    0.0605  
Residual 1.117E+05 11 10150.41    
Lack of Fit 62619.75 7 8945.68 0.7297    0.6648 Not significant 
Pure Error 49034.80 4 12258.70    
Cor Total 9.826E+06 16     
Adequacy 

measuring tools 

R²= 0.9886 

 

Adjusted R²=0.9835 Predicted R²= 0.9737 

 

 
Figure 74: Perturbation plot shows the effect of all factors on Biogas volume.  
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Figure 75: Contour plot views the effect of Temperature and Volatile solid  on Biogas volume at 

sludge quantity of 37.5%. 

4.4.3 Biogas/g-VS 

According to Figure 76 it can be seen that, the highest amount of Biogas per gram volatile solid 

added produced was found at volatile solid of 1.1 g-VS. The reason for that when calculating the 

amount of Biogas/g-VS the biogas produced (divided by the volatile solid value). The higher the 

volatile solid value, the less volume of Biogas/g-VS achieved and vice versa. In contrast, direct 

proportion between the sludge quantity and the volume of Biogas/g-VS produced. The effect of 

temperature on Biogas/g-VS remained low. Figure 77 shows the interaction effect between 

volatile solid added and sludge quantity on the response. It is evidence from this figure that, by 

using volatile solid of 1.1, the maximum Biogas/g-VS of 1800 ml/g-VS could be achieved if the 

sludge quantity is kept at 50%. From Figure 77, using a volatile solid of 4.2 g-VS, the amount of 

Biogas/g-VS decreased to around 900 ml/g-VS, observing that there is no significant difference 

between both sludge quantities. This is due to the increase of feedstock that lead to inhibit the 

reaction thus the biogas produced decreased [160]. The effect of the volatile solid and the sludge 

quantity on the response was illustrated in Figure 78. It shows that the maximum Biogas/g-VS 

yield was when the volatile solid at its minimum values, sludge quantity more than 45% and 37 

°C. The effect of added volatile solid was highest on Biogas/g-VS followed by sludge quantity 

and the interaction between them according to the coded equation (18). The effect of volatile 
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solid and its interaction with the sludge quantity were negative. While increasing the amount of 

sludge positively affected the Biogas/g-VS. 

The coded equation (18) for Biogas/g-VS is: 

Biogas/g-VS = 987.45 + 29*A - 304.56*B + 185.14*C - 125.95*BC + 216.62*B2 

                  Equation (18) 
The actual equation (19) for Biogas/g-VS is: 

Biogas/g-VS = -7466.97499 + 444.71798*Temperature - 430.58564*Volatile Solid + 
32.03771*Sludge Quantity - 6.50065*Volatile Solid * Sludge Quantity 5.87851*Temperature² + 
90.16375*Volatile Solid²                  Equation (19) 

Table 35: ANOVA table for Biogas/g-VS Response. 
 

Source Sum of 
Squares 

df Mean 
Square 

F-value p-value  

Model 1.292E+06 6 2.153E+05 95.70 < 0.0001 Significant 
A-Temperature 6786.12 1 6786.12 3.02    0.1131  
B-Volatile Solid 7.421E+05 1 7.421E+05 329.86 < 0.0001  
C-Sludge Quantity 2.742E+05 1 2.742E+05 121.89 < 0.0001  
BC 63453.61 1 63453.61 28.21    0.0003  
A² 11818.45 1 11818.45 5.25    0.0449  
B² 1.981E+05 1 1.981E+05 88.07 < 0.0001 Not significant 
Residual 22496.34 10 2249.63    
Lack of Fit 15519.96 6 2586.66 1.48    0.3662  
Pure Error 6976.39 4 1744.10    
Cor Total 1.314E+06 16     
Adequacy 
measuring tools 

R²= 0.9829 Adjusted R²= 0.9726 Predicted R²= 0.9221 
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 Figure 76: Perturbation plot illustrates the effect of all factors on Biogas/g-VS. 

   
Figure 77: Interaction plot clarifies the effect of interaction between volatile solid and sludge 

quantity on Biogas/g-VS. 
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Figure 78: 3-D surface plot displays the effect of volatile solid and sludge quantity on Biogas/g-

VS at 37 °C. 

4.4.4 Methane Percentage 

It is evident from Figure 79 that the highest amount of methane percentage (CH4%) was 

achieved at 25% sludge quantity. The figure shows that the increase of temperature and sludge 

quantity had a negative effect on the CH4%. An increase in temperature lead to instability in the 

reaction and an increase in the proportion of ammonia, thereby less methane production [167, 

391]. The quantities of minerals present in the sludge influences on the methane production. 

Sludge containing large amounts of Ni and Mo helps in improving the digestion process. While, 

an increase of Al and Zn proportions in the sludge leads to inhibit the digestion process [389]. 

The negative effect of sludge quantity remained until it reached the centre value and then rose 

slightly. From Figures 80 and 81 it can be seen that the two interaction effects between volatile 

solid added and both temperature and sludge quantity. The more volatile solid added lead to an 

increase in CH4%. The ratio of feedstock to inoculum is an important factor in the AD process 

[392]. Setting this ratio plays a major role in stabilising the digestion process and the biogas 

yield. Increasing this ratio gives high methane production in a longer incubation period. On the 

other hand, the intermediate ratio gives a high yield of methane over a shorter time [392].  It is 
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clear from Figure 80 that the methane percentage decreased as the temperature rose given that no 

difference in percentage of volatile solid at both settings was observed at 40 °C. Figure 81 

illustrates that the CH4% reached to its peak at value of 4.2 g-VS and sludge quantity of 25%. 

This percentage decreased sharply by decreasing the volatile solid value from 4.2 g-VS to 1.1 g-

VS. The CH4% was similar at a volatile solid of 1.5 g-VS for both sludge quantities (Figure 81). 

The coded equation (20) shows the effect of the interaction between the volatile solid added and 

the sludge quantity were the highest on CH4%. These effects are related to the quality of the 

biogas not the quantity.  

The coded equation (20) for CH4% is: 

CH4% = 54.59-3.95*A + 2.93*B - 3.10*C - 3.28*AB - 4.17*BC + 2.82*B² + 4.37*C²              
                                                                         Equation (20) 

The actual equation (21) for CH4% is: 

CH4% = +64.75168+ 0.549731*Temperature + 29.79773*Volatile Solid - 1.7763*Sludge Quantity 
- 0.704301*Temperature * Volatile Solid - 0.215484*Volatile Solid * Sludge Quantity + 

1.17531*Volatile Solid² + 0.027992*Sludge Quantity²         Equation (21) 

Table 36: ANOVA table for CH4% Response. 

Source Sum of 
Squares 

df Mean 
Square 

F-value p-value  

Model 503.37 7 71.91 19.11 0.0001 Significant 
A-Temperature 124.82 1 124.82 33.17 0.0003  
B-Volatile Solid 68.45 1 68.45 18.19 0.0021  
C-Sludge Quantity 76.88 1 76.88 20.43 0.0014  
AB 42.90 1 42.90 11.40 0.0082  
BC 69.72 1 69.72 18.53 0.0020  
B² 33.66 1 33.66 8.95 0.0152  
C² 80.77 1 80.77 21.47 0.0012  
Residual 33.86 9 3.76    
Lack of Fit 27.41 5 5.48 3.40 0.1297  
Pure Error 6.45 4 1.61   Not significant 
Cor Total 537.23 16     
Adequacy 

measuring tools 

R²=0.9370 

 

Adjusted R²=0.8879 

 

Predicted R²=0.6893 
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Figure 79: Perturbation plot clarifies the effect of all factors on CH4%. 

 
Figure 80: Interaction plot illustrates the effect of interaction between temperature and volatile 

solid on CH4%. 
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Figure 81: Interaction plot illustrates the effect of interaction between volatile solid and sludge 

quantity on CH4%. 

4.4.5 Carbon Dioxide Percentage 

Figure 82 demonstrates that the lowest amount of CO2% was achieved at sludge quantity of 25%, 

proving the inverse relationship between CH4% and CO2%. From the same figure it can be 

noticed that the CO2% directly proportional with temperature. Furthermore, CO2% increased by 

increasing the volatile solid and sludge quantity until they reach to the centre values. This was 

followed by a decreased in the CO2% by increasing of the volatile solid and sludge quantity. 

Figure 83 shows the effect of interaction between temperature and volatile solid added on the 

response. It is clear from that the lowest CO2% was found when using the volatile solid of 4.2 g-

VS at 34 °C. Figure 84 illustrates the wide design space which produced the highest CO2% at 

volatile solid between 1.7-3.6 g-VS, 37.5% sludge and at temperatures between 37-40 °C.  The 

coded equation (22) shows the effect of the interaction between temperature and volatile solid 

added followed by the sludge quantity were the highest on carbon dioxide percentage: 

CO2% = 25.75 + 1.44*A - 1.27*B + 1.74*C + 1.75*AB - 3.54*B2- 5.77*C2       Equation (22) 
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The actual equation (23) for CO2% is: 

CO2% = - 20.38186 - 0.518145*Temperature - 6.93040*Volatile Solid + 2.90784*Sludge Quantity 
+ 0.376344*Temperature * Volatile Solid - 1.47489*Volatile Solid2 - 0.036918*Sludge Quantity2  

                                                                Equation (23) 

Table 37: ANOVA table for CO2% response. 

Source Sum of 
Squares 

df Mean 
Square 

F-value p-value  

Model 269.66 6 44.94 29.01 < 0.0001 Significant 
A-Temperature 16.53 1 16.53 10.67    0.0085  
B-Volatile Solid 13.00 1 13.00 8.39    0.0159  
C-Sludge Quantity 24.15 1 24.15 15.59    0.0027  
AB 12.25 1 12.25 7.91    0.0184  
B² 53.01 1 53.01 34.22    0.0002  
C² 140.49 1 140.49 90.68 < 0.0001  
Residual 15.49 10 1.55    
Lack of Fit 13.76 6 2.29 5.30     0.0643  
Pure Error 1.73 4 0.4330   Not significant 
Cor Total 285.16 16     
Adequacy 

measuring tools 

R²=0.9457 

 

Adjusted R²=0.9131 

 

Predicted R²=0.8232 

   
Figure 82:  Perturbation plot shows the effect of all factors on CO2%. 
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Figure 83: Interaction plot illustrates the effect of interaction between temperature and volatile 

solid on CO2%. 

  
Figure 84: 3-D surface plot presents the effect of temperature and volatile solid on CO2% at 

sludge quantity of 37.5%.    
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4.4.6 Methane/g-VS 

The highest methane per gram volatile solid yield was found at the volatile solid of 1.1 g-VS. 

Figure 85 illustrates the indirect proportion between methane per g-VS and volatile solid added. 

The graph also shows that the CH4/g-VS increased slightly by increasing the sludge quantity. 

Figure 86 shows the effect of the interaction between volatile solid added and sludge quantity on 

CH4/g-VS. The highest methane per g-VS was found at a volatile solid of 1.1 g-VS and 50% of 

sludge quantity. In contrast, lower amounts of methane per g-VS were found at volatile solid of 

4.0 g-VS and at both sludge quantity percentages. Although increasing the volatile solid amount 

increases the volume of biogas produced and the methane percentage, the highest CH4/g-VS was 

found at lowest volatile solid amount. This is because when calculating the CH4/g-VS, it was 

divided by amount of volatile solid. Therefore, the more volatile solid amount, the less CH4/g-

VS and vice versa. The coded equation (24) shows the highest indirect effect of volatile solid on 

CH4/g-VS: 

CH4/g-VS= 564.93 - 18.47*A - 151.32*B + 86.28*C - 116.85*BC - 53.18*A2  
+ 154.52B²        Equation (24) 

The actual equation (25) for CH4/g-VS is: 

CH4/g-VS = -7444.91102 + 431.13406*Temperature - 212.33504*Volatile Solid + 
22.88406*Sludge Quantity-6.03097*Volatile Solid * Sludge Quantity - 5.90936*Temperature² + 

64.31458*Volatile Solid²      Equation (25) 

Table 38: ANOVA table for CH4/g-VS Response. 

Source Sum of 
Squares 

df Mean 
Square 

F-value p-value  

Model 4.093E+05 6 68219.69 28.85 < 0.0001 Significant 
A-Temperature 2730.60 1 2730.60 1.15    0.3078  
B-Volatile Solid 1.832E+05 1 1.832E+05 77.48 < 0.0001  
C-Sludge Quantity 59547.00 1 59547.00 25.19    0.0005  
BC 54615.69 1 54615.69 23.10    0.0007  
A² 11942.81 1 11942.81 5.05    0.0484  
B² 1.008E+05 1 1.008E+05 42.64 < 0.0001  
Residual 23643.19 10 2364.32   Not significant 
Lack of Fit 19257.75 6 3209.63 2.93    0.1589  
Pure Error 4385.44 4 1096.36    
Cor Total 4.330E+05 16     
Adequacy 

measuring tools 

R²=0.9454 

 

Adjusted R²=0.9126 

 

Predicted R²=0.7249 
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Figure 85: Perturbation plot presents the effect of all factors on CH4/g-VS. 

   
Figure 86: Interaction plot shows the effect of interaction between volatile solid and sludge 

quantity on CH4/g-VS. 
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4.5 Extracted Oil Date Seed Results 

Table 39 displays the biogas, CH4% and methane produced from sludge only and The matrix of 

extracted oil date seed experiment is shown in Table 40. Figure 87 illustrates the influence of 

adding the extracted oil date seed on the biogas quantity. The volume of biogas reached 3,534 ml 

compared to 804 ml before adding date seeds at 37 °C. The same scenario also occurred at 34 °C 

and 40 °C however with a slightly less increase, as shown in Figure 87. It illustrates the 

conditions of experiment runs and the values of the responses. From Table 40 it can be seen the 

highest biogas yield was 3,534 ml (run #10) at 37°C, of 4.2 g-VS and 50% sludge. In contrast the 

lowest biogas volume was 971 ml (run #4) achieved at 37°C, 1.1 g-VS and 25% sludge. The 

difference in CH4% in both cases was quite small at 56.5% and 54.6% respectively. The CH4/g-

VS was 482.5 ml/g-VS (run #4) at the lowest biogas yield, which is a little higher than the first 

case 475.7 ml/g-VS (run #10). That is due to a lower volatile solid of 1.1 g-VS was used in the 

second case and the higher volatile solid value (4.2 g-VS) was used in the first case.  

Table 39: Biogas, CH4% and methane obtained from sludge. 

Temperature °C  Biogas (ml) CH4 (%) CH4 (ml) 
34  1129 54.1 611 
37  804 52.3 420 
40 763 49.7 379 
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Table 40: The Experiment matrix. 

* A= Temperature, B= Volatile solid, C= Sludge quantity. 

Std. Run Factor 
1 

Factor 
2 

Factor 
3 

Resp.  
1 

Resp. 
2 

Resp. 
3 

Resp. 
4 

Resp. 
5 

A* B* C* Biogas Biogas/g-VS CH4 CO2 CH4/g-VS 

°C g-VS % ml ml/g-VS % % ml/g-VS 
1 12 34 1.10 37.5 1407 1279.0 53.1 24.6 679.2 
2 13 40 1.10 37.5 1479 1344.2 50.8 23.2 682.8 
3 17 34 4.20 37.5 2933 698.4 65.4 19.3 457.0 
4 3 40 4.20 37.5 3232 769.5 51.3 24.7 394.5 
5 15 34 2.65 25.0 1699 641.1 66.2 16.6 424.7 
6 11 40 2.65 25.0 1786 674.0 51.1 20.5 344.4 
7 14 34 2.65 50.0 2579 973.2 53.9 22.7 524.5 
8 1 40 2.65 50.0 2706 1021.1 50.7 24.8 517.3 
9 4 37 1.10 25.0 971 883.1 54.6 19.4 482.5 
10 5 37 4.20 25.0 2795 665.5 69.3 15.6 461.0 
11 9 37 1.10 50.0 1711 1555.1 61.1 19.0 949.6 
12 10 37 4.20 50.0 3534 841.4 56.5 18.8 475.7 
13 16 37 2.65 37.5 2224 839.4 52.8 26.5 443.5 
14 8 37 2.65 37.5 2346 885.2 51.2 27.4 453.2 
15 7 37 2.65 37.5 2198 829.5 53.4 25.5 442.9 
16 6 37 2.65 37.5 2048 772.9 52.4 26.6 405.2 

17 2 37 2.65 37.5 2249 848.6 53.4 26.8 453.5 



 122 

 
Figure 87: The considerable increase in biogas yield by adding extracted oil date seed. 

Furthermore, the highest amount of biogas/g-VS was 1,555.1 ml/g-VS and the highest value of 

CH4/g-VS was 949.6 ml/g-VS (run #9) were achieved at 37 °C, 1.1 g-VS and 50% sludge. On 

the other hand, the lowest value of biogas/g-VS was 641.1 ml/g-VS reported at 34°C, 2.65 g-VS, 

and 25% of the sludge (run #15). The minimum CH4/g-VS was 344.4 ml/g-VS (run #11) was 

found at 40°C, 2.65 g-VS, and 25% sludge. 

Methane percentage ranged between 50.7% and 69.3%, while CO2% was between 15.6% and 

27.4%. Table 40 illustrates the indirect relationship between CH4% and CO2%. The highest 

CH4% and lowest CO2% values were 37°C, 4.2 g-VS and 25% sludge (run #5). In contrast, the 

lowest CH4% was found at the following conditions: 40 °C, 2.65 g-VS and 50% of the sludge 

(run #1). The highest CO2% (run #8) was found at 37 °C, 2.65 g-VS and 37.5% of the sludge.  

Figures 88 and 89 display the effect of added extracted oil date seeds on the quality of the 

resulting biogas. It is evident from Figure 88 that the CH4% reached 69.3% when the date seeds 

were added compared to approximately 52.3% of sludge only at 37 °C and a little lower values 

of CH4% at 34 °C. In contrast, at 40 °C, the effect of adding date seeds on CH4% was 

insignificant. Figure 89 shows the effect of adding date seeds on the methane yield which 

increased more than five times at 37 °C from 379 ml to 1,997 ml. 
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Figure 88: Different CH4% after adding date seed. 

 
Figure 89: The effect of adding extracted oil date seed on methane volume   
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Comparing the amount of biogas/g-VS that was resulted from this study with the findings of 

Shanableh and Radeef (2017) [181], it can be seen that the biogas produced from this study was 

much higher, almost four times, noticing that the prepared samples were much lower than this 

study (30 ml of date seed/sludge mixtures). Furthermore, the methane yield from this study was 

higher approximately by the same proportion. The reason for this may be due to several factors; 

including the exposure of the date seeds to drying in the oven at 50 °C for 24 hours, crushing the 

date seeds by a steel hammer and different solvent used in the oil extraction process (mixture of 

methanol, chloroform and water). Also, the grinding process using a blender did not grind the 

core of the date seed so it was excluded [181]. The study found no significant difference between 

the quantities of biogas before and after oil extraction, which is corresponded with this study. 

The use of small quantities of date seed/sludge mixtures (30 ml) may be the reason for the 

differences in biogas quantities been somewhat similar, especially during the three-week 

retention time [181]. 

4.5.1 Model Estimation 

Figures 90-92 display the effects of factors on Biogas, Biogas/g-VS and CH4/g-VS quantities, 

while Figures 93-95 demonstrates their effect on CH4% and CO2%. It is evident from the Figures 

90-92 that at 37 °C, 1.1 g-VS and 50% of sludge, produced the highest biogas/g-VS and CH4/g-

VS but not the highest biogas yield. The highest biogas yield was 3,534 ml at 37 °C, 4.2 g-VS 

and 50% sludge. 
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Figure 90: The effect of temperature alteration on Biogas, Biogas/g-VS and CH4/g-VS yields. 

 
Figure 91: The increase in Biogas, Biogas/g-VS and CH4/g-VS volumes with volatile solid 

values increase.   
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Figure 92: The influence of sludge quantity on the Biogas, Biogas/g-VS and CH4/g-VS 
quantities. 

The factors had different effects on CH4% and CO2%, as shown in Figures 93-95. The highest 

CH4% and the lowest CO2% were 69% and 13% at 37 °C. The values of volatile solid and sludge 

were 4.2 g-VS and 25%. 

 
Figure 93: The impact of temperature on the biogas quality. 
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Figure 94: The volatile solid value effect on CH4% and CO2%. 

 
Figure 95: The influence of different sludge quantities on the CH4% and CO2%.   
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The ANOVA Tables 41-45 show that all models were significant. The coded equations (26, 28, 

30, 32 and 34) and the actual equations (27, 29, 31, 33 and 35) are shown below with each 

response. The influences of volatile solid (B) and sludge quantity (C) were significant on all 

responses, while there was no significant influence of temperature (A) on the biogas/g-VS and 

CH4/g-VS. The interaction of (BC) had a significant influence on the biogas/g-VS, CH4% and 

CH4/g-VS responses. In contrast, the CO2% were significantly affected by the interaction of 

temperature and volatile solid (AB). There was significant influence for the interaction between 

the temperature and the amount of the sludge (AC) only on CH4%. 

4.5.2 Biogas 

From Figure 96, it can be seen that the highest biogas achieved was found at 4.2 g-VS of volatile 

solid. The same figure shows that the biogas yield is directly proportional to the volatile solid 

added and sludge quantity. This corresponds to what was stated in Shanableh and Radeef study 

[181]. At the incubation period of 3 weeks, when the date seeds/inoculum ratio increased, the 

biogas produced increased. Moreover, the study found that the inhibition decreased at 20% and 

40% ratios due to the oil extraction from date seed which inhibits acid formation but not affected 

the microorganisms that forming the biogas. Also the figure shows the slight effect of 

temperature increased on the amount of biogas produced. Figure 97 demonstrates that the highest 

biogas was found at more than 3.7 g-VS of volatile solid, 50% of the sludge, and at all 

temperatures. The coded Equation (26) shows that the highest effect on the biogas volume was 

the volatile solid added followed by sludge quantity. These factors affected positively on the 

biogas yield and their effect was on the quantity of biogas only. The effect of the factors on the 

biogas in quality terms will be discussed later in this section.  

The coded equation (26) for Biogas is: 

Biogas = +2213.00 + 73.13*A + 865.75*B + 409.88*C + 56.75*AB + 10.00*AC - 0.2500*BC - 
5.25*A² + 55.00*B² -15.25*C²           Equation (26) 

The actual equation (27) for Biogas is: 

Biogas = - 608.37227  + 25.20027*Temperature - 13.85883*Volatile Solid + 30.27753*Sludge 
Quantity + 12.20430*Temperature * Volatile Solid + 0.266667*Temperature * Sludge Quantity 

- 0.012903*Volatile Solid * Sludge Quantity - 0.583333*Temperature² + 22.89282*Volatile 
Solid² - 0.097600*Sludge Quantity²                              Equation (27)    
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Table 41: ANOVA Table for the Biogas Response. 

Source Sum of 
Squares 

df Mean 
Square 

F-value p-value  

Model 7.410E+06 9 8.233E+05 72.54 < 0.0001 Significant 
A-Temperature 42778.12 1 42778.12 3.77    0.0933  B-Volatile Solid 5.996E+06 1 5.996E+06 528.33 < 0.0001  C-Sludge Quantity 1.344E+06 1 1.344E+06 118.42 < 0.0001  AB 12882.25 1 12882.25 1.14    0.3221  AC 400.00 1 400.00 0.0352    0.8564  
BC 0.2500 1 0.2500 0.0000    0.9964  A² 116.05 1 116.05 0.0102    0.9223  B² 12736.84 1 12736.84 1.12    0.3246  C² 979.21 1 979.21 0.0863    0.7775  

 

 

Residual 79445.25 7 11349.32    
Lack of Fit 32889.25 3 10963.08 0.9419    0.4995 Not significant 
Pure Error 46556.00 4 11639.00    
Cor Total 7.489E+06 16     
Adequacy 

measuring tools 

R²= 0.9894 

 

Adjusted R²=0.9758 Predicted R²= 0.9200 

 

 
Figure 96: Perturbation plot views the effect of all factors on the biogas volume.  
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  Figure 97: 3-D surface Plot shows the effect of Temperature and Volatile solid on the Biogas 

yield at sludge quantity of 50%. 

4.5.3 Biogas/g-VS 

According to Figure 98, it can be seen that the highest biogas/g-VS was achieved at a volatile 

solid of 1.1 g-VS, because when calculating the biogas/g-VS, the biogas produced was divided 

by the volatile solid added value. The biogas/g-VS is indirectly proportion with the volatile solid 

value, so the highest volume of biogas was achieved at the lowest volatile solid value. While the 

sludge quantity and temperature are directly proportion to the volume of biogas/g-VS produced, 

the interaction effect between volatile solid added and sludge quantity on the biogas/g-VS is 

illustrated in Figure 99. From that figure it can be seen that by using the lowest amount of 

volatile solid, the maximum biogas/g-VS of 1,600 ml/g-VS was achieved when the sludge 

quantity was 50%. Figure 99 also shows that at a volatile solid of 4.2 g-VS, the amount of 

biogas/g-VS drop sharply to around 800 ml/g-VS. It can be noted that there was no significant 

difference between biogas/g-VS values at 4.2 g-VS, 37 °C and both sludge quantities due to the 

inhibition of the reaction resulting from increased the volatile solid  [160]. Figure 100 shows the 

effect of the volatile solid added and the sludge quantity on the biogas/g-VS. The highest 

biogas/g-VS produced was at a volatile solid of 1.1 g-VS and sludge quantity more than 45%. 
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The coded Equation (28) illustrates that the negative effect of volatile solid (B) was highest on 

biogas/g-VS followed by the positive effect of sludge quantity (C), the positive effect of the 

square of volatile solid (B2) and the negative interaction (BC) between them (volatile solid and 

sludge quantity).  

The coded equation (28) for Biogas/g-VS is: 

Biogas/g-VS = + 831.67 + 27.14*A - 260.82*B + 190.89*C - 124.02*BC + 172.86*B²       
                                                                                              Equation (28) 

The actual equation (29) for Biogas/g-VS is: 

Biogas/g-VS = + 239.37109 + 9.04583*Temperature - 309.55741*Volatile Solid + 
32.23442*Sludge Quantity -6.40129*Volatile Solid * Sludge Quantity + 71.94936*Volatile 

Solid²                                                                                                          Equation (29) 

Table 42: ANOVA Table for Biogas/g-VS Response. 

Source Sum of 
Squares 

df Mean 
Square 

F-value p-value  

Model 1.030E+06 5 2.059E+05 115.06 < 0.0001 Significant 
A-Temperature 5891.55 1 5891.55 3.29    0.0970 

 
B-Volatile Solid 5.442E+05 1 5.442E+05 304.06 < 0.0001 

 
C-Sludge Quantity 2.915E+05 1 2.915E+05 162.86 < 0.0001 

 
BC 61528.80 1 61528.80 34.38    0.0001 

 
B² 1.266E+05 1 1.266E+05 70.70 < 0.0001 

 
Residual 19689.05 11 1789.91 

   
Lack of Fit 13078.11 7 1868.30 1.13     0.4805 Not significant 
Pure Error 6610.95 4 1652.74 

   
Cor Total 1.049E+06 16     
Adequacy 
measuring tools 

R²= 0.9812 
 

Adjusted R²= 0.9727 
 

Predicted R²= 0.9333 
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 Figure 98: Perturbation plot illustrates the effect of all factors on the biogas/g-VS. 

   
Figure 99: Interaction Plot clarifies the effect of interaction between volatile solid and sludge 

quantity on biogas/g-VS. 
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Figure 100: Contour Plot displays the effect of volatile solid and sludge quantity on the 

Biogas/g-VS at 37 °C. 

4.5.4 Methane Percentage 

The highest methane percentage was formed at 25% of sludge quantity as shown in Figure 101. 

The figure also illustrates the negative effect on the CH4% when the temperature and the sludge 

quantity was increased. The amount of ammonia increases with increasing reaction temperature 

due to the degradation of proteins and amino acids, which leads to a reduction in biogas and 

methane produced [393]. Likewise, some minerals in the sludge such as Al and Zn inhibit the 

digestion process. In contrast, the presence of minerals like Ni and Mo activate the digestion 

process [389]. The increase in the volatile solid value did not effect on the methane percentage 

until it reached the centre value, then the methane percentage increased with the increase in the 

volatile solid added value. The negative effect of sludge quantity on the methane percentage 

remained until it reached centre value and rose slightly. The importance of the date seed/ 

inoculum ratio in controlling the reaction clearly affects the amount of biogas produced. An 

increase in this ratio leads to higher methane production at a longer incubation time. Setting this 

ratio at an average value yields high methane production over a shorter incubation time [392]. 

The interaction effects between all factors are demonstrated in Figures 102-104. From Figure 
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102, it can be seen that the methane percentage decreased with temperature increase, noticing 

that no difference in this percentage was found at both volatile solid values at 40 °C. Figure 103 

shows the impact of low temperature on the CH4% as a methane percentage of 65% was found at 

34 °C and 25% of sludge quantity. The CH4% readily decreased by increasing the temperature, 

noticing, when CH4% reached its lowest value at the highest temperature of 40 °C and at both 

sludge quantities values. It can also be seen from Figure 104 that the highest CH4% was formed 

at a volatile solid value of 4.2 g-VS and sludge quantity of 25%. The CH4% clearly declined 

sharply when the volatile solid added value shifted from 4.2 g-VS to 1.1 g-VS. When the volatile 

solid value was 1.75 g-VS and at both sludge quantities (25% or 50%), the CH4% was 56%, as 

shown in the same Figure. The 3-D surface plot in Figure 105 shows that the highest methane 

percentage were achieved at a volatile solid values of 3.7-4.2 g-VS, sludge quantities of 25-27% 

and at 37 °C. The effect of the interaction between the volatile solid added and the sludge 

quantity was followed by the effect of the temperature were the highest on CH4%, as clarified in 

the coded equation (30). These negatively effected the quality of the biogas, rather than the 

quantity.  

The coded equation (30) for CH4% is: 

CH4% = + 52.14 - 4.34*A + 2.86*B - 2.38*C - 2.95*AB + 2.98*AC - 4.83*BC + 3.64*B² + 
3.97*C²         Equation (30) 

  The actual equation (31) for CH4% is: 

CH4%= + 177.33719 - 2.73965*Temperature + 26.62399*Volatile Solid - 4.36961*Sludge Quantity 
- 0.634409*Temperature * Volatile Solid + 0.079333*Temperature * Sludge Quantity - 

0.249032*Volatile Solid * Sludge Quantity + 1.51596*Volatile Solid² + 0.025389*Sludge 
Quantity²                              Equation (31) 
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Table 43: ANOVA Table for CH4% Response. 

Source Sum of 
Squares 

df Mean 
Square 

F-value p-value  

Model 554.16 8 69.27 35.06 < 0.0001 Significant 
A-Temperature 150.51 1 150.51 76.17 < 0.0001  B-Volatile Solid 65.55 1 65.55 33.18    0.0004  C-Sludge Quantity 45.12 1 45.12 22.84    0.0014  AB 34.81 1 34.81 17.62    0.0030  AC 35.40 1 35.40 17.92    0.0029  BC 93.12 1 93.12 47.13    0.0001  B² 56.01 1 56.01 28.35    0.0007  C² 66.45 1 66.45 33.63    0.0004  Residual 15.81 8 1.98    Lack of Fit 12.50 4 3.12 3.77    0.1133 Not significant 
Pure Error 3.31 4 0.8280    Cor Total 569.96 16     Adequacy 
measuring tools 

R²=0.9723 
 

Adjusted R²=0.9445 
 

Predicted R²=0.7911 
 

   

Figure 101: Perturbation plot clarifies the effect of all factors on CH4%. 
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Figure 102: Interaction Plot shows the effect of interaction between temperature and volatile 

solid. 

 
Figure 103: Interaction Plot views the effect of interaction between temperature and sludge 

quantity on CH4 percentage. 
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Figure 104: Interaction Plot illustrates the effect of interaction between volatile solid and sludge 
quantity on CH4 percentage. 

 

Figure 105: 3-D surface Plot shows the effect of volatile solid and sludge quantity on the CH4% 
at 37 °C. 
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4.5.5 Carbon Dioxide Percentage 

As evidenced by Figure 106, a sludge quantity of 25% produced the lowest amount of CO2% 

proving the inverse relationship between CH4% and CO2%. The figure shows a direct 

relationship between the CO2% and temperature. The increase in the volatile solid added and 

sludge quantity led to an increase in the CO2% until they both reached their centre values. The 

CO2% decreased after the centre values, as in at increasing values of volatile solid added and 

sludge quantity. The effect of the interaction between temperature and volatile solid on the 

CO2% is demonstrated in Figure 107 which shows, that using a volatile solid of 4.2 g-VS at 34 

°C, produced the lowest CO2% achieved. Moreover, the contour plot in Figure 108, shows that 

when a temperature greater than 36 °C was used and volatile solid added values between (1.72- 

3.5) g-VS, the highest CO2% can produced. The coded equation (32) illustrates the highest 

positive effect of the interaction between temperature and volatile solid followed by the sludge 

quantity on CO2%:  

CO2% = + 26.42 + 1.25*A - 0.9750*B + 1.65*C + 1.70*AB - 3.30*B² - 5.10*C²   Equation (32) 

  The actual equation (33) for CO2% is: 

CO2% = - 11.94696 - 0.552151*Temperature - 6.88180*Volatile Solid + 2.57874*Sludge Quantity 
+ 0.36559*Temperature * Volatile Solid - 1.37247*Volatile Solid² - 0.032623*Sludge Quantity²  

                                           Equation (33) 
Table 44: ANOVA table for CO2% response. 

Source Sum of 
Squares 

df Mean 
Square 

F-value p-value  

Model 217.45 6 36.24 25.66 < 0.0001 Significant 
A-Temperature 12.50 1 12.50 8.85    0.0139  B-Volatile Solid 7.60 1 7.60 5.38    0.0427  C-Sludge Quantity 21.78 1 21.78 15.42    0.0028  AB 11.56 1 11.56 8.18    0.0169  B² 45.91 1 45.91 32.50    0.0002  C² 109.71 1 109.71 77.67 < 0.0001  Residual 14.13 10 1.41    Lack of Fit 12.23 6 2.04 4.31     0.0894 Not significant 
Pure Error 1.89 4 0.4730    Cor Total 231.58 16     Adequacy 
measuring tools 

R²=0.9390 
 

Adjusted R²=0.9024 
 

Predicted R²=0.8130 
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Figure 106: Perturbation plot shows the effect of all factors on CO2%. 

  
Figure 107: Interaction Plot views the effect of interaction between temperature and volatile 

solid on CO2%. 



 140 

  
Figure 108: Contour Plot presents the effect of temperature and volatile solid on CO2% at sludge 

quantity of 37.5%.  

4.5.6 Methane/g-VS 

It can be seen that from Figure 109 that at the volatile solid of 1.1 g-VS, the highest methane per 

gram volatile solid added volume was obtained. The graph also shows that the CH4/g-VS 

decreased slightly with temperature decrease. The same Figure also shows the indirect 

proportion between methane per g-VS and volatile solid and the direct relation with that of 

sludge quantity. The interaction between volatile solid added and sludge quantity on CH4/g-VS is 

illustrated in Figure 110. The highest CH4/g-VS was gained at a volatile solid of 1.1 g-VS and 

50% of sludge quantity. In contrast, the lowest amounts of methane per g-VS were found at a 

volatile solid of 4.2 g-VS for both sludge quantities. The highest yield of methane per gram 

volatile solid was obtained at the lowest volatile solid value due to the division by the volatile 

solid added value when calculating the methane per gram volatile solid. Figure 111 shows the 

highest CH4/g-VS can be achieved at 1.1 g-VS, greater than 45% sludge and at 37 °C. The 

highest indirect effect of volatile solid on CH4/g-VS is clear from the coded Equation (34): 

CH4/g-VS = + 445.47 - 18.30*A - 125.74*B + 94.31*C - 113.10*BC + 127.32*B²   
                                                                                                                                      Equation (34) 
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The actual equation (35) for CH4/g-VS is:  

CH4/g-VS = + 395.26458 - 6.10000*Temperature - 143.09200*Volatile Solid+ 23.01416*Sludge 
Quantity - 5.83742*Volatile Solid * Sludge Quantity + 52.99514*Volatile Solid²        

                                                   Equation (35) 

Table 45: ANOVA Table for CH4/g-VS Response. 

Source Sum of 
Squares 

df Mean 
Square 

F-value p-value  

Model 3.201E+05 5 64028.07 54.15 < 0.0001 Significant 
A-Temperature 2679.12 1 2679.12 2.27    0.1604  
B-Volatile Solid 1.265E+05 1 1.265E+05 106.97 < 0.0001  
C-Sludge Quantity 71158.78 1 71158.78 60.18 < 0.0001  
BC 51166.44 1 51166.44 43.27 < 0.0001  
B² 68656.64 1 68656.64 58.07 < 0.0001  
Residual 13006.00 11 1182.36    
Lack of Fit 11418.38 7 1631.20 4.11     0.0951 Not significant 
Pure Error 1587.61 4 396.90    
Cor Total 3.331E+05 16     
Adequacy 
measuring tools 

R²= 0.9610 
 

Adjusted R²=0.9432 Predicted R²= 0.8502 
 

   
Figure 109: Perturbation plot presents the effect of all factors on CH4/g-VS. 
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Figure 110: Interaction Plot illustrates the effect of interaction between volatile solid and sludge 

quantity on CH4/g-VS. 

 
Figure 111: 3-D surface Plot illustrates the effect of volatile solid and sludge quantity on CH4/g-

VS% at 37 °C.  
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4.6 Date Seed Vs. Extracted Oil Date Seed 

The differences between the responses of date seeds before and after oil extraction illustrate in 

Figures 112-116. The figures show the impact of oil extraction on all responses, particularly 

those concerning the resulting biogas quality. Figure 112 displays the difference in biogas before 

and after oil extraction, where the largest decrease in biogas volume was 22.7% from sample #9, 

while the smallest decrease was 6.3%. The highest amount of biogas produced from date seeds 

(sample #12) before oil extraction was 4,140 ml, while it decreased to 3,534 ml after oil 

extraction. Furthermore, the variance in biogas/g-VS was similar to the difference in the biogas, 

as shown in Figure 113.  

 
Figure 112: The difference in the biogas volume produced before and after oil extraction from 

the date seeds.   
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Figure 113: The variation in the Biogas/g-VS quantity of date seed and extracted oil date seed.   

Figure 114 shows the highest and lowest differences in CH4% were 10.98% (sample #6) and 

1.12% (sample #13), respectively, while the highest and lowest differences in CO2% were 4.14% 

(sample #15) and -20% (sample #10), respectively, as shown in Figure 115. The highest 

percentage of methane before and after oil extraction from sample #10 was 71.1% and 69.3%, a 

decrease of 2.53%. On the other hand, the lowest amount of CO2% reached before oil extraction 

from sample #10 was 13% and after oil extraction, it rose to 15.6%, by an increase of 16.7%. 

This indicates the effect of oil removal on biogas quality.  

The difference in the amount of CH4/g-VS can be seen in Figure 116, where it found that 

extracting the oil from date seed led to a decrease in the amount of CH4/g-VS for all sample, 

with varying percentages ranging from 8.59% to 27%. The highest amount of CH4/g-VS before 

oil extraction was 1,143.8 ml and after oil extraction, this amount decreased to 949.6 ml. The 

decrease in the highest amounts of CH4/g-VS from date seed to extracted oil date seed was 

16.98%, according to sample #11. 
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Figure 114: CH4% of date seed and extracted oil date seed.   

 
Figure 115: The alteration in CO2% between date seed and extracted oil date seed.   
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Figure 116: CH4/g-VS yields before and after date seed oil extraction.   

4.7 Digestate 

Table 46 shows the test result of the digestates (Appendix B) produced from the cassava peel, 

date seed and extracted oil date seed which confirmed its content of the three main nutrients of 

conventional fertilisers (N, P and K) and its dry matter (DM). These amounts of nutrients match 

with what is recommended which were mentioned in Chapter 2 (section 2.11) [272]. Although 

potassium content was less than what was mentioned, this is not considered not ideal for all 

plants and types of soils. It was mentioned in the literature that it is difficult to determine the 

optimum ratios due to the difference in plants diet [102, 272]. The presence of these elements in 

the resulting digestate enhances the possibility of its usage in different areas such as agriculture, 

whether in its liquid form or after it has been dried [394-396]. The same table shows different 

N:P:K ratios obtained from each substance. Extracting the oil from the date seed increased the N 

content and decreased the P and K contents in the digestate. 

 

 

 

0	

200	

400	

600	

800	

1000	

1200	

1400	

1	 2	 3	 4	 5	 6	 7	 8	 9	 10	 11	 12	 13	 14	 15	 16	 17	

CH
4/
g-
VS
		(
m
l)
	

Sample	No.	

Date	seed	

Extracted	
oil	date	
seed	



 147 

Table 46: The test results of the produced digestates. 

Components Unit Cassava peel Date seed Extracted oil date seed 
Total nitrogen mg/kg 3886 2322 4038 
Total phosphorous mg/kg 632 347 263 
Potassium mg/kg 526 382 292 
Dry matter g/100g 2.7 1.7 2.4 
N: P: K ratio - 1.0: 0.16: 0.14 1.0: 0.15: 0.16 1.0: 0.07: 0.07 

4.8 Biodiesel 

The oil samples before and after removing the n-hexane are shown in Figure 117. The percentage 

of oil produced from the date seeds was approximately 16.0 wt.% of the date seed used in the 

extraction process. The percentage was determined from the mass of extracted oil divided by the 

mass of the powder date seed used. In other words, each gram of ground date seed gave 

approximately 0.202 ml (0.16 g) of oil. This percentage is within the values obtained by Jamil et 

al. (2016) [293], but it is slightly less than the optimal value obtained, which was 16.5%. This 

may be due to the use of more reaction time (7 hour) [293].   

  
  (a)                                      (b) 

Figure 117: The extracted oil (a) before separating n-hexane (b) after separating n-hexane. 
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The resulting biodiesel accounted for approximately 79 wt.% of the date seed oil. The separating 

the biodiesel and glycerine was implemented by placing them in a separating funnel as shown in 

Figure 118. The biodiesel sample (not the total amount produced) before and after the washing 

process is shown in Figure 119. The properties of the biodiesel produced from the extraction 

process and the comparison with ASTM D6751 and EN 14214 standard are given in Table 47 

[397-399]. The resulting biodiesel was yellowish in colour and had a hazy liquid look. The acid 

value was measured at 0.01 mg KOH/g, which is in range of the ASTM and EN standard value 

of maximum 0.5 mgKOH/g. This low acid value indicates that the produced biodiesel is suitable 

for use in engines. An increase in the acid value of the fuel leads to engine corrosion. Moreover, 

high acid values impact the low temperature properties of biodiesel due to the high melting 

points [400]. Also, the high acid value indicates the inability of biodiesel to store and may cause 

tank corrosion [158]. The cetane number was calculated at 47.6, which is lies in the range of the 

ASTM and EN standards as shown in Table 47. The importance of the cetane number refers to 

the quality of the fuel in terms of ignition. It depends on the composition of the biodiesel, so it 

directly affects the engine [401]. The cetane number depends on the chemical compound of the 

fuel, and it varies from one substance to another. It can effect the engines starting ability, noise 

level and exhaust emissions [292]. The sulphur content was 0.005 %mass which is a bit higher 

than the ASTM standard of 0.002 %mass, but lower than the EN standard of 0.02 %mass. 

Compared with fossil fuels, one of the most important advantages of biodiesel is its low 

emissions of sulphur compounds into the atmosphere [402].  

 
Figure 118: Density difference between biodiesel and glycerin. 
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(a)                   (b) 

Figure 119: Samples from produced biodiesel (a) Before and (b) After purification. 

Table 47: Biodiesel produced properties compared to ASTM and EN standards [397-399]. 

Test Result Unit ASTM D6751 EN14214 
Colour Yellowish Visual N/A N/A 
Appearance Hazy Liquid Visual N/A N/A 
Acid Number 0.01 mgKOH/g 0.5 max 0.5 max 
Cetane Index 47.6 Calculated 47 min 51 min 
Sulphur content 0.005 %Mass 0.002 0.02 max 
Final Boiling Point 439 °C 100-615 N/A 
Cloud Point 0 °C -3 to -12 N/A 
Density at 15 °C 890 kg/m3 880 860-900 
Flash Point 147 °C 130 min 101 min 
Pour point -2.0 °C -15 to -16 N/A 
Viscosity Kinematic at 40 °C 4.11 mm2/s 1.9-6.0 3.5-5.0 

The cloud point was measured to be 0 °C which is less than the ASTM standard of -3 to -12 °C, 

while the pour point of the biodiesel from the study was -2 °C compared to the ASTM standard 

of -15 to -16 °C. The values of the cloud and pour points as indicated are higher than the 

standards, which is a disadvantage for the resulting biodiesel. All biodiesels from various sources 

have high cloud and pour points [292]. The reason for that is because the fatty acids directly 

affect the cold flow properties of biodiesel. Increasing the carbon atoms in the carbon chain 

increases the freezing point of the biodiesel, while it decreases with the double bonds [403].  
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Based on the standard density values of biodiesel for the ASTM and EN standards at 880 kg/m3 

and 860-900 kg/m3 respectively, the density of the biodiesel produced from the date seed oil was 

890 kg/m3, which is within the ranges of the two standards. The density of biodiesel prevents it 

from breaking up in the engine upon combustion [404]. The mass of injected fuel increases with 

increasing fuel density. Also the injection timing and the injection spray pattern are directly 

affected by the density [405]. The penetration of fuel droplets will increase in the combustion 

chamber with the rise in density. As the density increases, it causes an increase in the fuel 

droplets diameter [406]. The importance of viscosity lies in its effect on injection in the engine 

and its spray atomisation after injection. Therefore, the viscosity of biodiesel is high, at 4.11 

mm2/s. The viscosity value in the ASTM standard is 1.9-6  mm2/s and 3.5-5 mm2/s in EN 

standard [407, 408]. Moreover, increasing the viscosity value of biodiesel leads to early injection 

that moves fuel ignition near the top dead centre, which causes an increase in the pressure and 

temperature in the combustion chamber [405, 406]. 

The temperature at which biodiesel will ignite in contact with air is called the flash point [400]. 

A low flash point makes the fuel highly volatile, while high flash point leads to carbon deposits 

in the combustion chambers [401]. The flash point of biodiesel is an important consideration for 

safety measures in transportation and storage [293]. The flash point is related to the volatility, 

low volatility with high viscosity leads to misfire, delay in the ignition and poor cold engine 

starting up [409]. Therefore, the flash point must be at least 130 min according to ASTM D6751 

standard or 101 min or more based on EN 14214 standard [397]. As the flash point in this study 

was 147 min, it was within range. The biodiesel produced a boiling point of 439 °C which is in 

the range of the ASTM boiling point between 100-615 °C. The boiling point is related to the 

volatility of the fatty substances and thus is related to the flash point. Volatility decreases with 

increasing carbon chain, thus low volatility of flammable materials means higher flash points 

[410-412]. 

4.9 Glycerine 

Glycerine was produced as a brownish and gelatinous at room temperature as a by-product from 

the biodiesel production process as shown in Figure 120. The dark colour of the crude glycerin 

produced was due to it containing ash, water, and other organic matter other than glycerin [413]. 

The amount of glycerine obtained was estimated at 9 wt.% of the date seed oil. This percentage 
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is in line with the previous studies [308-312]. The physical properties of glycerine are shown in 

Table 48. The density of glycerine at 15 °C was 1.047 g/ml, with a flash point of 149.5 °C and a 

glycerine pH of 9.16 which is in the range of the crude glycerol mentioned in the previous 

studies [306, 413]. The glycerine contained 38% water.  

 
Figure 120: Glycerine. 

Table 48: Glycerine produced properties. 

Test Result Unit 
Colour Brownish Visual 
Appearance at room T Gelatinous Visual 
Density @ 15 °C 1.047 g/ml    

Flash Point 149.5 °C 
pH value @ 20°C 9.16  
Water Content 38 % 

4.10 Starch-Based Bio Adhesive  

This section presents the statistical results of the adhesive substance resulting from the base and 

acid gelatinisation. Figures 121 and 122 show the adhesives produced from the two gelatinisation 

types and the specimens of plywood, plastic and paperboard after applying the adherent with the 

adhesive. The checked probabilities of all models are presented in the ANOVA Tables 51-60. 

The convergence of R2, predicted R2 and adjusted R2 to 1 value indicates that the models were 
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adequate. The difference between Predicted R² and Adjusted R2 was less than 0.2 for all models, 

so they were in reasonable agreement. As it is clear from the normal probability graphs (Figures 

123-127) for the adhesive from the NaOH gelatinisation and (Figures 128-132) for the adhesive 

from the HCl gelatinisation, the distribution was normal, as in all of the points were close to the 

distribution line. The adaptation of the model was adequate, which shows the normal probability 

and predicted of all responses. The agreement between the actual and predicted response was 

excellent, as the majority of the points did not deviate from the line.  

 
Figure 121: Starch-based adhesive from NaOH and HCl gelatinisation.  



 153 

 
                                                (a)                       (b)                     (c) 

Figure 122: (a) plywood, (b) plastic and (c) paperboard prepared glued samples. 

A) NaOH Gelatinisation 

The experimental matrix and results of the adhesive produced are present in Table 49. It can be 

seen that from the table, the highest shear strength of plywood and paperboard at 3.59 MPa (run 

#21) and 0.848 MPa (run #26) respectively were achieved at the following conditions: 40 ml of 

gelatinisation, 0.2 g of borax and 85 °C for plywood shear strength and 45 ml of gelatinisation, 

0.3 g of borax and 85 °C for paperboard shear strength. The adhesive viscosities at these 

conditions were 1,337.16 mPa.s and 2,820.50 mPa.s while the density was 1.045 g/cm3 and 

1.037 g/cm3 respectively. However, at a higher gelatinisation quantity of 50 ml, 0.2 g of borax 

and 65 °C, the lowest shear strength values were found for plywood at 2.33 MPa (run #33) and 

for paperboard it was 0.617 MPa (run #7) at 50 ml of gelatinisation, 0.1 g of borax and 75 °C. 

The viscosity values ranged between 815.27 to 3,953.00 mPa.s, while the resulting adhesive 

densities were from 1.005 to 1,064 g/cm3. All of the failures that occurred for the plywood were 

cohesive failures, while the failures of paperboard samples were in the substrates except for one 

sample that failed due to cohesive failure. Although the surface was treated with sandpaper (100 

grit) to increase its roughness, the adhesive failure persisted. Further investigations are required 

of other types of gelatinisation and surfaces treatment methods to be applied in order to address 

the plastic adhesion issue. 
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 Figure 123: Normal probability and predicted versus actual residuals plot of viscosity. 

 

Figure 124: Normal probability and predicted versus actual residuals plot of density. 
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Figure 125: Normal probability and predicted versus actual residuals plot of pH. 

 

Figure 126: Normal probability and predicted versus actual residuals plot of Plywood Shear 
strength. 
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Figure 127: Normal probability and predicted versus actual residuals plot of Paperboard shear 

strength. 

Table 49: The experiment responses results for adhesive production from NaOH gelatinisation  
  Factor 

1 

Factor 

2 

Factor 

 3 

Resp. 

 1 

Resp.  

2 

Resp.  

3 

Resp. 

4 

M
at

er
ia

l  

Fa
ilu

re
 lo

cu
s 

Std. Run A: 
NaOH 

B: 
Borax 

C: 
 Temperature 

Viscosity Density pH Shear 
Strength 

ml g °C mPa.s g/cm3  MPa 
1 2 40 0.1 75 1450.47 1.048 12.95 3.30 

Pl
yw

oo
d 

CF 
2 20 50 0.1 75 815.27 1.037 13.02 2.45 CF 
3 13 40 0.3 75 3953.00 1.058 12.42 3.33 CF 
4 34 50 0.3 75 2029.35 1.042 12.80 2.63 CF 
5 10 40 0.2 65 1979.09 1.064 12.87 3.03 CF 
6 33 50 0.2 65 1381.93 1.052 12.90 2.33 CF 
7 21 40 0.2 85 1337.16 1.045 12.88 3.59 CF 
8 16 50 0.2 85 953.02 1.005 12.94 2.60 CF 
9 12 45 0.1 65 1109.18 1.047 13.00 2.54 CF 
10 8 45 0.3 65 3394.07 1.059 12.62 2.75 CF 
11 24 45 0.1 85 970.17 1.029 12.99 3.10 CF 
12 19 45 0.3 85 2820.50 1.037 12.67 3.25 CF 
13 6 45 0.2 75 1337.60 1.046 12.92 2.73 CF 
14 18 45 0.2 75 1385.62 1.052 12.89 2.74 CF 
15 25 45 0.2 75 1581.95 1.054 12.94 2.67 CF 
16 3 45 0.2 75 1387.32 1.047 12.96 2.81 CF 
17 15 45 0.2 75 1344.95 1.048 12.98 2.65 CF 
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18 32 40 0.1 75 1450.47 1.048 12.95 0.632 

Pa
pe

rb
oa

rd
 

SF

+C

F 

19 7 50 0.1 75 815.27 1.037 13.02 0.617 SF 
20 17 40 0.3 75 3953.00 1.058 12.42 0.778 SF 
21 22 50 0.3 75 2029.35 1.042 12.80 0.650 SF 
22 30 40 0.2 65 1979.09 1.064 12.87 0.718 SF 
23 14 50 0.2 65 1381.93 1.052 12.90 0.635 CF 
24 28 40 0.2 85 1337.16 1.045 12.88 0.825 SF 
25 9 50 0.2 85 953.02 1.005 12.94 0.729 SF 
26 31 45 0.1 65 1109.18 1.047 13.00 0.665 SF 
27 27 45 0.3 65 3394.07 1.059 12.62 0.752 SF 
28 5 45 0.1 85 970.17 1.029 12.99 0.761 SF 
29 26 45 0.3 85 2820.50 1.037 12.67 0.848 SF 
30 4 45 0.2 75 1337.60 1.046 12.92 0.648 SF 
31 23 45 0.2 75 1385.62 1.052 12.89 0.642 SF 
32 29 45 0.2 75 1581.95 1.054 12.94 0.654 SF 
33 11 45 0.2 75 1387.32 1.047 12.96 0.651 SF 
34 1 45 0.2 75 1344.95 1.048 12.98 0.647 SF 

SF: Substrate failure, CF: Cohesive Failure, AF: Adhesive Failure 
 

B) HCl Gelatinisation 

Table 50 illustrates the experiment matrix and results of the adhesive produced. The highest 

plywood shear strength was 3.12 MPa for run #20 at 40 ml gelatinisation, 0.2 g borax and 85 °C. 

At these conditions, the adhesive viscosity was 351.63 mPa.s and the density was 1.018 g/cm3. 

While at 45 ml of gelatinisation, 0.3 g borax and 85 °C, the highest paperboard shear strength 

was achieved of 0.832 MPa from run #8. The viscosity of adhesives was 446.13 mPa.s and the 

density was 1.013 g/cm3. The least shear strength value for plywood was found at 2.47 MPa (run 

#5) at 50 ml of gelatinisation, 0.2 g borax, and at low temperature of 65 °C. In contrast, at 50 ml 

of gelatinisation, 0.1 g of borax and 75 °C, the lowest paperboard shear strength of 0.581 MPa 

(run #12) was obtained. The viscosity values ranged between 223.19 to 1,035.05 mPa.s, while 

the densities were from 1.003 to 1.029 g/cm3. Cohesive failure occurred for all plywood samples, 

while adhesive failure occurred for all plastic samples, even with surface treatment by sandpaper. 

The failure of paperboard samples took place in the substrates or cohesive failure for some 

samples. 
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Figure 128: Normal probability and predicted versus actual residuals plot of viscosity. 

 

Figure 129: Normal probability and predicted versus actual residuals plot of density. 



 159 

 

Figure 130: Normal probability and predicted versus actual residuals plot of pH. 

 

Figure 131: Normal probability and predicted versus actual residuals plot of Plywood shear 
strength. 
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Figure 132: Normal probability and predicted versus actual residuals plot of Paperboard shear 

strength. 

Table 50: The experiment responses results for adhesive production from HCl gelatinisation  

  Factor 

1 

Factor 

2 

Factor 

 3 

Resp. 

 1 

Resp.  

2 

Resp.  

3 

Resp. 

4 

M
at

er
ia

l  

Fa
ilu

re
 lo

cu
s 

Std. Run A: 
HCl 

B: 
Borax 

C: 
 Temperature 

Viscosity Density pH Shear 
Strength 

ml g °C mPa.s g/cm3  MPa 
1 19 40 0.1 75 959.52 1.020 8.42 2.57 

Pl
yw

oo
d 

CF 
2 2 50 0.1 75 480.15 1.011 8.96 2.61 CF 
3 17 40 0.3 75 1035.05 1.029 9.03 3.07 CF 
4 7 50 0.3 75 947.84 1.011 9.08 2.77 CF 
5 22 40 0.2 65 1008.99 1.018 8.54 2.72 CF 
6 5 50 0.2 65 882.27 1.017 9.11 2.47 CF 
7 20 40 0.2 85 351.63 1.018 8.89 3.12 CF 
8 4 50 0.2 85 243.09 1.003 8.73 2.99 CF 
9 13 45 0.1 65 694.44 1.010 8.82 2.53 CF 
10 27 45 0.3 65 989.73 1.026 9.06 2.58 CF 
11 16 45 0.1 85 223.19 1.006 8.73 3.02 CF 
12 25 45 0.3 85 446.13 1.013 8.99 3.10 CF 
13 28 45 0.2 75 758.53 1.015 8.96 2.76 CF 
14 6 45 0.2 75 664.13 1.021 9.05 2.87 CF 
15 18 45 0.2 75 670.82 1.019 8.92 2.76 CF 
16 15 45 0.2 75 875.89 1.017 8.99 2.79 CF 
17 30 45 0.2 75 791.33 1.016 8.92 2.81 CF 
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18 3 40 0.1 75 959.52 1.020 8.42 0.599 

Pa
pe

rb
oa

rd
 

         
 p

er
   

   
pe

rb
oa

rd
 

SF 
19 12 50 0.1 75 480.15 1.011 8.96 0.581 SF 
20 24 40 0.3 75 1035.05 1.029 9.03 0.744 SF 
21 14 50 0.3 75 947.84 1.011 9.08 0.627 SF 
22 34 40 0.2 65 1008.99 1.018 8.54 0.652 CF 
23 9 50 0.2 65 882.27 1.017 9.11 0.621 CF 
24 33 40 0.2 85 351.63 1.018 8.89 0.784 CF 
25 21 50 0.2 85 243.09 1.003 8.73 0.689 SF 
26 26 45 0.1 65 694.44 1.010 8.82 0.627 CF 
27 23 45 0.3 65 989.73 1.026 9.06 0.694 SF 
28 31 45 0.1 85 223.19 1.006 8.73 0.715 SF 
29 8 45 0.3 85 446.13 1.013 8.99 0.832 SF 
30 1 45 0.2 75 758.53 1.015 8.96 0.622 SF 
31 11 45 0.2 75 664.13 1.021 9.05 0.636 SF 
32 29 45 0.2 75 670.82 1.019 8.92 0.629 SF 
33 32 45 0.2 75 875.89 1.017 8.99 0.635 SF 
34 10 45 0.2 75 791.33 1.016 8.92 0.626 SF

+C

F 

SF: Substrate failure, CF: Cohesive Failure, AF: Adhesive Failure 

4.10.1 Model Estimation of NaOH Gelatinisation 

The ANOVA Tables 51-55 illustrates that all responses were significant. The coded (36, 38, 40, 

42 and 44) and actual equations (37, 39, 41, 43 and 45) are clarified below for each response. 

The impact of gelatinisation (A), borax (B) and temperature (C) were significant for all 

responses except the pH which was not significantly affected by temperature. The interaction 

effect of gelatinisation and borax (AB) was significant on the viscosity, pH and plywood’ and 

paperboard’ shear strengths. While the effect of starch and temperature (AC) was significant on 

the density, pH and paperboard shear strength and there was significant effect for the interaction 

of borax and temperature (BC) on paperboard shear strength only. 

4.10.2 Viscosity 

It can be seen from Figure 133 that there was a linear relationship between viscosity and all 

factors. It decreased by increasing the gelatinisation quantity and temperature while it increased 

with an increase of borax. The lowest viscosity value of adhesive was found at the highest value 

of gelatinisation and lowest value of borax and 75 °C. The adhesive viscosity decreased sharply 

with an increasing the amount of gelatinisation at 0.3 g of borax and 75 °C. In comparison, the 

viscosity decreased slightly due to an increase in gelatinisation, at 0.1 g of borax and 75 °C as 

shown in Figure 134. Figure 135 describes the highest viscosity values obtained when the 

gelatinisation was 42 ml and less, the amount of borax was more than 0.27 g and at 75 °C. The 
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highest positive effect of borax, was followed by an inverse effect of gelatinisation quantity as 

seen in coded Equation 36: 

Viscosity = + 1409.85 - 442.52*A + 981.48*B - 222.93*C - 322.11*AB + 657.90*B² 
                            Equation (36) 

The actual equation (37) for Viscosity is: 

Viscosity = + 1935.10083 + 40.34125*NaOH + 12488.81806*Borax - 22.29275*Temperature - 
644.2250*NaOH * Borax + 65790.23611*Borax²                                               Equation (37) 

Table 51: ANOVA table for viscosity response. 

Source Sum of 
Squares 

df Mean 
Square 

F-value p-value  

Model 1.192E+07 5 2.384E+06 58.53 < 0.0001 Significant 
A-NaOH 1.567E+06 1 1.567E+06 38.46 < 0.0001  
B-Borax 7.706E+06 1 7.706E+06 189.21 < 0.0001  
C-Temperature 3.976E+05 1 3.976E+05 9.76 0.0097  
AB 4.150E+05 1 4.150E+05 10.19 0.0086  
B² 1.833E+06 1 1.833E+06 45.01 < 0.0001  
Residual 4.480E+05 11 40729.87    
Lack of Fit 4.079E+05 7 58273.04 5.81 0.0542 Not significant 
Pure Error 40117.28 4 10029.32    
Cor Total 1.237E+07 16     
Adequacy 
measuring tools 

R²= 0.9638 Adjusted R²= 0.9473 Predicted R²= 0.8517 

 
Figure 133: Perturbation plot shows the effect of all factors on viscosity. 
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Figure 134: Interaction plot describes the effect of the interaction between gelatinisation and 
borax on viscosity. 

 
Figure 135: Contour plot views of the effect of gelatinisation and borax on viscosity at 75 °C. 
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4.10.3 Density 

Figure 136 shows the effect of factors on adhesive density. It shows a similar trend to the effect 

of factors on density with viscosity. The density decreased with the increase of gelatinisation and 

temperature and increased with an increase of borax. Figure 137 demonstrates that the density 

was significantly decreased with the increasing of gelatinisation quantity at 0.2 g of borax and 85 

°C while it decreased slightly when the borax was 0.2 g and at 65 °C. The density was at its 

highest level when the gelatinisation was less than 44 ml, at 0.2 g of borax and the temperature 

was less than 72 °C as illustrated in Figure 138. Equation (38) shows that the temperature (C) 

had greatest influence of on the adhesive density: 

Density = +1.05 - 0.0099*A + 0.0044*B - 0.0133*C - 0.0070*AC - 0.0058*C²    
                            Equation (38) 

The actual equation (39) for Density is: 

Density = + 0.431562 + 0.008525*NaOH + 0.043750*Borax + 0.013600*Temperature - 
0.000140*NaOH * Temperature - 0.000058*Temperature²            Equation (39) 

Table 52: ANOVA table for density response. 

Source Sum of 
Squares 

df Mean 
Square 

F-value p-value  

Model 0.0027 5 0.0005 23.55 < 0.0001 Significant 
A-NaOH 0.0008 1 0.0008 34.36    0.0001  
B-Borax 0.0002 1 0.0002 6.74    0.0248  
C-Temperature 0.0014 1 0.0014 61.86 < 0.0001  
AC 0.0002 1 0.0002 8.63    0.0135  
C² 0.0001 1 0.0001 6.17    0.0304  
Residual 0.0002 11 0.0000    
Lack of Fit 0.0002 7 0.0000 2.45    0.2019 Not significant 
Pure Error 0.0000 4 0.0000    
Cor Total 0.0029 16     
Adequacy 
measuring tools 

R²= 0.9146 Adjusted R²= 0.8757 Predicted R²= 0.6787 
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Figure 136: Perturbation plot illustrates the effect of all factors on density. 

 
Figure 137: Interaction plot shows the effect of interaction between gelatinisation and 

temperature on density. 
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Figure 138: 3-D surface plot demonstrating the effect of gelatinisation and temperature on 

density at 0.2 g of borax. 

4.10.4 pH 

The pH was significantly affected by the amount of gelatinisation and borax, whereas the 

temperature did not significantly affect it, as shown in Figure 139. From the same figure, the pH 

increased slightly with increasing the amount of gelatinisation and it decreased significantly with 

an increase in borax. Figure 140 shows that the pH remained almost constant with increasing 

gelatinisation when using 0.1 g of borax and at 75 °C. In contrast, it increased with increasing 

gelatinisation, at 0.3 g of borax and at 75 °C. Figure 141 shows the highest pH values were in the 

bounded area between any amount of gelatinisation, borax less than 0.17 g and at 75 ° C. The 

coded equation (40) illustrates that the highest impact was for borax on the pH value: 

pH = + 12.92 + 0.0675*A - 0.1813*B + 0.0113*C + 0.0775*AB - 0.1112*B²    Equation (40) 

The actual equation (41) for pH is: 

pH = + 13.54063 - 0.017500*NaOH - 4.33750*Borax + 0.001125*Temperature + 
0.155000*NaOH * Borax -11.12500*Borax²            Equation (41) 
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Table 53: ANOVA table for density response. 

Source Sum of 
Squares 

df Mean 
Square 

F-value p-value  

Model 0.3767 5 0.0753 30.48 < 0.0001 Significant 
A-NaOH 0.0364 1 0.0364 14.75    0.0027  
B-Borax 0.2628 1 0.2628 106.33 < 0.0001  
C-Temperature 0.0010 1 0.0010 0.4097    0.5352  
AB 0.0240 1 0.0240 9.72    0.0098  
B² 0.0524 1 0.0524 21.21    0.0008  
Residual 0.0272 11 0.0025    
Lack of Fit 0.0223 7 0.0032 2.61    0.1853 Not significant 
Pure Error 0.0049 4 0.0012    
Cor Total 0.4039 16     
Adequacy 
measuring tools 

R²= 0.9327 Adjusted R²= 0.9021 Predicted R²= 0.7526 

 
Figure 139: Perturbation plot illustrating the effect of all factors on pH. 
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Figure 140: Interaction plot shows the effect of interaction between gelatinisation and borax on 

pH. 

 
Figure 141: Contour plot demonstrating the effect of gelatinisation and borax on density at 75 

°C.  
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4.10.5 Shear Strength of Plywood 

The shear strength value of plywood specimens decreased with an increase of gelatinisation, but 

increased as both borax and temperature increased as shown in Figure 142. The shear strength 

decreased significantly with increasing the gelatinisation amount, at 0.2 g of borax and 65 °C and 

85 °C as shown in Figure 143. The shear strength was at its lowest value when the gelatinisation 

was 50 ml, 0.2 g of borax and 65 °C. In contrast, highest shear strength of plywood specimens 

was achieved at 40-41 ml of gelatinisation, 0.2 g of borax and 80-85 °C as shown in Figure 144. 

The effects of gelatinisation quantity, followed by temperature, had the largest effect on plywood 

shear strength as describes by Equation (42): 

Plywood shear Strength = + 2.72 - 0.4050*A + 0.0713*B + 0.2363*C - 0.0725*AC + 0.0925*A² 
+ 0.1150*B² + 0.0750*C²                                         Equation (42) 

The actual equation (43) for Plywood shear strength is: 

Plywood shear Strength = + 11.72813 - 0.305250*NaOH - 3.88750*Borax - 
0.023625*Temperature - 0.001450*NaOH * Temperature + 0.003700*NaOH² + 

11.50000*Borax² + 0.000750*Temperature²             Equation (43) 

Table 54: ANOVA table for plywood shear strength response. 

Source Sum of 
Squares 

df Mean 
Square 

F-value p-value  

Model 1.95 7 0.2784 72.84 < 0.0001 Significant 
A-NaOH 1.31 1 1.31 343.31 < 0.0001  
B-Borax 0.0406 1 0.0406 10.63    0.0098  
C-Temperature 0.4465 1 0.4465 116.82 < 0.0001  
AC 0.0210 1 0.0210 5.50    0.0436  
A² 0.0360 1 0.0360 9.43    0.0134  
B² 0.0557 1 0.0557 14.57    0.0041  
C² 0.0237 1 0.0237 6.20    0.0345  
Residual 0.0344 9 0.0038    
Lack of Fit 0.0184 5 0.0037 0.9200    0.5475 Not significant 
Pure Error 0.0160 4 0.0040    
Cor Total 1.98 16     
Adequacy 
measuring tools 

R²= 0.9827 Adjusted R²= 0.9692 Predicted R²= 0.9229 
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Figure 142: Perturbation plot demonstrating the effect of all factors on plywood shear strength. 

 
Figure 143: Interaction plot illustrating the effect of the interaction between gelatinisation and 

temperature on paperboard shear strength. 
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Figure 144: Contour plot shows the effect of gelatinisation and temperature on plywood shear 

strength at 0.2 g of borax. 

4.10.6 Shear Strength of Paperboard 

The indirect proportional relationship of gelatinisation quantity, on plywood shear strength 

continued with the paperboard shear strength as shown in Figure 145. The figure also shows the 

direct relationship between borax and the paperboard shear strength. The temperature had an 

inverse influence on the paperboard shear strength until it reached the centre level value where it 

then rose. Figure 146 shows the impact of gelatinisation and borax quantities on the paperboard 

shear strength. The shear strength decreased significantly when the gelatinisation was increased, 

at 0.3 g of borax and decreased slightly, at 0.1 g of borax when the temperature was 75 °C. It 

reached its highest values when the gelatinisation was less than 44 ml, for samples with more 

than 0.22 g of borax at 85 °C (Figure 147). The coded Equation (44) shows the effects of such 

factors on the response:  

Paperboard shear strength = + 0.6465 - 0.0402*A + 0.0441*B + 0.0491*C - 0.0283*AB + 
0.0250*B² + 0.082*C²                                    Equation (44) 
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The actual equation (45) for Paperboard shear strength is: 

Paperboard shear strength = + 4.78861 + 0.003275*NaOH + 1.98608*Borax - 
0.118978*Temperature - 0.056599*NaOH * Borax + 2.50440*Borax² + 0.000826*Temperature² 

                                                                    Equation (45) 
Table 55: ANOVA table for paperboard shear strength response. 

Source Sum of 
Squares 

df Mean 
Square 

F-value p-value  

Model 0.0835 6 0.0139 360.72 < 0.0001 Significant 
A-NaOH 0.0129 1 0.0129 335.42 < 0.0001  
B-Borax 0.0155 1 0.0155 402.92 < 0.0001  
C-Temperature 0.0193 1 0.0193 500.27 < 0.0001  
AB 0.0032 1 0.0032 83.01 < 0.0001  
B² 0.0026 1 0.0026 68.62 < 0.0001  
C² 0.0288 1 0.0288 746.35 < 0.0001  
Residual 0.0004 10 0.0000    
Lack of Fit 0.0003 6 0.0001 2.50    0.1970 Not significant 
Pure Error 0.0001 4 0.0000    
Cor Total 0.0839 16     
Adequacy 
measuring tools 

R²= 0.9954 Adjusted R²= 0.9926 Predicted R²= 0.9789 

 
Figure 145: Perturbation plot shows the effect of all factors on paperboard shear strength. 
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Figure 146: Interaction plot displaying the effect of the interaction between gelatinisation and 

borax on paperboard shear strength. 

 
Figure 147: Contour plot illustrating the effect of gelatinisation and borax on paberboard shear 

strength at 85 °C. 
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4.10.7 Model Estimation of HCl Gelatinisation 

The significance of all responses is seen in ANOVA Tables 56-60, while the coded equations 

(46, 48, 50, 52 and 54) and actual equations (47, 49, 51, 53 and 55) are illustrated below for all 

the responses. The impact of gelatinisation (A), borax (B) and temperature (C) was significant 

for all responses except the pH, which was not significantly affected by temperature. The 

interaction effect of gelatinisation and borax (AB) was significant on the viscosity and plywood 

shear strength. The effect of starch and temperature (AC) was significant on the density, pH and 

paperboard’ shear strength. The interaction of borax and temperature (BC) only affected the 

paperboard shear strength. 

4.10.8 Viscosity 

Figure 148 displays the relationships between the factors and the adhesive viscosity. The 

interaction impacts of gelatinisation and borax on the viscosity is shown in Figure 149. The 

lowest viscosity was obtained at 50 ml of gelatinisation, 0.1 g of borax and 75 °C. The viscosity 

was at its highest value a 40 ml of gelatinisation, both for 0.1 and 0.3 g of borax and 75 °C as 

shown in the same figure. Simultaneously, the viscosity decreased significantly with the increase 

of gelatinisation at 0.1 g of borax and 75 °C. While it decreased slightly by increasing 

gelatinisation at 0.3 g of borax and 75 °C until the centre value, it rose slightly. The highest 

viscosity values of adhesive were obtained at 40 ml of gelatinisation, all amounts of borax and 

75 °C as shown from the 3D surfaces plot (Figure 150). From the same figure, it can be noticed 

that, at any gelatinisation quantity, 0.3 g of borax and 75 °C, achieved the highest viscosity 

values. The coded Equation (46) illustrated the highest negative impact of temperature on the 

viscosity followed by the positive impact of borax: 

Viscosity = + 766.96 - 100.23*A + 132.68*B - 288.92*C + 98.04*AB + 70.16*A² - 197.10*C² 
                                          Equation (46) 

The actual equation (47) for Viscosity is: 

Viscosity = - 68.53788 - 311.84899*HCl - 7496.68125*Borax + 266.76226*Temperature + 
196.07750*HCl * Borax + 2.80653*HCl² - 1.97103*Temperature²            Equation (47) 
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Table 56: ANOVA table for viscosity response. 

Source Sum of  
Squares 

df Mean  
Square 

F-value p-value  

Model 1.106E+06 6 1.844E+05 29.95 < 0.0001 Significant 
A-HCl 80369.43 1 80369.43 13.05    0.0047  
B-Borax 1.408E+05 1 1.408E+05 22.87    0.0007  
C-Temperature 6.678E+05 1 6.678E+05 108.46 < 0.0001  
AB 38446.39 1 38446.39 6.24    0.0315  
A² 20785.45 1 20785.45 3.38    0.0960  
C² 1.640E+05 1 1.640E+05 26.64    0.0004  
Residual 61572.12 10 6157.21    
Lack of Fit 30323.62 6 5053.94 0.6469    0.6987 Not significant 
Pure Error 31248.50 4 7812.13    
Cor Total 1.168E+06 16     
Adequacy 
measuring tools 

R²= 0.9473 Adjusted R²= 0.9156 Predicted R²= 0.8339 

 

Figure 148: Perturbation plot shows the effect of all factors on the viscosity. 
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Figure 149: Interaction plot illustrates the effect of interaction between gelatinisation and borax 

on the viscosity. 

 
Figure 150: Contour plot shows the effect of gelatinisation and borax on the viscosity at 75 °C. 
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4.10.9  Density 

The linear relationships between gelatinisation, borax and density are shown in Figure 151. The 

density of the adhesive decreased with the increase of gelatinisation amount and increased with 

an increase of borax. Figure 152 shows that the density decreased slightly by increasing the 

gelatinisation, at 0.2 g of borax and 65 °C while it dropped significantly by increasing the 

gelatinisation at 0.2 g of borax and 85 °C. At 40 ml of gelatinisation, 0.2 g of borax and both 

temperatures 65 and 85 °C, the highest adhesive density was achieved. The highest adhesive 

density resulted when the gelatinisation was less than 41 ml, 0.3 g of borax and temperatures 

between 67 and 81°C as clarifying in Figure 153. The gelatinisation had the highest effect on 

density as indicated by coded Equation (48): 

Density = + 1.02 - 0.0054*A + 0.0040*B - 0.0039*C - 0.0035*AC - 0.0038*C²  
                 Equation (48) 

The actual equation (49) for Density is: 

Density = + 0.637573 + 0.004175*HCl + 0.040000*Borax + 0.008450*Temperature - 
0.000070*HCl * Temperature - 0.000038*Temperature²          Equation (49) 

Table 57: ANOVA table for density response. 

Source Sum of  
Squares 

df Mean  
Square 

F-value p-value  

Model 0.0006 5 0.0001 12.39 0.0003 Significant 
A-HCl 0.0002 1 0.0002 24.30 0.0005  
B-Borax 0.0001 1 0.0001 13.46 0.0037  
C-Temperature 0.0001 1 0.0001 12.63 0.0045  
AC 0.0000 1 0.0000 5.15 0.0443  
C² 0.0001 1 0.0001 6.40 0.0280  
Residual 0.0001 11 9.511E-06    
Lack of Fit 0.0001 7 0.0000 2.01 0.2614 Not significant 
Pure Error 0.0000 4 5.800E-06    
Cor Total 0.0007 16     
Adequacy 
measuring tools 

R²= 0.8492 Adjusted R²= 0.7806 Predicted R²= 0.6099 
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Figure 151: Perturbation plot illustrates the effect of all factors on the dinsety. 

 
Figure 152: Interaction plot shows the effect of interaction between gelatinisation and 

temperature on the density. 



 179 

 
Figure 153: Contour plot display of the effect of gelatinisation and temperature on the density at 

0.3 g of borax. 

4.10.10 pH 

Figure 154 shows that the pH value increased with increasing amounts of gelatinisation and 

borax, while the temperature did not significantly affect it. The pH value was approximately 9 at 

50 ml of gelatinisation, at both of the borax values of 0.1 and 0.3 g and 75 °C, as shown in 

Figure 155. The pH value increased significantly with the increasing the gelatinisation, at 0.1 g 

of borax and 75 ° C, as shown in Figure 155. Moreover, the pH increased from 8.5 to 

approximately 9.2 with an increase in gelatinisation, at 0.2 g of borax and 65 °C, while it 

decreases slightly over the same conditions, but at 85 °C as shown in Figure 156. The pH has the 

same value (approximately 8.83) at 44 ml of gelatinisation, at 0.2 g of borax at both temperatures 

65 and 85 °C. The highest pH values were obtained at any gelatinisation value, once borax was 

more than 0.27 g and at 75 °C as seen in Figure 157. The factors influences are shown in coded 

Equation (50): 

pH = + 8.97 + 0.1250*A + 0.1538*B - 0.0237*C - 0.1225*AB - 0.1825 AC - 0.0893*A² - 
0.0618*C²        Equation (50) 
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The actual equation (51) for pH is: 

pH = - 17.52819 + 0.669382*HCl + 12.56250*Borax + 0.254638*Temperature - 0.245000*HCl 
* Borax - 0.003650*HCl * Temperature - 0.003574*HCl² - 0.000618*Temperature²   

                                                             Equation (51) 
Table 58: ANOVA table for density response. 

Source Sum of  
Squares 

df Mean  
Square 

F-value p-value  

Model 0.5645 7 0.0806 29.11 < 0.0001 Significant 
A-HCl 0.1250 1 0.1250 45.12 < 0.0001  
B-Borax 0.1891 1 0.1891 68.26 < 0.0001  
C-Temperature 0.0045 1 0.0045 1.63    0.2338  
AB 0.0600 1 0.0600 21.67    0.0012  
AC 0.1332 1 0.1332 48.09 < 0.0001  
A² 0.0337 1 0.0337 12.17    0.0069  
C² 0.0161 1 0.0161 5.83    0.0390  
Residual 0.0249 9 0.0028    
Lack of Fit 0.0131 5 0.0026 0.8790    0.5655 Not significant 
Pure Error 0.0119 4 0.0030    
Cor Total 0.5894 16     
Adequacy 
measuring tools 

R²= 0.9577 Adjusted R²= 0.9248 Predicted R²= 0.8029 

 
Figure 154: Perturbation plot illustrating the effect of all factors on the pH. 
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Figure 155: Interaction plot showing the effect of the interaction between gelatinisation and 

borax on the pH. 

 

Figure 156: Interaction plot showing the effect of the interaction between gelatinisation and 
temperature on the pH. 
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Figure 157: 3-D surface plot displaying the effect of gelatinisation and borax on the pH at 75 °C. 

4.10.11 Shear Strength of Plywood 

From Table 59, although the Predicted and Actual R2 values were not as close to 1 as found for 

the other responses, their difference was still less than 0.2, plus the model was significant and the 

lack of fit was insignificant, given as none of the p-values were greater than 0.05. The linear 

relationship between all factors and the plywood shear strength is described in Figure 158. The 

shear strength of the plywood decreased with an increase of gelatinisation and increased with 

increasing borax and temperature. The plywood shear strength decreased with an increase of 

gelatinisation, at 0.3 g borax and 75 °C. In comparison, it was almost constant when increasing 

the amount of gelatinisation, at 0.1 g of borax and 75 °C, as shown in Figure 159. From the same 

figure, it can be found that at 50 ml of gelatinisation and 75 °C, the same shear strength value of 

2.7 MPa was obtained for both borax quantities. The highest shear strength at 85 °C was attained 

when less than 45 ml of gelatinisation and more than 0.2 g of borax was used and 85 °C as 

shown in Figure 160. The coded Equation (52) illustrates the influence of factors on shear 

strength and the impact of the gelatinisation and borax (AB) interaction: 

Plywood shear Strength = + 2.80 - 0.0800*A + 0.0988*B + 0.2413*C - 0.0850*AB  
                                                                                                                                Equation (52) 
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The actual Equation (53) for Plywood shear strength is: 

Plywood shear Strength = - 0.020404 + 0.018000*HCl + 8.63750*Borax + 
0.024125*Temperature - 0.170000*HCl * Borax                                  Equation (53) 

Table 59: ANOVA table for plywood shear strength response. 

Source Sum of  
Squares 

df Mean  
Square 

F-value p-value  

Model 0.6237 4 0.1559 30.85 < 0.0001 Significant 
A-HCl 0.0512 1 0.0512 10.13    0.0079  
B-Borax 0.0780 1 0.0780 15.43    0.0020  
C-Temperature 0.4656 1 0.4656 92.10 < 0.0001  
AB 0.0289 1 0.0289 5.72    0.0341  
Residual 0.0607 12 0.0051    
Lack of Fit 0.0524 8 0.0065 3.16    0.1405 Not significant 
Pure Error 0.0083 4 0.0021    
Cor Total 0.6844 16     
Adequacy 
measuring tools 

R²= 0.9114 Adjusted R²= 0.8818 Predicted R²= 0.7134 
 

 
Figure 158: Perturbation plot demonstrates the effect of all factors on the plywood shear 

strength. 
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Figure 159: Interaction plot displays the effect of interaction between gelatinisation and borax on 
the plywood shear strength. 

 
Figure 160: Contour plot clarifies the effect of gelatinisation and borax on plywood shear 

strength at 85 °C. 
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4.10.12 Shear Strength of Paperboard 

Figure 161 illustrates the indirect proportional of the paperboard shear strength with 

gelatinisation, while the shear strength increased with increasing the borax. Figures 162 and 163 

show the effect of the interactions of gelatinisation with borax and temperature on the 

paperboard shear strength. The shear strength decreased with increasing gelatinisation, at 0.3 g of 

borax and 75 °C, while it was almost at the same value for all gelatinisation values, at 0.1 g of 

borax and 75 °C (Figure 162). In contrast, the decrease in shear strength was noticeable by 

increasing the amount of gelatinisation, at 0.2 g of borax and 85 °C, while the decrease in shear 

strength was slight, at 0.2 g of borax and 65 °C (Figure 163). The interaction trend between 

borax and temperature was approximately similar at 45 ml of gelatinisation and temperatures of 

65 and 85 °C (Figure 164), nevertheless, the increase in shear strength, at 85 °C was slightly 

higher than at 65 °C. The highest paperboard shear strength at 85 °C was found when the 

gelatinisation was less than 45 ml and the borax was greater than 0.25 g as shown in Figure 165. 

Equation (54) demonstrates the effect of factors on the response: 

Paperboard shear strength = + 0.6296 - 0.0326*A + 0.0469*B + 0.0533*C - 0.0248*AB - 
0.0160*AC + 0.0125*BC - 0.0112*A² + 0.0193*B² + 0.0681*C²      Equation (54) 

The actual Equation (55) for Paperboard shear strength is: 

Paperboard shear strength = + 2.09344 + 0.067605*HCl + 0.985750*Borax - 
0.084888*Temperature - 0.049500*HCl * Borax - 0.000320*HCl * Temperature + 

0.012500*Borax * Temperature - 0.000447*HCl² + 1.93250*Borax² + 0.000681*Temperature²  
                                          Equation (55) 
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Table 60: ANOVA table for paperboard shear strength response. 

Source Sum of 
 Squares 

df Mean  
Square 

F-value p-value  

Model 0.0748 9 0.0083 240.37 < 0.0001 Significant 
A-HCl 0.0085 1 0.0085 246.36 < 0.0001  
B-Borax 0.0176 1 0.0176 508.56 < 0.0001  
C-Temperature 0.0227 1 0.0227 656.30 < 0.0001  
AB 0.0025 1 0.0025 70.89 < 0.0001  
AC 0.0010 1 0.0010 29.63    0.0010  
BC 0.0006 1 0.0006 18.08    0.0038  
A² 0.0005 1 0.0005 15.21    0.0059  
B² 0.0016 1 0.0016 45.49    0.0003  
C² 0.0195 1 0.0195 564.53 < 0.0001  
Residual 0.0002 7 0.0000    
Lack of Fit 0.0001 3 0.0000 0.9514    0.4961  
Pure Error 0.0001 4 0.0000   Not significant 
Cor Total 0.0750 16     
Adequacy 
measuring tools 

R²= 0.9968 Adjusted R²= 0.9926 Predicted R²= 0.9756 

 

 

Figure 161: Perturbation plot describing the effect of all factors on paperwood shear strength. 
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Figure 162: Interaction plot describing the effect of the interaction between gelatinisation and 

borax on the paperboard shear strength. 

 
Figure 163: Interaction plot illustrating the effect of the interaction between gelatinisation and 

temperature on the paperboard shear strength. 
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Figure 164: Interaction plot presenting the effect of the interaction between borax and 

temperature on the paperboard shear strength. 

  

Figure 165: 3-D surface plot demonstrating the effect of gelatinisation and borax on paperboard 
shear strength at 85 °C. 
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4.10.13 Adhesives Performance on Plywood and Paperboard 

Figures 166 and 167 show the variance in plywood shear strength value compared to paperboard 

at the centre values of factors using NaOH and HCl gelatinisation. This difference was due to the 

different nature and properties of each substance. It is evident from the same figures that the 

shear strength of both plywood and paperboard adhered by NaOH gelatinisation adhesive was 

higher than that adhered by HCl gelatinisation adhesive. The substrates surfaces were not treated 

before adhesion. Plywood and paperboard adhered successfully, while the adhesive failed to 

adhere the plastic samples as a result of inappropriate surface roughness of plastic samples. To 

remedy this failure, the surface roughness of the plastic specimens was treated with sandpaper. 

This treatment did not lead to the adhesion of the plastic samples, therefore the adhesion failure 

continued. Further investigations are required of other techniques for preparing plastic surfaces 

such as sandblasting and mechanical polishing to ahere the plastic samples [342, 349]. 

  
Figure 166: The variance in shear strength between plywood and paperboard when using NaOH 

gelatinisation. 
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Figure 167: The variance in shear strength between plywood and paperboard when using HCl 

gelatinisation. 

(A) NaOH Gelatinisation 

The effect of gelatinisation and temperature on the adhesive production process, using NaOH 

gelatinisation affected the plywood shear strength as shown in Figures 168 and 169. In contrast, 

this effect was quite low on the paperboard shear strength. The gelatinisation quantity increased 

contributing to a decrease in plywood shear strength. It decreased with gelatinisation increasing 

from 40 ml to 50 ml, 0.2 g of borax and 75 °C, from 3.2 MPa to around 2.62 MPa (Figure 168). 

Moreover, the plywood shear strength increased as temperature increased at 45 ml of 

gelatinisation and 0.2 g of borax as seen in Figure 169.  

The shift in paperboard shear strength was slight when gelatinisation quantity increased from 40 

ml to 50 ml, at 0.2 g of borax and 75 °C as illustrated in Figure 168. On the other hand, the shear 

strength of the paperboard increased slightly by increasing the temperature from 65 °C to 85 °C, 

and when the gelatinisation was 45 ml and the borax was 0.2 g as clear from Figure 169. 
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Figure 168: Interaction plot demonstrates the effect of starch on plywood and paperboard shear 

strength when using NaOH gelatinisation. 

 

Figure 169: Interaction plot presents the effect of tempreature on plywood and paperboard shear 
strength when using NaOH gelatinisation. 
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(B) HCl Gelatinisation 

The same applies to the adhesive produced from HCl gelatinisation, in addition to the effect of 

borax on the plywood shear strength, as presented in Figures 170-172. The increased in the 

amounts of gelatinisation had a negative effect on the shear strength of the plywood, as the shear 

strength decreased slightly when increasing the gelatinisation quantity at 0.2 g of borax and 75 

°C, as shown in Figures 170. The borax and temperature positively impacted the plywood shear 

strength, as shown in figures 171 and 172. The increase in shear strength was obvious from 2.55 

MPa to approximately 3 MPa when the temperature increased from 65 °C to 85 °C, 45 ml of 

gelatinisation and 0.2 g of borax as shown in Figure 172. 

Figure 170 illustrates the effect of gelatinisation on the shear strength of paperboard, as the shear 

strength decreased slightly with an increase in the gelatinisation amount. In contrast, the 

paperboard shear strength increased slightly with increasing of borax and temperature as 

demonstrated in Figures 171 and 172. 

 

Figure 170: Interaction plot demonstrates the effect of gelatinisation on plywood and paperboard 
shear strength when using HCl gelatinisation. 
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Figure 171: Interaction plot demonstrates the effect of borax on plywood and paperboard shear 
strength when using HCl gelatinisation. 

 

Figure 172: Interaction plot demonstrates the effect of temperature on plywood and paperboard 
shear strength when using HCl gelatinisation. 
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4.10.14 Effect of Gelatinisation Type on Adhesive Performance 

Figures 173 to 177 illustrate the effect of NaOH and HCl gelatinisation on responses. Figure 173 

shows a slight difference in viscosity at the centre values of the factors. The viscosity was 

slightly higher with NaOH. The difference remains approximately at the same rate for the 

density and pH of the adhesive when using both types of gelatinisation, with a slightly higher 

density of the adhesive produced from NaOH and quite higher pH of NaOH than HCl 

gelatinisation as presented in Figures 174-175. 

 At 45 ml of gelatinisation, 0.2 g of borax and 75 °C, the plywood shear strength with NaOH 

(2.82 MPa) was almost similar to what achieved with HCl (2.77 MPa) gelatinisation, as shows in 

Figure 176. In contrast, the paperboard shear strength decreased by 4.9% with HCl, reaching 

0.623 MPa compared to 0.655 MPa when NaOH was used (Figure 177), which shows the 

paperboard shear strength at 45 ml of HCl, 0.2 g of borax and 75 °C. 

 

Figure 173: The variance in adhesive viscosity between NaOH and HCl gelatinisation. 
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Figure 174: The variance in adhesive density between NaOH and HCl gelatinisation. 

 

Figure 175: The variance in pH between NaOH and HCl gelatinisation. 
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Figure 176: The variance in plywood shear strength between NaOH and HCl gelatinisation. 

 

Figure 177: The variance in paperboard shear strength between NaOH and HCl gelatinisation. 
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Figures 178 to 182 show the effects of factors on responses of both NaOH and HCL 

gelatinisation. Figure 178 illustrates the effect of gelatinisation on the viscosity of the adhesive 

for both gelatinisations. The viscosity of the adhesives obtained from NaOH gelatinisation, at 0.2 

g of borax and 75 °C decreased by increasing gelatinisation quantity. In contrast, the viscosity 

approximately remained at the same value when using HCl gelatinisation and at the same 

conditions. The lowest viscosities of both gelatinisation were achieved, when the gelatinisation 

was 50 ml, 0.2 g of borax and at 75 °C. The effect of borax on both gelatinisations adhesive is 

shown in Figure 179. At 45 ml of gelatinisation, 0.1 g of borax and 75 °C, the lowest viscosities 

values achieved for both gelatinisations. The viscosity of NaOH gelatinisation adhesive 

increased sharply as borax increased. In contrast, the viscosity of HCl gelatinisation adhesive 

decreased slightly, with increasing borax quantity until the centre values and rose slightly 

thereafter. 

 

Figure 178: Interaction plot shows the effect of gelatinisation on viscosity when using NaOH and 
HCl gelatinisation. 
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Figure 179: Interaction plot shows the effect of borax on viscosity when using NaOH and HCl 
gelatinisation. 

The adhesives density of both gelatinisations decreased with increasing gelatinisation and 

temperature. Figure 180 shows the density decreased with increasing gelatinisation, at 0.2 g of 

borax and 75 °C, while Figure 181 highlights that density decreased with increasing temperature, 

at 45 ml of gelatinisation and 0.2  g of borax. However, Figure 181 shows the density remained 

steady with increasing temperature until the centre values and then it decreased slightly when 

using HCl gelatinisation. The pH showed a different behaviour for both gelatinisation, it 

decreased slightly with increasing borax quantity at 45 ml of gelatinisation and 75 °C when using 

NaOH gelatinisation, and increased slightly with increasing borax when using HCl gelatinisation 

as illustrated in Figure 182. 
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Figure 180: Interaction plot displays the effect of gelatinisation quantity on density when using 
NaOH or HCl gelatinisation. 

 
Figure 181: Interaction plot describes the effect of temperature on density when using NaOH or 

HCl gelatinisation. 
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Figure 182: Interaction plot clarifies the effect of borax on pH when using NaOH or HCl 

gelatinisation. 

The shear strength of the plywood decreased dramatically with an increase of gelatinisation 

quantity for the NaOH gelatinisation, and decreased slightly with HCl gelatinisation as shown in 

Figure 183. The same figure shows both gelatinisations have the same plywood shear strength 

value at 46 ml of gelatinisation, 0.2 g of borax and 75 °C at approximately 2.8 MPa.   

Figure 184 shows the effect of gelatinisation quantity on the shear strength of paperboard with 

NaOH and HCl gelatinisation. The shear strength of the paperboard decreased with increasing 

the amount of gelatinisation, at 0.2 g of borax and 75 °C. In contrast, Figure 185 shows the 

paperboard shear strength value of both gelatinisations increased when the amount of borax 

increased, at 45 ml of borax and 75 °C. 
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Figure 183: Interaction plot demonstrates the effect of gelatinisation quantity on plywood shear 

strength when using NaOH or HCl gelatinisation. 

 
Figure 184: Interaction plot illustrates the effect of gelatinisation quantity on paperboard shear 

strength when using NaOH or HCl gelatinisation. 



 202 

 

Figure 185: Interaction plot illustrates the effect of borax on paperboard shear strength when 
using NaOH or HCl gelatinisation. 

4.10.15 Discussion 

The viscosity of the liquid is the resistance to flow which inversely proportional to temperature. 

As the temperature increases, the liquid became lighter and had a lower flow resistance [333].  

Besides, higher temperatures reduce the friction between starch molecules, which leads to a 

decrease in the viscosity [414]. On the contrary, borax is used as a thickener and thus works to 

make the adhesive material more cohesive, increasing the liquid's resistance to flow and its 

viscosity [333]. Although the increase in the viscosity of the starch-based adhesive contributes to 

an increase of the adhesive bonding strength, a large increase in the viscosity reduces the 

penetration of the adhesive into the cavities of the material, thus reduces the possibility of 

adhesion of the materials [337]. Moreover, the viscosity affects the mechanical properties of the 

adhesive, such as tensile and shear strength. The viscosity of the adhesive depends on the 

dispersion of the starch particles, thus increasing the adhesion strength [414]. Since the density 

of a substance refers to its mass per unit volume, it basically depends on these two factors. 

Higher temperatures lead to the swelling of the adhesive material, thus increasing its volume 
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[415, 416]. Furthermore, it decreases the water content, which leads to a decrease in the adhesive 

weight. In contrast, borax increases water retention in the adhesive, which leads to an increase in 

its mass. In other words, increasing the amount of borax in the adhesive material increases its 

density [333, 417]. Increasing the quantities of gelatinisation solutions in the adhesive increases 

its pH, as the pH is the negative logarithm of base 10 for the concentration of the solution [333]. 

Temperature does not have much effect on the pH. It was found that increasing borax 

concentrations and rising temperatures did not affect pH value [333].  

Increasing or decreasing basic gelatinisation (NaOH) quantity in starch-based adhesive leads to 

weakness in its adhesive properties. This is because reducing the amount of gelatinisation 

increases the viscosity, leading to the starch breakdown. Also, the high viscosity of the adhesive 

does prevent it from penetrating the substrate surfaces, thus weakening the adhesive strength. On 

the other hand, an increase in gelatinisation amount leads to insufficient gelatine formation, thus 

changing the adhesive properties [418]. In producing the adhesive from starch by adding acid 

gelatinisation (HCl), it was found that the viscosity and density decreased with increasing 

temperature and increased with increasing the amount of borax. The temperature and borax have 

the same effect on HCl gelatinisation, which reduces the resistance to the flow of the liquid. In 

contrast, increasing the amount of borax increases the adhesive volume at the constant mass 

[334]. The viscosity of the adhesive increases with increasing the amount of acid gelatinisation 

and then decreases again when it reaches certain concentrations. The high concentrations of acid 

gelatinisation reduce the molecular size of the starch, leading to its solubility rather than swelling 

during temperature increase, thus causes a reduction in the adhesive's viscosity [419]. Acid 

gelatinisation breaks down the hydrogen bonds between the starch molecules. Increasing the 

amount of acid gelatinisation to certain values leads to an increased in the free hydroxyl groups, 

thus increasing the bond strength. Then the free hydroxyl groups begin to decrease, as well as the 

bond strength. The crystalline structure of starch changes with the addition of acid; as the amount 

of acid increases, the starch crystallinity decreases [420]. 

 The viscosity of the adhesive material obtained from NaOH gelatinisation ranged between 

815.27 mPa.s to 3953 mPa.s. The adhesive viscosities from HCl gelatinisation were less than 

from NaOH gelatinisation. The lowest viscosity was 223.19 mPa.s and the highest viscosity was 

1,035.05 mPa.s. The difference in viscosity values between both gelatinisations may because the 
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acid gelatinisation reduces the molecular size of starch and its solubility in water, leading to a 

decrease in its viscosity [419]. The viscosity values obtained from this study are similar to the 

values obtained from the study that produced the adhesive from cassava starch with an 

esterification modifier [337]. The higher viscosity values of NaOH gelatinisation were a bit 

lower than those obtained from cassava starch when adding the bio-oil in different proportions 

[421]. Simultaneously, the highest viscosity of corn starch was approximately 450 mPa.s at the 

highest concentration of carboxymethyl cellulose [338] which is quite low compared to than the 

viscosity of NaOH gelatinisation and approximately half of the higher viscosity achieved from 

HCl gelatinisation. 

The highest shear strength of plywood using NaOH and HCl gelatinisation was 3.59 and 3.12 

MPa, respectively. These values are 27.3% and 16.3% higher than the highest shear value found 

from the Sun et al. [337] study. These values are in line with the values obtained from the 

adhesive produced from corn starch [338] and the adhesive produced from palm oil polyester 

with PMDI, but less than adhesive produced from bio oil polyester with TDI [422]. The highest 

shear strength value of the paperboard resulted from this study were approximately the same for 

both gelatinisation (slightly higher at 1.9% for the NaOH gelatinisation). These values are within 

the range of the values obtained from the paperboard adhesion study by Wu et al. (2020) [261], 

which were 1.07 MPa at 20% humidity and 0.33 MPa at 100% humidity. At 60% humidity the 

shear strength was about 0.9 MPa, which was a little higher than the shear strength achieved in 

this study. The difference in value may be due to the difference in humidity [261]. 

4.11 Summary of Results 

This study explored several results and added more knowledge to the science in solving some of 

the AD process issues and filling the previously mentioned gaps in the first and second chapters. 

The study sought to utilise food waste to produce multiple bio-products to enhance the viability 

of AD process. The main findings that were reached can be summarised as follows:  

1- Cassava peel represents 17-20% of the cassava weight, which means its use in energy 

production provides a solution to the accumulation of waste. 

2- In terms of its highest effect, adding cassava peel to the sludge increased the yield of the 

resulting biogas. The methane percentage also increased from 62% after adding the 



 205 

cassava peel, while it was below 55% for sludge only. The starch extracting from the 

cassava peel did not significantly affect the volume and quality of the resulting biogas. 

3- Exposing date seeds to additional pre-treatment processes before grinding pre-treatment 

process leads to a loss of weight and change in their properties. This study proved that 

grinding the dates seed directly led to an increase in the biogas yield. 

4- Adding date seeds to the sludge increased the biogas volume by nearly five times. The 

rise in methane percentage was also noticeable, from about 53% to 71%. So it is worth 

using them for energy production rather than sending them to waste. 

5- Extracting the oil from the date seeds reduced the amount of biogas by 6.3% to 22.7% 

(from 4,140 ml to 3,534 ml at the highest biogas values). The drop in the methane 

percentage at its highest values was slight, from 71.1% to 69.3%. The highest CH4/g-VS 

from extracted oil date seeds was 949.6 ml compared to 1,143.8 ml before extracting 

process, by approximately 17%. 

6- The effect of the factors did differ on each response during the AD process. The volatile 

solid added value had the highest effect on all responses, either alone or interacting with 

another factor. 

7- The loss from date seed oil was compensated in the production of biodiesel and crude 

glycerine from date seed oil. The percentage of oil produced from date seeds was 16 

wt.% of the date seed mass. The percentage of biodiesel in date seed oil reached 79% 

compared to 9% of glycerine. 

8- The adhesive performed well with plywood and paperboard, while it failed to adhere the 

plastic specimens. The shear strength of the adhesive obtained from NaOH gelatinisation 

was higher than the shear strength of the HCl gelatinisation for plywood and paperboard. 

9- Digestate properties and its elements produced from cassava peels were not significantly 

affected by starch and oil extraction. Whereas, the amount of N in the digestate from the 

AD of date seed after oil extraction increased from 2,322  to 4,038 mg/kg, while the 

amounts of phosphorous and potassium decreased slightly. In contrast, the quantities of 

elements in the digestate resulting from AD of cassava peel were higher than that of date 

seed except for the N which was quite similar to the extracted oil date seed value. 
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Chapter 5  

5 BIOREFINARY EVALUATION  

5.1 Introduction 

In this chapter, optimal results of anaerobic digestion of cassava peel and date seeds 

before and after oil extraction will be discussed and the energy evaluations based on these 

optimal results. The producing biodiesel, glycerol and starch-based adhesive material 

costs and the preliminary analysis of process boundary assessments will be mentioned 

later in this chapter. 

5.2 Biogas Production 

The optimisation process is the process of defining a combination of factors to achieve a 

specific goal using numerical and graphical optimisation. The optimisation process was 

carried out in the study to calculate the energy balance at the optimal results. The results 

of the energy balance may at a later time allow the investigation of the economic effect of 

the incorporation of the production process of starch-based products on the economic 

feasibility of the AD plant. The optimisation process was carried out in the study based 

on three criteria. The first criterion was set to enhance the quality with no limitation on 

the factors. However, the other two criteria were set to reduce the operating cost. In all 

the three criteria, the goals of the responses were fixed as follows; maximise the 

Biogas/g-VS, CH4%, CH4/g-VS and minimising the CO2%. Due to the major influence of 

the concentration of the CH4 on the value of the energy gained from one gram of volatile 

solid (Ep), the importance of the CH4% response was set to 5 (the highest), while, the 

importance of the other responses was set to 3. 

Furthermore, the gate fee is one of the main revenues of some AD plants [423]. Food 

processing industries are the second largest generator of wastes to the environment [424]. 

In addition to all of that, the maximisation of the volatile solid added allows for 

benefiting from as much amount of starch and oil as possible and increases the 

contribution of the AD of cassava peel and date seed in waste management. Therefore, all 

goals of the volatile solid factor were set to “maximise” in the 2nd and 3rd criteria.  
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According to Cré -Composting and Anaerobic Digestion Association of Ireland [425], 

sludge usually contain high proportions of water. The preservation of the digestate 

negatively influences the economic aspects of the AD plants [426, 427]. As long as the 

AD plants are producing biogas, digestate will be generated. On one hand, the generation 

of the digestate in large amounts has a negative impact on the environment and could 

lead to major issues [428]. On other hand, storing, transporting and maintaining the 

digestate in large amounts, is costly as the TS of the digestate is usually low and its MS is 

high [427]. As a result, the sludge quantity has a significant influence on the quantity and 

quality of the biogas produced from the AD of cassava peel and date seed, its goal was 

set to “minimise” in the 2nd criterion. In the setting of the 3rd criterion, all these factors 

were taken into accounts in addition to the revenue of the AD Plants from the sales of the 

bio-fertiliser and the goal of the sludge quantity was set to “in range”. 

In terms of temperature, it was set to “minimise” in the 2nd and 3rd criteria in order to 

reduce the cost of the energy consumed in the digestion process. Note, however, the 

digestion process is a major expense for AD plants, whereas the energy consumed in the 

beating and grinding pre-treatment was quite low and thus neglected. Table 61 shows the 

three criteria, their goals and importance. DOE provides the optimal results numerically 

and graphically.  

Table 61: The optimisation criterion and goals. 

Factors and 
responses 

1st criteria 2nd criteria 3rd criteria 
Goal Importance Goal Importance Goal Importance 

A: 
Temperature 

In range 3 Minimise 3 Minimise 3 

B: Volatile 
Solid 

In range 3 Maximise 3 Maximise 3 

C: Sludge 
Quantity 

In range 3 Minimise 3 In range 3 

Biogas 

 

 

In range 3 In range 3 In range 3 

 

 

Biogas/g-VS Maximise 3 Maximise 3 Maximise 3 

CH4 Maximise 5 Maximise 5 Maximise 5 

CO2 Minimise 3 Minimise 3 Minimise 3 

CH4/g-VS Maximise 3 Maximise 3 Maximise 3 
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5.2.1 Optimisation and Energy Evaluation of Cassava Peel 

The insignificant influence of the starch on the biogas produced from the AD of the 

cassava peel supports exploiting the starch as a raw material in the production of bio-

products simultaneously with the biogas and bio-slurry. The production of starch-based 

products simultaneously with biogas and bio-slurry could enhance the economic 

feasibility of AD plants.  

Table 62 illustrates the optimal results based on the three criteria numerically. Figures 

186-188, show the optimal results at the optimal set of factors in over-lay figures based 

on each of the criteria. As shown in Table 62, the CH4% resulting from the three results 

were closer to each other. In terms of the biogas volume produced from one gram of 

volatile solid, the highest volume was a result of the quality criteria (1st criterion) while, 

the lowest was based on the second criterion. The average electric energy consumed by 

the water baths at a temperature of 34, 37, 40 °C were 50.54, 61.51 and 79.61 kWh 

respectively.  

Table 62: The optimal results of the three criterions for cassava peel. 

Criterion A:  
°C 

B:  
g-VS 

C: 
% 

Biogas  
ml 

Biogas/g-VS 
ml/g-VS 

CH4  
% 

CO2  
% 

CH4/g-VS 
ml/g-VS 

1st 38.6 1.2 50.0 1831 1448.1 59.8 15.9 871.5 
2nd 36.8 2.1 39.4 2012 939.7 61.4 20.6 578.9 
3rd 36.5 2.0 50.0 2195.4 1053.2 60.9 17.9 652.4 

Table 63 shows the energy gain/loss based on the optimal results. In the calculation of the 

energy balance, the optimal results which were selected by the software as the highest in 

desirability were only the ones considered. From Table 63, it can be noted that, the 

highest loss was attributed to the quality criterion, while, the highest energy gain was 

based on the 3rd criterion. As it is clear from that table, the changing of the goal of the 

sludge quantity from “minimise” to “in range” led to a 40% increase in the energy gain. 

On the other hand, the changing of the goals of the temperature and volatile solid added 

concentration in the 1st and 3rd criterion to “minimise” and “maximise” respectively 

resulted in a large increase in the energy balance. This finding enhances the economic 

feasibility of the AD plants by reducing the energy consumed in the digestion process and 
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applying gate fees for accepting wastes. The finding also supports increasing the 

contribution of the AD of cassava peel in waste management.  

 

Figure 186: Overlay plot based on the first criterion for cassava peel. 

 
Figure 187: Overlay plot based on the second criterion for cassava peel. 
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Figure 188: Overlay plot based on the third criterion for cassava peel. 

Table 63: Energy evaluation of optimisation criterion for cassava peel. 

Criterion Energy 
consumed, 
kWh 

Volatile 
solid 
weight, g 

Bs,  
kWh/m3 

Ep,  
kWh/
g-VS 

Ec, 
kWh/g-
VS 

Net Ep, 
kWh/g-
VS 

Energy 
balance,
% 

1st 70.6 1.15 5.78 0.62 0.82 -0.20 -23.27 
2nd 56.2 2.13 5.93 0.41 0.35 0.07  18.93 
3rd 56.2 2.05 5.89 0.47 0.37 0.10  27.26 

5.2.2 Optimisation and Energy Evaluation of Date Seed 

Three optimisation criteria were implemented in the study of date seed as the second and 

third criteria have the same energy balance value so that the third criterion removed. The 

average electric energy consumed by the water baths at the temperature of 34, 37, 40°C 

were 50.54, 61.51 and 79.61 kWh respectively. Table 64 and Figures 189-190 describe 

the numerical and graphical optimal results based on the two criteria. The desired optimal 

solution by the software only considered in the energy balance calculations. It is clear 

from the Table 64 that the quantity of Biogas/g-VS produced by the quality criterion was 

more than double that of the cost criterion. In contrast, methane in the cost criterion was 

73.4%, which is 18% higher than the quality criterion. 

Table 64: The optimal results of the two criterions for date seed. 

Criterion A 
 °C 

B 
 g-VS 

C  
% 

Biogas 
ml 

Biogas/g-VS 
ml/g-VS 

CH4 
% 

CO2 
% 

CH4/g-VS 
ml/g-VS 

1st 36.0 1.10 50.0 2049.2 1803.3 60.2 19.6 1073.9 
2nd 36.2 4.20 25.4 3325.5 830.5 73.4 13.0 598.8 
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Figure 189: Overlay plot based on the first criterion for date seed.  

 
Figure 190: Overlay plot based on the second criterion for date seed. 

As shown in Table 65, the highest energy gain was based on the cost criterion (131.6%) 

while the energy gain based on the quality criteria was 11.3%. When comparing the two 

criteria, changing the temperature and sludge quantity goals to “minimise” and the 

volatile solid to “maximise” resulted in a dramatic rise in energy balance of almost 12 

times higher. 
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Table 65: Energy evaluation of optimisation criterion for date seed. 

5.2.3 Optimisation and Energy Evaluation of Extracted Oil Date Seed 

Three optimisation criteria were implemented in this study as shown previously in Table 

61. The first criterion was the quality criterion to maximise CH4% with no restrictions on 

the AD process factors. The second and third criteria were the cost criterion to maximise 

CH4% with restrictions on the AD process factors to reduce the AD process cost. The 

second and third criteria had the same results, so the third criterion was excluded. Table 

61 shows the goals and importance set for each criterion. The responses were identified 

as follows; maximising the biogas/g-VS, CH4%, CH4/g-VS and minimising the CO2% for 

each criterion. The importance of the CH4% response was set to the highest value (5) due 

to its beneficial effect on energy balance calculations. The importance of the rest of the 

responses were set to 3.  

In addition, temperatures were minimised in the second and third criterion to reduce the 

energy costs used in the biogas production process. The volatile solid added was set to 

maximum to take advantage of the largest quantity of date seed.  The purpose of that is to 

contribute to the waste management process, waste disposal without dumping it to 

landfill and to reduce food waste, which is the second highest source of waste [424]. The 

sludge contains high portions of water as mentioned by Cré -Composting & Anaerobic 

Digestion Association of Ireland [425], thus negatively affects the economic aspects of 

the AD process due to the increase in costs related to digestate [426, 427]. The high MS 

and TS make the storage, transportation and maintenance processes of the digestate 

costly particularly with the large quantities resulting from the AD process [427]. For 

these reasons the sludge quantity goal was set to “minimise” in the second criterion and 

“in range” in the third criterion. The purpose of changes the goal of the sludge quantity in 

the third criterion to consider the gain of the AD Plants from the sales of the bio fertiliser. 

Criterion Energy 
consume
d, kWh 

Volatile 
solid 
weight, g 

Bs,  
 
kWh/m3 

Ep, 
kWh/g-
VS 

Ec, 
kWh/g-
VS 

Net Ep, 
kWh/g-
VS 

Energy 
balance,
% 

1st 58.3 1.10 5.82 0.79 0.71 0.08 11.3  
2nd 58.7 4.20 7.10 0.44 0.19 0.25 131.6  
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Furthermore, applying the gate fees can be used to enhance the AD process [427]. Gate 

fees are the costs that the provider pays to AD plants for disposing of waste. These costs 

are lower than the costs of other options of disposing wastes, which provide a profit for 

both parties [429]. The energy consumed in the grinding process was quite low (0.21 

kWh in 10 min) and thus neglected. Although the grinding machine capacity is 250-350 

Kg/h, it needs further investigation when it is applied on a large scale. The average 

electric energy consumed by the water baths at the temperature of 34, 37, 40°C were 

50.54, 61.51 and 79.61 kWh respectively. Table 66 and Figures 191-192 describe the 

numerical and graphical optimal results based on the two criteria. The optimal solution 

with the highest desirability that determined by the software was selected in the energy 

balance calculations. It is clear from Table 66 that the quantity of biogas/g-VS produced 

by the quality criterion was more than double that of the cost criterion. In contrast, 

methane in the cost criterion was 71.2%, which was 14.5% higher than the quality 

criterion. 

Table 66: The optimal results of the two criterions for extracted oil date seed. 

Criterion A 
°C 

B 
g-VS 

C  
% 

Biogas 
ml 

Biogas/g-VS 
ml/g-VS 

CH4 
% 

CO2 
% 

CH4/g-VS 
ml/g-VS 

1st 40.0 1.10 49.99 1818.2 1607.4 60.9 20.2 887.6 
2nd 34.0 4.20 31.97 2818.7 686.9 71.2 17.5 473.7 

 
Figure 191: Overlay plot based on the first criterion for extracted oil date seed. 
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Figure 192: Overlay plot based on the second criterion for extracted oil date seed. 

As shown in Table 67, the highest energy gains were based on the cost criterion at 

121.5%, while an energy loss resulted based on the quality criteria at -27.1%. When 

comparing the criteria, changing the temperature to “minimise”, sludge quantity goals to 

“minimise” or “in range” and the volatile solid to “maximise” resulted in a dramatic rise 

in energy balance. 

 Table 67: Energy evaluation of optimisation criterion for extracted oil date seed. 

5.3 Starch-based Adhesive Optimisation  

The optimisation process was implemented to calculate the energy balance using optimal 

results in the adhesive production process. The purpose of this was to investigate the 

economic impact of producing additional bio-product from the food wastes. Three criteria 

were set during the optimisation process. The first and second were set to improve the 

adhesive quality, while the third criterion was set to reduce the production costs. The first 

criterion was set without any restrictions and the second criterion was set as follows: 

minimising the gelatinisation quantity and maximising borax and temperature. In the 

third criterion, restrictions were placed to minimise all factors. Responses goals were set 

Criterion Energy 
consumed, 
kWh 

Volatile 
solid 
weight, g 

Bs,  
 
kWh/m3 

Ep, 
kWh/g-
VS 

Ec, 
kWh/g-
VS 

Net Ep, 
kWh/g-
VS 

Energy 
balance,
% 

1st 79.61 1.10 5.88 0.71 0.96 -0.25 -27.1  
2nd 50.54 4.20 6.88 0.35 0.16 0.19 121.5  
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for all responses without restrictions on viscosity, density, pH, and maximising plywood 

and paperboard shear strength. The importance of shear strength was set at 5 due to its 

importance in this study, while the importance of the remaining responses were set at 3. 

Table 68 illustrates the goals and restrictions of the optimisation process for all criteria. 

The energy consumed in extracting starch from cassava peels was neglected because it 

was quite low (0.15 kwh in 5 min). This value requires re-evaluation on an industrial 

scale. 

Table 68: The optimisation criterion and goals. 

Factors and 
responses 

1st criteria 2nd criteria 3rd criteria 
Goal Importance Goal Importance Goal Importance 

A: 
Gelatinisation 

In range 3 Minimise 3 Minimise 3 

B: Borax In range 3 Maximise 3 Minimise 3 

C: 
Temperature 

In range 3 Maximise 3 Minimise 3 

Viscosity 

 

 

In range 3 In range 3 In range 3 

 

 

Density In range 3 In range 3 In range 3 

pH In range 3 In range 3 In range 3 
Plywood 

shear strength 
 

Maximise 5 Maximise 5 Maximise 5 

Paperboard 
shear strength 

 

Maximise 5 Maximise 5 Maximise 5 

5.3.1 NaOH Gelatinisation 

The viscosity of the adhesive at the optimum values was varied slightly while its density 

and pH were close to each other as shown in Table 69. The same table displays the 

difference in shear strength of plywood and paperboard. The highest shear strength was 

achieved using the second criterion (quality criteria), with an increase by 3.17% and 

3.71% for plywood and paperboard, respectively compared to the first criterion. When 

changing the restrictions from "in range" to "minimise" for all factors in the cost criterion 

the shear strength decreased by 20.1% and 18.4%, respectively. Figures 193-195 display 

the optimum graphical results. 
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Table 69: The optimal results of the three criterions for NaOH gelatinisation. 

Criterion A 
 ml 

B 
 g 

C  
°C 

Viscosity 
mPa.s 

Density 
g/ml 

pH  
% 

Plywood 
shear strength 

MPa 

Paperboard 
shear strength 

MPa 
1st 40.5 0.28 84.8 3037.6 1.048 12.6 3.66 0.882 
2nd 40.0 0.30 85 3590.91 1.050 12.5 3.78 0.916 
3rd 40.0 0.23 65 2578.29 1.060 12.7 3.02 0.747 

 
Figure 193: The first criterion overlay figure for NaOH gelatinisation. 

 
Figure 194: The second criterion overlay figure for NaOH gelatinisation. 
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Figure 195: The third criterion overlay figure for NaOH gelatinisation. 

5.3.2 HCl Gelatinisation 

Table 70 shows the optimal response values and Figures 196-198 illustrate the optimum 

graphical results for the HCl gelatinisation. In the quality criterion, the viscosity of the 

adhesive was almost equal, while for the cost criteria it increased significantly. The 

difference in adhesive density and pH were quite low. The table also illustrates the 

difference between the plywood and paperboard shear strength, using the quality criterion 

at 2.7% and 3.9%, respectively. The decrease in shear strength in the third criterion 

compared to the second criterion was 6.7% for plywood shear strength and 16.7% for 

paperboard shear strength. 

Table 70: The optimal results of the three criterions for HCl gelatinisation. 

Criterion A 
ml 

B 
g 

C  
°C 

Viscosity   
mPa.s 

Density 
g/ml 

pH  
% 

Plywood 
shear strength 
MPa 

Paperboard 
shear strength 
MPa 

1st 42.7 0.29 84.8 441.334 1.018 9.09 3.20 0.851 
2nd 40 0.29 85.0 484.20 1.023 9.11 3.29 0.886 
3rd 40 0.23 80.6 727.14 1.023 8.91 3.07 0.738 
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Figure 196: The first criterion overlay figure for HCl gelatinisation. 

 
Figure 197: The second criterion overlay figure for HCl gelatinisation. 
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Figure 198: The third criterion overlay figure for HCl gelatinisation. 

5.4 Biodiesel, Glycerine and Starch-Based Adhesive Production Cost 

The costs of producing biodiesel and glycerine at the laboratory scale are shown in Table 

71. Date seed oil was produced process performed at 70 °C, 5 hours extracting time and 

1:4 date seed: n-hexane ratio. Transesterification of the oil to produce biodiesel and 

glycerine was carried out at 65 °C for 2 hours. The production costs were divided into 

energy consumption and materials cost. Since hexane and methanol can be recovered to 

97% and 95%, (section 5.4) their costs were neglected. The cost of energy consumed in 

producing 100 ml of date seed oil was € 0.68. The cost of energy consumed in 

transesterification of the oil was € 0.25. The total cost of energy consumed to produce 

biodiesel and glycerine was € 1.02. The cost of energy consumption for biodiesel 

purification is meagre, so it was neglected. The energy price in DCU is €0.125 per kWh. 

The highest cost in the biodiesel and glycerine production process was the cost of oil 

extraction, which was estimated by two-thirds of the production cost, followed by the 

transesterification process cost. The cost of sodium hydroxide was the lowest (9% of the 

total cost). Further investigating of the possibility of reducing the extraction period 

without affecting the amount of oil may help in reducing this cost. 
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Table 71: Biodiesel and glycerin production cost. 

* Hexane and methanol costs were neglected as they can recover at high percentages. 

The adhesive production process from NaOH and HCl gelatinisation at optimum values 

were carried out at different temperatures. Table 72 describes the starch-based adhesive 

production cost. The energy consumed to produce the adhesive from NaOH at 85 °C was 

0.32 kWh, and 0.25 kWh at 65 °C. In contrast, to produce the adhesive from HCl at 80 

and 85 °C, the energy consumption was 0.32 and 0.33 kWh, respectively. The cost of 

each gelatinisation was € 1.58 /sample of NaOH and € 0.78/sample of HCl. One gram of 

borax cost was € 0.25. The total cost of producing 40ml of the adhesive from NaOH is 

between € (1.89-1.98) and from HCl is between € (1.16-1.23). 

Table 72: starch-based adhesive production cost based on optimal results. 

Process/Materials Adhesive from NaOH  Adhesive from HCl  
Energy consumed at 65 °C (kWh) 0.25 0.26 
Energy consumed at 85 °C (kWh) 0.32 0.33 
Sodium Hydroxide (€) 1.58/sample 0.78/ sample 
Borax (€) 0.25/g 0.25/g 

Total cost (€) 
1st criteria 1.97 1.23 
2nd criteria 1.98 1.19 
3rd criteria  1.89 1.16  

5.5 Preliminary Analysis of Process Boundary  

The preliminary analysis of process boundary aims to compare the approach of producing 

bio-product and their resulting waste. Biogas, starch-based adhesive and digestate were 

produced from cassava peel and biogas, biodiesel, glycerine and digestate were created 

from date seeds. The preliminary analysis of the process boundary diagram shown in 

Figure 199 consists of the production of biogas, starch-based adhesive, oil extraction and 

Process/Material Energy 
consumed 
(kWh) 

Process 
time  
(h) 

Total energy 
consumed  
(kWh) 

Cost/sample  
 
(€) 

 (A) (B) (C) = (A) × (B) (D) = (C) × € 0.125  
Oil Extraction  1.08  5 5.40  0.68  
Transesterification of oil 0.98  2 1.96 0.25  
N-Hexane* ----------- --------- ----------- 2.36 
Methanol* ----------- --------- ----------- 1.53 
Sodium hydroxide ----------- --------- ----------- 0.09 
Total    1.02 
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production of biodiesel and glycerine. Waste from these processes includes gaseous 

emissions and wastewater. The production of raw materials, the energy consumed during 

the pre-treatment processes and the separation of hexane and methanol were not 

considered. 

Raw materials were prepared using laboratory equipment, minimising the treatment 

process was taken into account as much as possible to reduce each operation costs, 

weight loss of raw materials and the amount of waste generated were also minimised. 

The cassava peel was used immediately in the AD process after extracting the starch, the 

water produced with the starch was added to the pre-treated peel. The date seeds were 

washed to purify them from impurities, resulting in a quantity of water discarded to 

sewage. The biogas production process yielded certain amounts of CO2, which usually 

disposed of in air but in quite lower amounts than that generated from fossil fuels. The 

surplus by products of AD processes (digestate) can be exploited in some fields such as 

in agricultural applications for soil amendment or as a bio fertiliser or recycle and reuse 

in the AD process [196, 197]. Each gram of cassava peel yielded between 578.9 to 871.5 

ml of CH4/g-VS based on the optimal results (Table 62). While one gram of date seeds 

before oil extraction produced 598.8 to 1,073.9 ml of CH4/g-VS. On the other hand, after 

oil extraction, these quantities were reduced to 473.7 and 887.6 ml of CH4/g-VS, based 

on the optimal results (Tables 64 and 66). 

The process of producing date seed oil, biodiesel and glycerine was carried out under 

reflux conditions, so there were no emissions to the air from these processes. The 

biodiesel purification process generated wastewater. Every 100 ml of date seed oil 

production process (approximately 80 ml of biodiesel and 10 ml of glycerin) required 550 

g of ground date seed, 2,200ml of n-hexane, 22 ml of methanol and 0.750 g of NaOH. N-

Hexane and methanol can be recycled and used several times, depending on the 

efficiency of the recycling process, which can reach more than 97% and 95%, 

respectively. The total energy consumed to produce the date seed oil was estimated at 5.4 

KWh per cycle (based on five hours extraction time at 70 °C) and 0.98 KWh for the 

transesterification process at temperature between 60-65 °C. The process of producing 40 

ml of the adhesive required a consumption of an amount ranging from 0.25 kWh to 0.33 
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kWh (depending on the reaction temperature and the type of gelatinisation used) in 

addition to the gelatinisation (NaOH or HCl) amount and viscosity enhancer (Borax). 

Since this assessment was implemented at the laboratory scale, further investigation of 

the life cycle analysis at an industrial scale is required. 

 
Figure 199: The preliminary analysis of process boundary in this study. 

5.6 Summary 

The optimisation process of the AD process was carried out to calculate the energy 

balance at optimum results. Three criteria were defined as follows, the first criterion to 

improve the quality of biogas and the other two to reduce the operational costs of the 

process. In the energy balance calculations for cassava peels, the largest energy loss was 

the first criterion for biogas quality. In contrast, the third criterion had the largest energy 

gain when the amount of sludge was "in range". As for the energy balance calculations 
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for date seeds, the second and third criteria (cost criteria) had the same results, so the 

third criterion was ignored. The energy gain of the second criterion was 131.6% for date 

seed before oil extraction, while it decreased slightly to 121.5% after oil extraction. 

The costs of producing biodiesel and glycerine were calculated on the laboratory scale. 

The costs of purchasing the n-hexane, used in the oil extraction process and the methanol 

used in the transesterification processes were neglected due to the possibility of their 

recovery (by more than 95%). 

The process of optimising the adhesive production process was carried out at optimum 

results. Three criteria were set to improve the quality of the adhesive and reduce the 

production cost. The first and second criteria were set to improve the quality of the 

adhesive and the third criterion was aimed to reduce the cost of production by placing all 

factors at the "minimise". For both gelatinisations, in terms of plywood and paperboard 

shear strength, the second criterion had the best performance of the adhesive. In contrast, 

the third criterion had the lowest performance. The production costs of the adhesive from 

NaOH gelatinisation were higher than the adhesive from HCl gelatinisation due to the 

difference in the gelatinisation material price. 
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CHAPTER 6  

6 CONCLUSION AND FUTURE WORK  

6.1 Conclusions 

In this chapter, the main study's conclusions, limitations and required future studies will 

be discussed. At the end of this chapter, the study's contributions for obtaining a Doctor 

of Philosophy in addition to the previously mentioned publications will be clarified. 

6.1.1 Anaerobic Digestion 

The exploitation of cassava peels and date seeds in producing bioenergy contribute in 

increasing bioenergy dependence and thus reducing dependence on fossil fuel, which 

contributes in reducing harmful emissions and properly managing waste. In addition to 

the accumulation of waste in general, fossil fuel emissions and food waste pose 

environmental and health threats. Therefore, there is an urgent need to move to 

sustainable and renewable energy with low emissions and to become more 

environmentally friendly. Food waste from cassava peels and date seeds constitute usable 

sources of energy. 

To obtain the highest quantity and quality biogas, it is necessary to set reaction 

temperature and sludge/substrate ratio at their optimal values. The energy balance results 

support AD plants in applying gate fees for accepting the wastes and increasing the 

contribution of the AD of cassava peels and date seeds with respect to waste 

management. 

The results of the digestate tests confirmed the content of the three basic nutrients of 

fertiliser. The presence of these elements is important if one was to use them in the 

agricultural field, as the quality of the organic fertilisers are evaluated based on the 

presence of these elements. Nitrogen in high proportions was found in all of the 

digestates resulting from the AD processes. Thus, selling the digestate may minimise the 

cost of maintaining it and, therefore, improve the AD process's economic feasibility.  
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 The main conclusions of the AD process of cassava peels and date seeds before and after 

oil extraction can be summarised within the following points: 

A) Conclusion of Cassava Peel 

• The addition of cassava peel to the sludge led to a noticeable increase in biogas 

and methane production, as the biogas volume increased more than quadrupled, while the 

methane percentage increased by 17% (from 53% to 62% at its highest value). 

• The impact of the starch on the biogas produced was insignificant. 

• Compared to recent studies on the AD biogas of cassava peel, beating pre-

treatment by the Hollander beater led to better results regarding the quantity and quality 

of the biogas. 

• The Hollander beater was used in the study as a bi-functional device to treat the 

cassava peel and extract the starch. 

• At 36.5 °C, 2 g-VS and 200 ml of sludge, the highest energy gain was obtained at 

the optimal result of 2,195 ml Biogas, 1,053.2 ml/g-VS, 60.9% CH4, 18% CO2 and 652.4 

ml/g-VS of methane. 

• The highest energy gains from energy balance calculations for the second and 

third criteria (cost criteria) was 18.93% and 27.26%, respectively.  

B) Conclusion of Date Seed and Extracted Oil Date Seed 

• Likewise, date seeds increased the biogas yield by an order of five times. 

• The methane percentage increased by 25.6%, reaching 71.1%, compared to 52.9% 

before adding the date seeds. 

• Not exposing the date seed to the treatment processes before the grinding process 

increased the biogas yield. These treatments may cause a loss in date seed weight and 

thus a change in their properties. 

• The highest energy gain obtained was at the optimal result of 3,325.5 ml of 

Biogas, 830.5 ml/g-VS of ml/g-VS, 73.4% of CH4%, 13% CO2% and 598.8 ml/g-VS of 

CH4/g-VS at 36.2 °C, 4.2 g-VS and 101.6 ml of sludge. 

• The highest energy gain was 131.6% for the cost criterion, while the gain from the 

quality criterion was 11.3%. 
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• The addition of extracted oil date seeds to the sludge increased the yield of biogas 

and methane values. The amount of biogas increased dramatically from 800 ml before 

adding the date seeds to 3,534 ml. 

• The methane percentage increased by approximately 26.5% when the extracted 

oil date seeds were added. 

• The highest biogas volume at the optimum results of the second Criterion was 

2,818.7 ml, the Biogas/g-VS was 686.9, CH4% was 71.2%, CO2% was 17.5% CH4/g-VS 

was 473.7 ml/g-VS at 34°C, 4.2 g-VS and approximately 128 ml of sludge. 

• The energy gain at these values was 121.5%.  

Comparing the results of the AD process of date seeds before and after oil extraction led 

to the following conclusions: 

• The volume of biogas decreased by varying ratios. The difference was 14.4% at 

the highest biogas values of 4,140 ml before extracting oil and 3,543 after the extraction 

process. The highest difference was 22.7%, while the lowest difference was 6.3%.  

• The largest difference in CH4% was 10.98%, while the lowest difference was 

1.12%. The difference between the highest values was around 2.53%. 

• In contrast, the percentage of CO2 emissions resulting from the AD of extracted 

oil date seeds increased to 15.6% compared to 13% before oil extraction. 

• The difference in the amount of CH4/g-VS produced, ranged from 27% to 8.59%. 

At the highest CH4/g-VS values, the difference was about 17%, as it decreased from 

1,143.8 ml/g-VS to 949.6 ml/g-VS due to the oil extraction process. 

C) Limitations 

• The beating pre-treatment does not adequately treat the date seeds due to their 

hardness. 

• The low DM of the digestate confirms the challenges of AD plants on the fees 

incurred for transporting and storing the digestate. 
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6.1.2 Biodiesel and Glycerine  

A) Main conclusions  

• Extracting the dates seed oil using the Soxhlet method at the following conditions: 

70 °C, 1:4 ratio of date seeds to the solvent and 5 hours of reaction time, resulted in 

approximately identical quantities to the optimal results of previous studies. 

• The percentage of oil extracted from date seeds was approximately 16% of the 

mass of date seeds, as each gram of ground date seeds yielded approximately 0.202 ml of 

oil. 

• The percentage of biodiesel produced was 79% of the oil produced, while the 

glycerine generated, was up about 9% of the oil volume. 

• The test results of the biodiesel and glycerine samples were largely identical to 

the standards. 

B) Limitations 

• This study is valid to the seeds of date palms, not oil palms, which differ in 

composition from date palm seeds. 

6.1.3 Starch Based Adhesive 

A) Main conclusions  

• The adhesive produced from cassava starch with basic and acidic gelatinisation 

showed high adherent properties for the plywood and paperboard specimens. 

• The adhesive from NaOH gelatinisation had a higher strength marginal than that 

of HCl gelatinisation adhesive. However, its production process was more expensive. 

B) Limitations 

• The adherent of the adhesive produced from cassava starch with NaOH and HCl 

gelatinisation failed for the plastic specimens. 

6.2 Future Study 

Further studies are still required with respect of the AD process and the feasibility of 

producing bio-product from food waste. Many aspects of these processes require more 

study and research to make AD more efficient, effective and reliable. Some of these 

aspects can be summarised within the following points: 
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• Search for more food waste that contains starch or oil in their wastes such as 

banana peel and fruit seeds to produce multiple forms of renewable energy. 

• The digestate resulting from the AD needs further testing and investigation of the 

feasibility of its application in the agricultural field such as a soil conditioner or as an 

organic fertiliser. 

• Consider the feasibility of extracting other bio-products from cassava peel starch, 

such as bioplastics and kerosene from date seed oil. 

• Investigates the recovery processes of the n-hexane solvent and methanol used in 

biodiesel and glycerine production on a large scale. 

• Apply the AD processes and energy balance calculations on an industrial scale. 

• Study the effect of other gelatinisation and viscosity enhancer on the adhesive 

performance. 

• Study the causes of adhesive failure of plastic samples and the possibility of 

applying different surface preparation methods such as acid etching and mechanical 

polishing. 

• Applying the product life-cycle assessment, considering transportation, export 

operations and other influence factors. 

• Cost analysis of producing biodiesel, glycerine and starch-based adhesive on an 

industrial scale needs further research regarding the recovery of N-hexane and methanol 

and the plastic surface preparation costs. 

6.3 PhD Research Contribution  

This study contributes to adding more knowledge in the field of the AD and the 

production of several bio-product from food waste in an attempt seeking to provide some 

solutions to the environmental and health issues as a result of the accumulation of waste 

and harmful emissions from fossil fuels. The novelty of research for a PhD can be 

summarised as follows:  

• Extracting starch from cassava peel and using it in the adhesive production for the 

first time and using the remaining peels in the AD process to produce biogas. 

• It is the first study that introduced the Hollander beater as a bi-functional to treat 

cassava peels and isolate the starch. 
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• The study illustrating the effect of beating pre-treatment by Hollander beater and 

grinding pre-treatment on the quantity and quality of biogas produced from two types of 

food waste (cassava peels and date seeds that consumed in large amounts by many 

nations). Such results have not been determined in the literature thus is a novel 

contribution. 

• It is a unique study to determine the impact of extracting the starch from cassava 

peel on the biogas' quantity and quality produced from the AD process of cassava peel. 

• Only one study was found discussing the effect of biogas produced from 

grounded date seeds before and after oil extraction, but no study was found discussing 

this topic without pre-treating process. 

• Highlighting the effect of extracting cassava peel starch and date seed oil on the 

resulting digestate and their effect on the presence of necessary elements. Such 

information have not been determined in the literature thus is a new contribution to 

knowledge.

• The comparison of the cassava peel starch adhesive strength of base and acid 

gelatinisation as an adherent applied to plywood and paperboard specimens is novel for 

the knowledge. 

• The successful application of the DOE technique in designing experiments and 

analysing results for the AD process of cassava peel and date seeds and starch-based 

adhesive production.  

• The optimisation of the AD process to form optimal bio-products, in order to 

address the energy/environmental issues raised in the literature. The use of DOE has been 

minimal in this area, other than its application in DCU, therefore this is novel. 

• Finally the calculation of the AD process's energy balance for the two food wastes 

and production costs of biodiesel, glycerine, and starch-based adhesive material. 
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Appendices  

Appendix (A) 
Additional Equipment and devices 

Hollander Beater  

Mechanical pre-treatment is the treatment method that used in the experiment represented in 

beating and grinding treatment. The beating pre-treatment was performed by using Hollander 

Beater that illustrated in Figure 200. It is a device that used to beats and slices the cassava peel 

into small particles in order to increase the surface area and reduce the degree of polymerisation. 

It is composed from drum, motor and a V-belt. It is provider with slot that opened/closed 

manually for drainage and a scale to control the gap between the bottom surface of the device 

and the drum.  

 
Figure 200: The Hollander beater. 

Grinding Mill Machine 

The date seeds were treated by grinding pre-treatment method using a 400 mm vertical Diamant 

grinding mill machine. The grinding process aimed to reduce the size of date seed and convert 

them into powder to facilitate the feeding of bacteria. This machine is available in different sizes 

300, 400 and 500 mm diameter. It is also distinguished by its ability to grind grains and stones at 

the required sizes.  

Water Baths 

To maintain the reactors at specified temperatures in mesophilic condition, five water baths were 

used in this study. The temperatures were set at the three different temperatures, 34, 37, and 40 

ºC. Figure 201 shows the water bath that set at 37 ºC. Water baths and reactors were monitored 
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on a daily basis for safety, temperature assurance and shaking the flasks. They were filled 

regularly by water to ensure that the heat was distributed evenly over samples and they not 

affected by the water shortage. The water baths were provided with plastic covers on the top that 

tightened two sides to prevent reactors movement. The capacity of each water bath was 12 

reactors. The water bath setting range is +10 to +95 ºC ± 0.1 ºC. 

 
Figure 201: Water bath. 

Laboratory Oven 

The drying oven VENTI-Line with a maximum temperature of 300 ºC shown in Figure 202, was 

used to remove moisture from the samples and dry them to calculate DM. The temperature was 

adjusted to 105 ºC for 24 hours. The samples weight after the 24 hours were measured every 60 

minutes until its weight became constant.  

 
Figure 202: Laboratory oven. 
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Laboratory Furnace 

The high temperature Nabertherm furnace with maximum temperature of 3,000 ºC shown in 

Figure 203, was used to burn the dried samples. The temperature set at 575 ºC for four hours. 

The resulted ash was weighted to determine the total solid and volatile solid of all samples.  

 
Figure 203: Laboratory furnace. 

Electric Pump 

The vacuum pump was used to push the nitrogen into the reactors and then withdraw it. The 

purpose of that was to apply the AD condition by discharging the system from air and gases, 

especially O2. The vacuum pump helps in speeding up the discharging air from the reactors and 

keeps the reactor free of air. Figure 204 demonstrates the vacuum pump used in the experimental 

works. 

 
Figure 204: Vacuum pump. 
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Volumetric cylinder 

Figure 205 displays the biogas measurement system that consists of volumetric cylinder and 

round bottom flask. The cylinder was filled by water, when the biogas pumped to the cylinder 

the water raised. The difference between water levels represents the biogas volume. 

 
Figure 205: Volumetric cylinder. 

Weighing Scales 

They are electronic weighing scales used to calculate the samples weight in both wet and dry 

form. They used to measure cassava peels and date seeds weight before the treatment process, 

starch and other materials. Beakers as well measured before and after filled to ensure the exact 

readings. The weighing scales used have ranges from 0 to 11 kg ± 0.1 g with 0.1 readability and 

from 0 to 210 g ± 0.01 g with 0.01 readability. Figure 206 shows the scale used for light weights. 

 
Figure 206: electronic scale. 
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Biogas analyser 

BIOGAS 5000 portable gas analyser (Geo-tech) (CH4% and CO2% accuracy ± 0.5%) was used to 

analyse the biogas produced and to measure the percentage of biogases: CH4, CO2, O2, and H2S. 

Figure 207 shows the Biogas analyser device. The device was calibrated after each run by 

measuring the percentage of oxygen in the air to ensure the measurements accuracy. It is also 

periodically calibrated by the manufacturer company. 

 
Figure 207: Biogas analyser. 

Valve 

Three-way valve was used in the study to adjust the biogas movement between the reactors and 

the aluminium bag. The three-way valve connects to an aluminium bag via tube.  

Biogas Bags 

The aluminium bags use to store and maintain biogases. Each bag was connected to one reactor. 

The bags were tightly closed, so that not to allow any leakage of gas, prevent air entering into the 

bags and for safety precautions. Codes were placed on bags to distinguish between them. The 

bags were filled with nitrogen from a nitrogen cylinder, then discharged to clean the bags from 

impurities such as O2 and air. Figure 208 shows the 5L aluminium bag from Sigma-Aldrich 

Chemical Co. 
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Figure 208: Biogas bag. 

Nitrogen Gas Cylinder 

The fermentation process occurs in a free O2 environment under the AD. Nitrogen was used to 

remove gases present in the fermentation environment.  

Round Bottom flask 

The round bottom flask was used in the preparation of the AD environment. It is connected to the 

electric pump by a tube. The electric pump extracts and releases the gas to the flask. The bubble 

in the flask represents the air being released and the water helps in preventing air from flowing 

back into the system. The round bottom flask is shown in Figure 209. 

 
Figure 209: Round bottom flask. 
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Conical Flask 

Conical flask that illustrates in Figure 210 is considered as a digester. In these flasks, four 

decomposition stages (hydrolysis, acidogenesis, acetogenesis, and methanogenesis) occur in the 

AD environment. All flasks filled with a mixture of feedstock, water and sludge. They were 

placed in the water baths to maintain the setting temperature. Red clips located on the neck of 

flask were used to prevent leakage of biogases.  

 
Figure 210: Conical Flask. 

Glassware 

Other glassware used during the experiment included: dish plate, low and tall beakers illustrate 

in Figure 211 (250, 2,000, 3,000 and 5,000) ml. These glasswares were used for the purpose of 

preparing, measuring and pouring the samples. 

 

Figure 211: Glasswares. 
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pH meter 

Hanna Precision pH meter (accuracy ± 0.01) model pH 213 shown in Figure 212, was used in the 

study. The device measures the pH of the sludge and digestate produced for all samples. It was 

calibrated before and during the experiments by measuring known pH substances to calibrate the 

device. 

 
Figure 212: pH meter. 

Energy meter 

Energy consumption during AD process was measured by aiming of energy meter an accuracy of 

± 0.01 kWh. Energy consumption of water baths was measured at the three target temperatures 

over a period of 21 days. Daily consumption was recorded at the same time to observe the daily 

consumption of each water bath. 

Soxhlet Device 

For the purpose of extracting the oil from the date seeds, the Soxhlet device shown in Figure 32 

(chapter 3) was used. The device consists of several main parts, still pot, thimble, siphon, 

condenser and water inlet and outlet slots. 

Condenser 

Figure 213 shows the reflux condenser of sizes 40/38 and 24/29 that used in the study with water 

in and out slots. 
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Figure 213: Soxhlet Reflux Condenser. 

Extraction Thimble  

The soluble substances are placed in the pure cotton cellulose thimbles as demonstrated in Figure 

214 to extracted the oil by solvent extraction. Extraction thimble sizes 33×80 mm and 33×100 

mm were used in the process of extracting oil from date seeds. 

 
Figure 214: Cotton extraction thimble. 

Rotary Evaporator 

BUCHI water bath B-480 rotary evaporator as shown in Figure 215 was used to separate the oil 

from the solvent and in separation of alcohol from the bio diesel and glycerine mixture. 
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Figure 215: Rotary evaporator. 

Funnel Extractor 

The Funnel extractor in Figure 216 was used in order to separate the bio diesel and glycerine 

according to the difference in their density. 

 
Figure 216: Funnel extractor. 

Density Kit 

Avery Berkel density kit as shown in Figure 217 was used to calculate the adhesive’s samples 

density. The weighing scale was zeroed after each measurement to ensure that the reading 

accuracy. 
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Figure 217: density kit. 

Viscometer 

Figure 218 shows the Rheology International Viscometer that used in measuring the viscosity of 

starch-based adhesives. The device accuracy is ±1%, the device was auto zeroed after each 

measurement to ensure the accuracy of readings. 

 
Figure 218: Rheology International Viscometer. 
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Shear Strength 

Zwick/Roell universal electromechanical testing machine (model Z5) was used to measure the 

shear strength of plywood, plastic, and paperboard samples. The machine has high measured-

value accuracy over a wide measurement range with sampling rates of 400 kHz and 24-bit 

resolution. After each measurement, the grips were setting to the start position and zeroing the 

force for ensuring accuracy. Figure 219 Shows the Zwick/Roell testing machine.  

 
Figure 219: Shear strength tesing machine. 

Roughness meter 

Figure 220 illustrates the Surface Roughness Tester TR-200 that used in measuring the surfaces 

roughness of plywood, plastic and paperboard. The roughness measurement accuracy is 0.001 

µm. The accuracy of the instrument was tested periodically by measuring the surface roughness 

of the reference sample. 
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Figure 220: Surface Roughness tester meter TR200 
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Appendix (B) 
Digestate Tests certificates 

 
Figure 221: Digestate test result certificate that produced from AD of the cassava peel. 
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Figure 222: Digestate test result certificate that produced from AD of the date seed. 



 272 

 
Figure 223: Digestate test result certificate that produced from AD of the extracted oil 

date seed. 
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Appendix (C) 
Biodiesel and Glycerine Tests Results 

 
Figure 224: Biodiesel test results. 
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Figure 225: Glycerine test results. 


