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ABSTRACT 

The introduction of cleaner technologies through the reuse of wastewater for energy recovery can 

improve the environmental performance of leather industries. The polluting effects of wastewater 

from tanneries can be minimized by treatment of tannery effluent prior to discharge to the 

environment. The biological treatment method is cost effective and environmentally friendly than 

physicochemical treatment method. Anaerobic digestion of tannery wastes is an attractive method 

to recover energy from tannery wastewater. The anaerobic digestion of tannery wastewater 

produces biogas, a valuable energy resource which consist of Primarily methane (CH4) & carbon 

dioxide (CO2). The objective of this study was to develop a laboratory scale anaerobic sequential 

batch reactor (ASBR) which utilizes composite tannery wastewater at mesophilic (37℃±2) system 

to generate biogas and enhance the production of methane and biogas production by using 

nanoparticles of Iron oxide (Fe3O4) MNPs as a catalyst. For this purpose, 1L glass bottle bio 

digesters were used. Four different concentrations of Fe3O4 MNPs (20ppm,50ppm, 75ppm and 

100ppm) and one control (without MNPs) totally five biodigester was prepared. The HRT 

hydrolysis/acidification was 3 days and the OLR was wide-ranging between 0.85 to 1.095 kg 

COD/m3-day throughout the study. It was observed that 75mg/L recorded maximum specific 

methane yield (0.33L/g COD) and followed by 50mg/L (0.31L/g COD). The highest volume of 

biogas also recorded at 75mg/l of iron oxide (Fe3O4) MNPs which was (1620ml) and content of 

methane (70.1%) followed by 50mg/l NPs which was biogas volume (1520ml) methane content 

60.7%). The removal efficiency of total solid and volatile solid of all digesters was in the range of 

56.2-75.5% and 65.1-84.5 %, respectively. The remaining recorded better performance than the 

control (With out NPs). The results of this experiment proved that treatment of ASBR that utilizes 

composite tannery wastewater with iron oxide (Fe3O4) MNPs advances the quality, quantity of 

biogas and the removal efficiency of COD, TS, VS under mesophilic temperature e (37℃) 

condition.  

Key words: Anaerobic digestion, Composite tannery wastewater, ASBR, Iron oxide (Fe3O4) 

nanoparticles 
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                                               CHAPTER ONE 

1.INTRODUCTION 

1.1. Back Ground and Justification 

In developing countries like Ethiopia which are on the edge of fast pursuing their industrialization 

process, appropriate industrial waste management systems are not in place and subsequently 

although such undertaking may have positive impacts on the country ‘s economy and on people’s 

livelihood, have eventual negative impacts on the environment by releasing huge amount of 

untreated of wastes (Njau and Machunda, 2014). Leather industries is known as one of the most 

vastly polluting industries in the world and both tanning and manufacturing of leather products, 

are among the various industries which are causing environmental effects on soil, water and the 

atmosphere. It generates a high volume of liquid and solid wastes (Estrada and Leon-Ramı´rez, 

2002).  

Major problems caused by tannery wastewater containing heavy metals, nutrients, toxic chemicals, 

chloride, lime with high dissolved and suspended salts, and other pollutants. Tanning is one of the 

oldest industries in the world. With the growth of population, the increasing requirement of leather 

and its products led to the establishment of large commercial tanneries (Mekonnen et al., 2017). 

The organic wastes generated by the leather industries undergone biodegradation and emit 

greenhouse gases, primarily methane which is 25 times stronger than carbon dioxide and to a lesser 

degree of nitrous oxide. Furthermore, it poses potential odor as well as land contamination 

problems (Nemec, 2010).   

In Ethiopia presently, there are more than 33 tanneries under operation and produce 11,312m3 

waste water daily. Annual wastes generated from these 33 tanneries will be more than 70,104 tons 

of solid waste and 3,393,600 m3 wastewater in the pre-tanning leather processing stage which are 

disposed to neighboring environment without proper treatments (LIDI, 2010). Furthermore, 

Majority (90%) of leather industries in Ethiopia discharges their wastewater into adjacent bodies, 

streams and open land without any kind of treatment. while, only 10% of the remaining tanning 

industries treat their wastewater to any degree before discharging (EEPA, 2001; Seyoum et al., 

2003).  

This consequence generates unwanted impact on aquatic biota public health, all biota and fauna of 

the surrounding. To minimize the consequence, these contaminants must be eliminated or treated 
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before discharge to the tolerable limits through proper effluent treatment. Since cost is a major 

issue, economically reasonable price and alternative techniques of discharging tannery effluent 

should be used in order to eliminate or to at least to lessen these huge environmental loads. 

Basically, it emphasizes the skills and technologies needed in planning, design, construction and 

management of sustainable environments which meet changing environmental, socio-cultural, 

technological and economic needs. These are fundamental criteria in order to provide a full 

understanding of sustainability implications (WEO,1995).  

On the other hand, the forthcoming global energy crisis composed by high demand of vastly 

depleted fossil fuel and the dangers of global warming and air pollution associated with it indicates 

that an alternative cleaner and more sustainable energy production source such as energy from 

biomass, is an impending need (Distaso, 2012;Wolfram et al., 2012). This is key to transition of 

the world’s energy source from fossil fuel to sustainable energy supply. In this regard composite 

tannery wastewater has a great potential for the production of biogas which create substitute source 

of renewable energy (Messay and Mekibib ,2013).  

One of the many economically as well as environmentally friendly suggested approaches is to 

design procedures that can change hazardous tannery waste products to useful biomass resources 

which are used for renewable energy production (WEO, 1995). For instance, the conversion of 

tannery effluent and other tannery waste to renewable energy can simply be done through 

anaerobic digestion (WEO, 1995). This method can significantly reduce hazardous organic carbon 

from effluent discharge to gaseous form such as methane and carbon dioxide (WEO, 1995). This 

method can further be used as renewable energy source and it can also be used as useful organic 

manure for farming purposes and it is a perfect way of waste management strategy for countries 

like Ethiopia that are very dependent on agriculture. Consequently, changing environmental 

pollutants and waste materials to advantageous environmental resources such as biogas is one way 

of saving the planet through the use of safe renewable resources (UNEP, 1991).  

Anaerobic digestion is a biochemical natural process that consists of a series of microbial processes 

carried out by different groups of microorganisms, such as hydrolysis, acidogenesis, acetogenesis 

and methanogenesis  which  converts organic compounds to methane and carbon dioxide, AD 

depends on several factors like pH, temperature, C/N ratio, etc.;  it is a relatively slow process. 

Lack of process steadiness, low loading rates, slow recovery after failure and specific requirements 
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for waste composition are some of the limitations associated with AD (Abdelsalam et al., 2015). 

AD can take place under psychrophilic (<20 ℃), mesophilic (25-40 ℃) or thermophilic (50-65℃) 

conditions, although mesophilic biodegradation is most common. It also enables a greater 

demolition of pathogens and higher loading rates than aerobic treatment (Ravuri, 2012). 

Furthermore, Anaerobic digestion support in mitigation of global warming through reduction of 

emission of greenhouse gases to the environment and it’s a sustainable approach for the 

management of wastewater. (Pathak et al., 2009). Practically, microbial anaerobic conversion of 

biomass to methane is a process for effective waste treatment, biological fertilizer and sustainable 

energy production. It is studied that tannery wastewater is rich in organic substances which contain 

sufficient quality of nutrients necessary for the growth and metabolism of anaerobic bacteria in 

biogas production. (Rameshraja and Sresh, 2011). 

Anaerobic sequential batch reactor (ASBR) systems has been successfully applied in laboratory 

and pilot scales for treatment of high strength wastewaters like tannery wastewater which can be 

used as a source of clean and renewable energy production which has benefits that lead to 

environmentally friendly sustainable forms of energy (Omer, 2010). Anaerobic sequential batch 

reactor is a biological process which is used for industrial effluent treatment conveniences for 

sludge degradation and stabilization, by a consortium of microorganisms working synergistically 

(Joshua et al., 2008). ASBR separates SRT from HRT and its more preferable than other biological 

treatments because it doesn’t need secondary clarifier tank, good biomass retention and simple 

operation (Ndegwa et al., 2015). 

The operating principle of the ASBR follows four steps in a cyclic mode: feed, react, settle, and 

decant. A sequencing batch reactor, therefore, separates the two retention times (SRT and HRT) 

in the same reactor chamber so that the solids have a much longer residence time in the reactor 

than the liquids (Dague et al., 1992; Zhang et al., 1997). The main advantage of ASBR is by 

reducing the required volume of the digester can treat more volume of substrate per unit time 

compared to conventional reactors, in addition, the high food-to-microorganism (F/M) ratio 

immediately after the feeding phase ensures high initial rates of substrate removal and more biogas 

production. On the other hand, at the end of the react phase just before settling, the F/M ratio is 

much lower, indicating a much lower biogas production, a factor that greatly advances settling 

(Dague et al., 1992; Zhang et al., 1997; Dague et al., 1998). However, there are studies that are 
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attempts to increase the biogas production by stimulating the microbial activity using various 

biological and chemical additives under different operating condition. Liu et al., (2015) reported 

the suitability of an additive is expected to be strongly dependent on the type of substrate. The use 

of additives in biogas plant could improve its performance significantly (Yadvika et al., 2004).  

Nanoparticles have recently attracted enormous attention in the manufacture of commercial 

industrial and consumer products readily available in the market.  using trace metal additives in 

nano scale proved to improve biogas and methane production in anaerobic digestion of organic 

materials. Which is because of their unique physiochemical properties such as Nano-size, 

structure, surface area, solubility and catalytic characteristics (Keller et al., 2013; Zhou et al., 

2011). 

However, continuous application of this products leads to more release of nanoparticles (NPs) into 

wastewater and the environment at large (Benn and Westerhoff, 2008; Kim et al., 2009). This in 

return is developing human health and environmental safety concerns with great impacts focused 

towards aquatic life, cell and microscopic community (Roberts et al., 2007; Mwangi et al., 2012). 

So far studies have investigated the impact of NPs in the environment and their associated relevant 

risks, but it still necessary to have an in-depth study of the influences of different NPs such as iron 

oxide (Fe2O3) on AGS during wastewater treatment processes. Based on the researches which 

proved the potential of iron oxide (Fe3O4) MNPs in the enhancement of biogas and methane 

production this study carried out investigation of effects of different equivalent concentration of 

iron oxide (Fe3O4) MNPs on the anaerobic sequential batch reactor (ASBR) of composite tannery 

wastewater. 

1.2 Statement of the Problem   

The existing waste treatment methods in Ethiopia leather processing industries do not inventively 

add value to the wastes by recovering nutrients, bio-energy to improve wastewater management 

productivity, contribute to the ever-increasing energy demands in the country and reduce GHG 

emissions. Furthermore, these waste treatment technologies often do not meet national discharge 

standards to protect human population and the environment. Currently an environmental 

regulatory authorities in the country are setting strict criteria for waste disposal from industries. 

As regulations become firmer, there is now a need to treat and utilize these wastes quickly and 

efficiently in ecologically accepted manner in the country (Tadess et al. ,2017).   
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The world is facing several problems due to the growing energy demands and weakening supplies 

of fossil fuels. Clean biogas energy is very important in reducing the costly use of fossil fuels. 

Tannery wastes contain sufficient quantity of nutrients necessary for the growth and metabolism 

of anaerobic bacteria for biogas production, the application of biogas technology received 

increasing attention in recent years for the breakdown of COD and biological transformation of 

biomass to methane from tannery wastewater. Apart from resolving tannery waste management 

problems anaerobic digestion of tannery wastewater is an attractive method to recover energy from 

biogas production (Salman, 2019; Yabfang et al., 2009). 

Biogas is a renewable energy which minimizes carbon pollution and has much lower impact on 

our environment compared to burning fossil fuels and its one of the most cost-effective 

technologies for reducing environmental pollution related to tannery waste water management 

(Qurashi & Hussain, 2005). Furthermore, Biogas production from tannery wastewater, is known 

to improve hygiene, reduce odors and GHG emissions. Improving the efficiency of anaerobic 

digestion of tannery wastewater in biogas production and COD removal using nanoparticles makes 

the process even more attractive to apply for waste water management and waste to energy 

conversion procedure. 

Different studies were conducted at laboratory scale to evaluate the biogas production potential 

and treatment efficiency of composite tannery wastewater and general line wastewater using two 

stage anaerobic sequential batch reactors. Both studies were obtained a good indication to use 

tannery wastewater as a feedstock for anaerobic sequential batch reactors to yield biogas energy. 

Different studies were also conducted at laboratory scale to evaluate the effects of iron oxide 

nanoparticles on anaerobic digestion of animal manure, municipal solid wastes and food wastes. 

These studies concluded that using iron oxide nanoparticles in anaerobic digestion increase the 

performance of the digestor and enhance the quality of methane generation. 

However, the effects of Iron Oxide (Fe3O4) MNPs on biogas production and COD removal of 

tannery wastewater using anaerobic sequential batch reactors are not studied. Therefore, this study 

evaluated the effects of this MNPs on biogas and methane production of composite tannery 

wastewater using anaerobic sequential batch reactors. 
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1.3. Objectives of the Study 

 1.3.1. General objective 

The general objective of this study is to evaluate the performance magnetic iron oxide (Fe3O4) 

nanoparticles on biogas production and COD removal from tannery wastewater using anaerobic 

sequential batch reactor (ASBR). 

1.3.2. Specific objectivities 

 To synthesis and characterize magnetic iron oxide (Fe3O4) nanoparticles. 

 To optimize the amount iron oxide (Fe3O4) nanoparticles for enhanced biogas production 

and COD removal.  

 To investigate the effects of magnetic iron oxide nanoparticles on biogas production 

(biogas yield and methane percent) from composite tannery wastewater.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

7 
 

 

1.4. Significance of the Study 

The importance of this laboratory scale study is to reduce the concentration of untreated discharge 

pollutants produced by leather industries and greenhouse gas emission thus providing both local, 

global environmental benefits and also help prevent climate change which is a long-term challenge 

to the world and which also has the potential to affect every part of the globe specially developing 

countries like Ethiopia. Increasing the efficiency of biogas production of composite tannery 

wastewater which consist of the high fraction of significant organic matter that cause serious 

environmental and health risks if it’s disposed directly to the environment is highly beneficial to 

proper waste management system and in producing a sustainable and renewable energy. 

Generally, the result obtained from the study can be used by environmental scientists, 

Environmental Protection Authority of Ethiopia (EEPA), tannery industries, other stakeholders for 

environmental pollution control, for a more sustainable treatment and for clean water development 

mechanism. ASBR catalyzed with iron oxide nanoparticles can also be applied to other industries 

other than tannery industries.  Finally, researchers can use the results for further investigation to 

overcome the pollution effect of tanneries and for further investigation on the effects of different 

kinds of NPs in production of renewable energy from tannery wastewater. Thus, the efficient 

management of tannery wastewater can be achieved by producing better quality and quantity of 

biogas using iron oxide MNPs which makes ASBR waste management method more ecofriendly 

as well as cost effective. 
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                                                   CHAPTER TWO 

2.1 LITERATURE REVIEW 

2.1.1 Leather tanning process 

Tanning is a process which converts animal hides and skin into leather and related products. The 

alteration of hides into leather is usually performed by using tanning agents and a highly turbid, 

colored and foul-smelling wastewater is generated in the process. There are two major types of 

tanning, vegetable and chrome tanning which are categorized according to the tanning agents 

applied (Rajamanickam, 2000). Whether the tanning agent is vegetable or chrome. The tannery 

operations can be broadly divided into four sections: Beamhouse operations, tanning operations, 

post tanning and drying and finishing operations (Nalawade and Kamble, 2009). 

 2.1.2 Beam house operations   

The main important operations for leather manufacturing are performed in beam house. It consists 

of soaking, liming, deliming, bating, pickling, etc. (Lofrano et al., 2013). Before the soaking 

process the hides are first trimmed to remove tail, shoulder, flanks, neck and other unwanted 

trimmable portions. 

Soaking; is the first tannery operation it helps to preserve the hides and regain their normal water 

content, as well as their softness and shape, and also eliminates retained dirt, blood, manure, 

preservatives (mainly NaCl), etc. (Kustula et al, 2000; Alibardi ,2008).  

Liming; Liming is the operation in which the soaked hides and skins are treated with 2-10 percent 

milk of (CaO) and sulfur compounds to “exiles” hairs, wool and keratin from the hides. (Kustula 

et al, 2000). 

Deliming; is performed to make the skins receptive to tanning and to remove excessive lime used 

in de-hairing by abundant water flow containing ammonium sulfate, (NH4)2SO4, or more 

innovatively, by carbon dioxide, CO2 (Kustula et al. 2000).    

Bating;is  an enzymatic action for the removal of impurities after liming is performed to convey 

softness, stretch, and flexibility to the leather. Bating and deliming are usually performed together 

by placing the hides in an aqueous solution of an ammonium salt and proteolytic enzyme. 

Pickling: reduces pH (i.e. increases the acidity by adding acids) of the pelts, so that, the hides are 

favorable for preservation or tanning; the low pH condition also inhibits the operation of the 
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enzymes (Kustula et al. 2000). In this step, salts are also added to prevent the hides from swelling 

(Alibardi ,2008).  

2.1.3 Tanning operation  

Tanning: The process of converting the putrescible hides and skins into non-putrescible leather is 

called tanning. This process can be done throughout the utilization of two different tanning agents, 

chrome tanning or vegetable tanning. 

 a. Chrome tanning: after pickling, when the pH is low, chromium salts (Cr3+) are added. To fixate 

the chromium, the pH is slowly increased through addition of a base. The process of chromium 

tanning is based on the cross-linkage of chromium ions with free carboxyl groups in the collagen. 

It makes the hide resistant to bacteria and high temperature. The chromium-tanned hide contains 

about 2-3 dry weight percent of Cr3+. Wet blue, i.e. the raw hide after the chrome-tanning process, 

has about 40 percent of dry matter. Chrome tanned leather accounts for approximately 90% of all 

the leather produced in the world.  

b. Vegetable tanning: this process is usually accomplished in a series of vats (first the rocker-

section vats in which the liquor is agitated and second the lay-away vats without agitation) with 

increasing concentrations of tanning liquor. Vegetable tannins are polyphenolic compounds of two 

types: hydrolysable tannins which are derivatives of pyrogallols and condensed tannins which are 

derivatives from catechol. Vegetable tanning probably results from hydrogen bonding of the 

tanning phenolic groups to the peptide bonds of the protein chains (Quang ,2011). 

2.1.4 Post tanning operation  

The addition of magnesium oxide and fungicide further fixes the chromium into the leather 

(Alibardi, 2008). Washing is done to eliminate the unfixed tanning agents and this contributes 

more chromium to the outflow stream of the process (Kustula et al,2000). 

2.1.5 Drying and finishing operation 

The primary purpose of drying is to remove moisture. However, at this stage, drying is more than 

just moisture removal. Drying is one of the most important steps in maintaining leather quality. It 

affects the feel, softness, area, and even color of the tanned hide/skin (Sharphouse, 1995).  Drying 

techniques include samming, setting centrifuging, hang drying, vacuum drying, toggle drying and 
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past drying. Generally samming and setting are used to reduce the moisture content mechanically 

before another drying technique is used to dry the leather further.  

After drying, the leather may be referred to as crust is a tradable intermediate product. The crust 

that results after re-tanning and drying, is subjected to a number of finishing operations. The 

purpose of these operations is to make the hide softer and to mask small mistakes. The hide is 

treated with an organic solvent or water-based dye and varnish. The finished end product has 

between 66 and 85 weight percent of dry matter. (Lofrano et al., 2013).  



 
 

11 
 

 

  

Figure 1. Leather Tanning Process Flow Chart (Sharphouse, 1983) 
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2.2 Characteristics of Tannery Wastewater 

The effluents generated from tannery industry are classified as the highest pollutants among all 

industrial wastes. Massive amount of water and pollutants are discharged during the entire tanning 

process (Kaul et al., 2001). In the tanning process, a large quantity of water and chemicals are used 

to treat raw hide/skins and approximately 30–35 m3 of waste water is generated per ton of raw 

hide/skins processed (Islam et al., 2014).For 1000 kg of hides about 400 kg of chemicals is needed, 

including sodium chloride, lime, sodium sulphide, sulphuric acid, basic chromium and others. A 

considerable part of these chemicals is not absorbed in the production process and is discharged in 

to the environment (Rameshraja and Sresh, 2011). The capacity of world leather process is 15 

million tons of hides and skins per year. The waste water discharge from world tanneries is about 

600 million m3 per year. On average 45 - 50 m3 of wastewater is discharged from tanning industry 

per ton of raw hide processed (Rameshraja and Sresh, 2011).   

The main discharge of waste water originates from wet processing stages in the beamhouse, the 

tanning process and the post-tanning operations. It has been revealed that beamhouse processes 

and tanning processes contribute 80–90% of the total pollution load that includes biological 

oxygen demand (BOD), chemical oxygen demand (COD), total solids (TS), total dissolved solids 

(TDS), chromium (Cr), sulphides (S-2), sludge, etc. (Rameshraja and Sresh, 2011). 

2.3 Environmental Impact of Tannery Effluent 

Tannery industry is a main polluter of the environment and has a strong potential to cause soil, 

water contamination (with its high oxygen demand, discoloration and toxic chemical constituents 

(Song et al., 2000)), The transformation of hides into leather is usually done by means of tanning 

agents and the process produces highly turbid, colored and foul smelling effluent that consist of 

high fraction of significant organic matter which cause serious environmental and health risks. 

During tanning process there are three types of pollutants such as air pollutant, water pollutant and 

solid pollutant are discharge during various steps namely: beam house operations, tan yard 

operations, post tanning operations and finishing operations (Tadess et al. 2017). Hence, there has 

been a strong need for appropriate tannery waste management systems.  

The lack of effective implementation of legislative control, poor processing practices and use of 

unrefined conventional leather processing methods have further intensified the pollution problem 

caused by the tanning industry (Khan et al., 1999).  
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Tannery wastewater release high amount of organic matter to the environments. Organic 

compounds which are present in these wastes are; polyphenolic compounds, acrylic acids 

condensates, aliphatic ethoxylates, fatty acids, dyes, proteins, soluble carbohydrates 

(Szpryokowicz et al., 1995; Naumczyk et al., 1996). Hydrogen sulfide formed due to the presence 

of sulfide in the effluent and chromium is highly toxic to many forms of life (Cooman et al., 2003; 

ETPI, 1998).  

Tannery wastewaters, which percolate into ground water, have a serious effect on the groundwater. 

Chromium and sulfide from the effluent pollute the groundwater permanently and make it 

unhealthy for drinking, irrigation and other purpose. A single tannery can cause the pollution of 

groundwater around the radius of 7–8 km (Mondal et al., 2005). Other negative effects include the 

loss of land productivity, retardation of the germination of plants and seeds (Khan et al., 1999; 

(Bernel et al., 2006).  

Treatment of tannery wastewater is difficult because it is a mixture of biogenic matter of hides, 

inorganic chemicals and a large variety of organic pollutant with large molecular weights and 

complex structures. To lessen the effect of tannery wastewater it should be treated before the 

effluent is discharged to the environment.  (ESCAP, 1982; Elke et al., 1996; Thorsten et al., 1997).  

2.4 Treatment methods of Tannery Effluent 

There are two different kinds of treatment techniques; physico-chemical and biological treatments 

(Repsyte et al., 2004; Bashaar et al. ,2004; Wiesmann et al., 2007); Seabloom et al., 2005; Linda 

et al., 1999; USEPA, 2004). 

Physico-chemical treatment of tannery wastewater is a method basically used for the removal of 

settleable organic and inorganic solids by sedimentation, coagulation, flocculation, filtration, air 

stripping, chemical precipitation, adsorption, ion exchange, electrochemical (electro-oxidation), 

chemical oxidation and the removal of materials that will float (scum) by skimming. 

Approximately 25-50% of BOD5, 50-70% of TSS, and 65% of the oil and grease are removed 

during primary treatment. The effluent and sludge from primary sedimentation are referred to as 

primary effluent and sludge (Ramesh et al., 2007; Kyung et al., 2004; Lofrano et al., 2006; Metes 

et al., 2004; EPA, 2004; UNEP, 2004; Linda et al., 1999).  
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Biological method used for the removal of biodegradable dissolved and colloidal organic matter. 

Biodegradation of organic matter during wastewater treatments occur either in the presence of 

oxygen (aerobically) or without oxygen (anaerobically). Aerobic biological treatment (in the 

presence of oxygen) applied by aerobic microorganisms that metabolize the organic matter in the 

wastewater, thereby producing more microorganisms and inorganic end products (principally CO2, 

NH3, and H2O). Anaerobic treatment of tannery wastewater applied by anaerobic microorganisms 

which can uptake organic matter and nutrients (nitrogen and phosphorus) for energy source, 

metabolism and for building blocks (cell synthesis) (Pittier et al., 1990; Wiesmann et al., 2007). 

(Jayaseelan, et al. ,1997; Andualem et al., 1996; USEPA, 2004).  

Organic matter removal from strong wastewater such as tannery effluents is clearly favored by the 

combination of processes with and without oxygen (Del pozo and Diez, 2003). Many investigators 

have reported the use of biological treatments, specifically, anaerobic sequencing batch reactors 

(SBR) in tannery wastewater as an efficient way for the removal of organic matter and to produce 

renewable energy (biogas). 

2.5 ASBR Technology and its Process Description   

Anaerobic sequential batch reactors (ASBR) technology is considered as an alternative to the 

biological activated-sludge process for the removal of nutrient from industrial effluent. It’s a 

single-tank fill-and draw anaerobic digestion reactor developed and patented by Dague's group at 

Iowa State University (Dague et al., 1995). This configuration has a higher flexibility and 

controllability allowing more rapid adjustment to changing influent characteristics (Baetens et al., 

2000). Furthermore, ASBR contrast to activated sludge system needs lower investment and 

frequent cost because secondary settling tanks and sludge return systems are not required (pellizzi, 

1981). The anaerobic sequencing batch reactors (ASBRs) are high rate anaerobic treatment 

processes in which anaerobic digestion occurred through a sequence of four phases in a single 

reaction involves repetition of cycles which includes four discrete steps: feed, react, settle and 

decant (fig.3). The cycles should be as frequent as possible in order to complete each of the four 

stages without intervene idle time (Sarti et al., 2007).  
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Figure 2. Anaerobic sequential batch reactor (ASBR) four steps, Feed, React, Settle and Decant 

(Khanal, 2008) 

The feed step involves the addition of substrate to the reactor or digester. The volume of substrate 

fed depends on a number of factors, including the desired hydraulic retention time (HRT), organic 

loading, and expected settling characteristics. While the concentration increases rapidly, metabolic 

rates increase to their highest values the conversion of biodegradable organic matter to biogas is 

achieved during the reaction step. The reactor content is mixed in order to increase the 

concentration of substrate and to allow close contact between organics and bacteria. The mixing 

should however be gentle to avoid the disruption of bacterial flocs formation. (Akil and Jayanthi, 

2012). The time required for the reaction step depends on the required effluent quality as well as 

biomass concentration, substrate characteristics, temperature of the waste and type of biomass. At 

the end of reaction period, to enable the biomass to floc and settle, mixing of the contents is 

stopped. 

Throughout the settle step, mixing is closed or shut off to allow settled biomass solids separation. 

The required time for the settling step depends on biomass concentration, temperature, and type of 

biomass. The concentration of mixed liquor suspended solids (MLSS) in the reactor is an important 

variable affecting the settling rapidity of the biomass and also the ability to achieve a clear 

supernatant for discharge as effluent. An important variable is the specific process loading rate 

(food: microorganism ratio, F: M) (Ghosh, 1991). 

The reactor itself also acts as the clarifier, depending on the biomass settleability, the time required 

for clarification will vary. At the end of the settling step, decantation takes place. During effluent 

drawdown, microorganisms with poor settling characteristics are also removed from the reactor 
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leaving behind the heavier bacterial flocs (Elefiniotis & Oldham, 1994). The volume decanted is 

normally equal to the volume fed during feeding so that the volume is maintained. 

The decant step takes place after sufficient solids separation has occurred. The time required for 

the decant step is governed by the total volume to be decanted during each cycle and the decanting 

rate. Once the decant step is completed, the reactor is ready to be fed another batch of substrate 

(Sagagi et al., 2009). Then the influent is introduced to the reactor at the highest possible rate, and 

mixing is begun. No discharge from the reactor occurs until the react and settling cycles have been 

completed. 

The discontinuous anaerobic process for wastewater treatment offers several advantages over 

current anaerobic technologies: there is no short circuit, as in case of fixed bed continuous systems; 

high biomass concentration; better effluent quality control; absence of primary or secondary 

settlers; high efficiency for both COD removal and gas production; flexible control, etc., Besides 

these operating characteristics, some kinetic advantages have also been reported, such as high 

metabolic activity (Sung & Dague, 1995). 

 

Figure 3. Diagram of the stirred anaerobic sequencing batch reactor (Zaiat et al.,2004) 

In most cases biomass is made up of complex organic compounds. In order for the microorganisms 

in anaerobic digesters to access the chemical energy potential of the organic material, the organic 

matter macromolecular chains must first be broken down into their smaller component parts. These 

constituent parts or monomers such as sugars are readily available to microorganisms for further 

processing (Ramasamy, 1998). The breakdown of the organic material involves four stages of 
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chemical processes. The first stage of the process is breakdown of long-chain and complex organic 

compounds, such as carbohydrates and proteins, into single molecules like sugars and amino acids. 

This process is called Hydrolysis. In the second stage of the process which is called Acidogenesis 

in which, microorganisms break down the single molecules of sugar and amino acids even further 

into ethanol and fatty acids, as well as producing carbon dioxide and hydrogen sulphide as by-

products. The third stage is Acetogenesis in which the ethanol and fatty acids are converted into 

hydrogen, carbon dioxide and acetic acid. 

The fourth and final stage is methanogenesis, in this stage microorganisms convert the remaining 

hydrogen and acetic acid into methane and more carbon dioxide. At the end of the process, we 

have our methane biogas (figure 4). As well as producing biogas which can be supplied to the grid 

or converted into biofuel, anaerobic digestion also provides digestate, a nutrient-rich fertilizer, as 

a by-product of the process (Coner ,2017). 

 

Figure 4. Stages of biogas production in Anaerobic Digestion (BEEMS Module B7 - Anaerobic 

Digestion) 
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2.5.1 Single Stage in ASBR  

All digestion occurs in one reactor vessel in Single stage ASBR. Where as in two stages ASBR 

the method consists of several reactors; often the organic acid forming stage of the anaerobic 

digestion process (Acidogenesis and Acetogenesisis) separated from the methane forming stage 

(methanogenesis). Some two stage systems also use a primary aerobic stage to raise the 

temperature and increase the degradation of the organic material. Single stage or conventional one-

phase processes is increasing stability of the process, smaller and cost-efficient process 

configurations, more reliable for cellulose poor kitchen waste, reliable design (with biomass 

retention) for C/N < 20 and also its design flexibility (Wang et al., 2003). 

2.6 Effects of Trace Metals Additive on Biogas Production 

Studies have been conducted on the physical parameters of AD to improve mixing, heating and 

pre-digestion treatment. AD comprises a series of sequential and interdependent microbiological 

reactions and it is thus necessary to ensure that the microbial community underpinning the process 

is as active as possible and performs optimally (Paulo et al., 2015). Several important factors 

influence microbial growth and activity, including ideal conditions of pH, temperature and redox 

potential; carbonaceous substrates; macronutrients, such as nitrogen and phosphorus; and 

micronutrients i.e. trace elements (TE). The balanced availability of various nutrients coupled with 

the provision of ideal growth conditions is essential for well working anaerobic digesters. 

Disruptions to one, or more, of those factors may disturb the activity of specific groups of 

microorganisms and, thus, impair digester performance (Ariunbaatar et al. 2016). 

Trace metals have been proved to significantly improve the performance of anaerobic digestor. 

Recent review studies have indicated that trace metals offer a critical role in AD performance, 

particularly in the stability of biogas digesters (Chen et al.,2014), (Paulo et al., 2015). The study 

indicated that the absence of trace metals in biogas digesters can be detrimental, leading to poor 

process efficiency regardless of suitable maintenance, such as controlling operational and 

environmental parameters. Thus, it is critical to investigate the role of trace elements in the AD 

process in order to overcome issues associated with AD and develop a sustainable way to generate 

renewable energy sources (Demirel and Scherer, 2011). 

The roles of TE has been relatively neglected by researchers and operators. The use of additives 

such as cobalt, nickel or selenium, in biogas plant could strong influence on microbial metabolism 
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its performance and   stated that increased methane production significantly and provided a good   

environment for methanogens and can inhibit activity in cases of excessive concentrations or of 

low bioavailability. Studies showed that effective supplements of trace metals enhance the biogas 

production by 15-30% The suitability of an additive is expected to be strongly dependent on the 

type of substrate (Lebkowska et al., 2011;Vintiloiu et al. 2013) showed that the addition of EDTA 

to heavily undersupplied substrates with high fatty acids content increases the methane yield by 

improving the bioavailability of metals (Abdelsalam et al., 2017). 

(Figure 5) Trace element is a term used to include a wide range of micronutrients essential for the 

microbial community underpinning AD. TE mostly includes elements from the metal groups (e.g. 

cobalt, nickel, zinc and tungsten) but also other elemental groups, such as metalloids (e.g. selenium 

(Abdelselam et al. 2016) mentioned that the growth of methanogenic bacteria is dependent on Fe, 

Co, and Ni during enzyme synthesis. The bioavailability of this nutrients is a key factor, which 

may influence process performance, since nutrients are necessary for microbial activity Some 

studies have been done to determine the requirements and optimal concentration for trace metals 

in pure culture of methane fermentation. Zhen et al., (2015) concluded that several trace elements 

and macronutrients have a strong significant effect on the stability of the biogas process. Raiswee 

et al., (2008) reported that the presence of heavy metal ions (i.e., Cu, Zn, Fe, Ni, Co, Mo) during 

anaerobic biodegradation of organic matter is known to be fundamental for numerous reactions. 

Deficiency in even only one nutrient may limit microbial activity and, consequently, digester 

performance. The key parameters to investigate for potential trace metals deficiency relate to the 

volatile fatty acids (VFA) concentrations and pH in digesters.  

The accumulation of VFA, such as acetate or propionate, indicates inhibition of methanogenic 

activity, which may be associated with deficiency. Digester pH is the most accessible and 

straightforward parameter to monitor VFA accumulation as at high VFA concentrations the pH 

will fall below 7, potentially reaching a critical point between 5 and 6. With the pH below the 

‘comfort zone’ for methanogenic microorganisms, methanogenesis is inhibited, thus continuing a 

vicious cycle of further VFA accumulation and leading to AD failure in one, or several, trace 

metals (Ariunbaatar et al. 2016). 

Equally, TE supplementation is also of potential interest when challenging AD operations with 

increasing rates of organic loading. Increasing loading will upset the biological balance in digesters 
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deficient in an essential element which would be resulted in impaired performance and the risk of 

digester failure. Comprehensive analysis is thus highly recommended to determine trace metals 

concentrations and to assess trace metals bioavailability for microorganisms (Ariunbaatar et al. 

2016). 

Finally, one of the main concerns in considering trace metals supplementation of anerobic 

digesters is that the optimum, ‘bioavailable’ concentration lies between two zones of inhibition 

(i.e. deficiency and toxicity). Over-dosing of at least one trace metals may result in toxic inhibition 

of microbial activity, and this risk should be avoided by developing appropriate dosing strategies. 

The other major concern is these elements are not biodegradable. Due to this, they are known to 

accumulate, reaching potentially toxic concentrations for anaerobic bacteria (Mashad et al. ,2013). 

 

 

Figure 5. Liebig’s law of the minimum illustrating the effect of trace elements deficiency on 

digester performance(Mashad et al. ,2013). 

2.7. Nanotechnology 

Nanotechnology has been evolved to be an attractive option in engineering and environmental 

science and has increasingly large impact on a broad scope of biotechnological, pharmacological 

and pure technological applications (Chiu et al.,2012)). Nanotechnology is recognized by the 
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European Commission as one of its six ‘‘Key Enabling Technologies’’ that contribute to 

sustainable competitiveness and growth in several industrial sectors. The current challenges of 

sustainability, food   security and climate change are engaging researchers in exploring the field 

of nanotechnology as new source of key improvements for the agricultural sector (Abdelselam et 

al. 2016). 

Nanotechnology is the engineering and art of manipulating matter at the nanoscale (1–100 nm); 

that considered as one of the most important advancements in science and technology of the last 

decades. It is also expected to revolutionize our ability to improve the environment.  Moreover, it 

offers the potential of new functional materials, processes and devices with unique activity toward 

obstinate contaminants, enhanced mobility in environmental media. Particles in nanometric size    

range are termed nanoparticles (NPs) (Kong et al. (2017).  

They can be obtained by bottom-up assembly of atoms through chemical process or, on the 

contrary, from top-down frag- mentation of bulk material. The latter allows the synthesis of smaller   

particles (Zhang et al.,2015).  Nano size is   the cardinal property for interaction with biological 

systems since it determines the ability to penetrate cell membranes, thus facilitating the passage 

across biological barriers, interaction with immune system, uptake, absorption, distribution and 

metabolism. NPs have unique properties such as large surface area, high reactivity due to high 

surface area to volume ratio, high specificity, self-assembly and dispersibility (Abdelselam et al. 

2017). 

Nanotechnology current use in bioenergy production from biomass is very restricted. The present 

study is based on the utilization of nanoparticles as an additive to feed bacteria that break down 

natural substances. The novel notion of dosing ions using modified nanoparticles can be used to 

progress up biogas production in oxygen free digestion processes (Kurtan et al., 2015; Shahwan et 

al. 2011). While minute nanoparticles are unstable, they can be designed to provide ions in a 

controlled approach, so that the maximum enhancement of biogas production that has been 

reported can be obtained. Nanoparticles are dissolved in a programmed way in an anaerobic 

atmosphere and are supplied in a sustainable manner to macrobiotic organisms responsible for the 

degradation of organic material, which is a role that fits them well. Therefore, biogas fabrication 

can be increased up to 200%, thereby increasing the degradation of organic waste (Sung et al. 

,2018). 
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2.8 Magnetic Iron oxide nanoparticle 

Magnetic NPs have many unique magnetic properties such as superparamagnetic, high coercivity, 

low Curie temperature, high magnetic susceptibility, etc. Magnetic NPs are of great interest for 

researchers from a broad range of disciplines, including magnetic fluids, data storage, catalysis, 

and bio applications. Especially, magnetic ferrofluids and data storage are the applied researches 

that have led to the integration of magnetic NPs in a myriad of commercial applications (Kurtan 

et al., 2015). Currently, magnetic NPs are also used in important bio applications, including 

magnetic bio separation and detection of biological entities (cell, protein, nucleic acids, enzyme, 

bacterial, virus, etc.), clinic diagnosis and therapy (such as MRI (magnetic resonance image) and 

MFH (magnetic fluid hyperthermia)), targeted drug delivery and biological labels. However, it is 

crucial to choose the materials for the construction of nanostructure materials and devises with 

adjustable physical and chemical properties. The size greatly depends on the process used for their 

synthesis (Shahwan et al. 2011). 

Magnetic iron oxide NPs have a large surface-to-volume ratio and therefore possess high surface 

energies. Consequently, they tend to aggregate so as to minimize the surface energies. Moreover, 

the naked iron oxide NPs have high chemical activity, and are easily oxidized in air (especially 

magnetite), generally resulting in loss of magnetism and dispersibility (Ariunbaatar et al. 2014; 

Thomas et al. 2016). Therefore, providing proper surface coating and developing some effective 

protection strategies to keep the stability of magnetic iron oxide NPs is very important (Lo et al. 

2012). These strategies comprise grafting of or coating with organic molecules, including small 

organic molecules or surfactants, polymers, and biomolecules, or coating with an inorganic layer, 

such as silica, metal or nonmetal elementary substance, metal oxide or metal sulfide. Practically, 

it is worthy that in many cases the protecting shells not only stabilize the magnetic iron oxide NPs, 

but can also be used for further functionalization (Shoeb et al., 2019). 

2.8.1 Synthesis of Iron Oxide NPs 

In the last decades, several researches have been developed to the synthesis of iron oxide NPs, and 

many reports have described efficient synthesis approaches to produce the shape-controlled, stable, 

biocompatible, and monodispersed iron oxide NPs. The most common methods including co-

precipitation, thermal decomposition, hydrothermal synthesis, microemulsion, sono-chemical 

synthesis, and sono-chemical synthetic route can all be directed to the synthesis of high quality of 
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iron oxide NPs. In addition to these iron oxide NPs can also be prepared by the other methods such 

as electrochemical synthesis (Sharma et al.,2014; Ajdary et al.,2018), laser pyrolysis techniques, 

microorganism or bacterial synthesis (especially the Magneto tactic bacteria and iron reducing 

bacteria (Khan et al., 2018) (Shubayev et al. ,2009) etc.  

2.8.2 Surface Functionalization of Iron Oxide MNPs 

An inevitable problem associated with magnetic iron oxide NPs in nano size range is their basic 

instability over longer periods, which illustrated in two main ways: (1) small NPs tend to aggregate 

and form large particles to reduce the surface energy which results in loss of dispersibility, where; 

and (2) loss of magnetism, where bare iron oxide NPs are easily oxidized in air due to their high 

chemical activity, especially Fe3O4 and γ-Fe2O3 NPs. Therefore, it is vital to develop a proper 

shielding strategy to chemically stabilize bare iron oxide NPs against damage during or after the 

consequent application. Coating the iron oxide NPs with different hydrophilic organic materials, 

such as dextran, starch, poly (ethylene glycol) (PEG), poly (D, L-lactide) (PLA), polyethylenimine 

(PEI), stabilize the particles against aggregation and it increases its biocompatibility (Wei et al., 

2015). 

2.9 Characterization of Iron Oxide NPs 

2.9.1 Microscopic Techniques  

Microscopic methods such as scanning electron microscopy (SEM) and transmission electron 

microscopy (TEM) are commonly employed to characterize the structures and morphologies of 

the crystal as plates, rods, discs, cubes, ellipsoids, among others. According to methods of 

preparation the degree of structural and the crystal size of iron oxide (hematite, magnetite, and 

maghemite) differ. (Cornell and Schwertmann, 2000). SEM is a type of versatile electron 

microscope that, due to its several features, is commonly used to inspect the surface structure 

(polished or rough) or subsurface sample with relatively large dimensions (Canevarolo, 2004; 

Mannheimer ,2002). SEM image has a large depth of field and high resolution, which is easy to 

understand (Mannheimer ,2002), and it delivers a 3-D image (Mannheimer 2002; Cornell and 

Schwertmann ,2000).  

TEM technique has been broadly employed in contrast images, the electrons are transmitted or 

diffracted from a family of distinct crystal planes (Canevarolo, 2004). TEM provides the following 

information: bright and dark file images, concerning the microstructure and morphology of the 
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sample; X-ray analysis of elemental arrangement of the sample (Mannheimer, 2002). In addition 

to resolution, the TEM image requires that the sample present contrast (ability to differentiate the 

crystal structures).  

2.9.2 Spectroscopic Techniques 

There are Different methods to determine the size characterization of iron oxide nanoparticles. 

Spectroscopic techniques provide additional information to detect the chemical composition: 

(i) X-ray diffraction provide information about can the crystalline structure of particles (angle 

position, width and intensity). X-Ray Diffraction (XRD) is a technique used to identify 

the phase of a crystalline material and is used for unit cell dimension calculation. It 

provides information about crystallographic structures of the crystal, from these 

crystallographic descriptions the structure of the crystal can be established, such as 

orthorhombic, hexagonal, cubic, octahedral, tetrahedral, and the atomic coordinates of 

polymorphous iron oxides (Cornell and Schwertmann 2000). The size of nanoparticle is 

calculated using the Scherrer Equation:  

               τ=Kλ/βCosθ…………………………………………… ……………………………….(1)                                                                                                                   

Where, τ is the mean size of the crystalline; K is a dimensionless shape factor, with a value 

close to unity. The shape factor has a typical value of about 0.9, but differs with the actual 

shape of the crystallite; λ is the X-ray wavelength; β is the line broadening at half the 

maximum intensity (FWHM), after subtracting the instrumental line broadening, in 

radians. θ is the Bragg’s angle (Sreekanth and Debjyoti, 2015). 

(ii) Energy dispersive X-ray (EDX) spectroscopy: Energy dispersive X-Ray (EDX) is method 

used to find the chemical composition of the sample as well as for elemental analysis. Here 

this method is used to see the composition of the particles. It is one of the variants of X-

ray fluorescence spectroscopy. EDX  provides the determination of chemical elements in 

the samples through interactions between electromagnetic radiation and matter; it analyzes 

the X-rays emitted by the matter in response to being hit with charged particles and 

presents the  results  as spectra, which contains a series of peaks representing the type and 

quantity of each chemical element of samples(Sreekanth and Debjyoti, 2015). Its 

characterization capabilities largely depend on the fundamental principle that each element 

has a unique atomic structure, considering X-rays that are characteristic of an element's 
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atomic structure to be identified uniquely from one another. It by measuring the X-rays 

emitted during the interaction with the electron beam, (Cornell and Schwertmann, 2003; 

Dedavid et al. 2007). 

(iii) Fourier transform infrared spectroscopy (FTIR) technique is used for the investigation of 

the characteristic functional groups of iron oxides and characterization of precursors from 

different synthesis methods. Infrared (IR) absorption spectroscopy is the measurement of 

the wavelength or wavenumber and intensity of the absorption of infrared light by a 

sample. 

(iv)  Scanning Electron Microscopy (SEM) A Scanning Electron Microscope is used to 

produce images of the sample by scanning it with a focused beam of light. This gives a 

high-resolution image of the sample. This can be used to do structural studies of the 

particle (Sreekanth and Debjyoti, 2015). 

2.10 The Role of Iron NPs on Biogas and Methane Production of the Anaerobic Digestion 

System 

The co-digestion of multiple substrates, including co-digestion of biosolids and organic fraction 

of municipal solid waste, have proven to be effective in the performance of AD due to synergisms 

in the digestion medium, greater stability, a more voluminous supply of nutrients, reductions of 

ammonia inhibition, and economic advantages (Ariunbaatar et al. 2014; Thomas et al. 2016). 

While co-digestion has also shown improved nutrient balance and digestion, as well as additional 

biogas production, co-digestion also has limitations, such as high effluent COD concentrations and 

additional pretreatment requirements. An alternative method incorporated in the biodigester 

system could be the application of modified iron oxide nanoparticles (NPs) to the co-digestion of 

wastes. However, current literature provides limited information (Sung et al., 2018). 

The addition of iron NPs could eliminate pH reduction and alleviate high COD concentration in 

the effluent. The extent and kinetics of biogas production of modified iron NPs are a function of 

the surface reactivity, which depends on the physicochemical properties of different types of iron 

NPs. The relative importance of enhancing biogas may depend on not only the properties of the 

NP surface but also compositions of biomass. For instance, biosolids as one of the types of biomass 

may yield different amounts of biogas under the same operation conditions compared to co-

digestion of organic waste compositions (Sung et al. ,2018). Even different types of biosolids 
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(Class A versus Class B) may influence the efficiency of AD performance in terms of the 

production of biogas, since Class B biosolids that contain a higher level of detectable pathogens 

may inhibit digestion of biomass in the AD biodigester (Kong et al. (2017).  

In an anaerobic digestion system, the use of Fe3O4 additive stimulate interactions of organic 

substrates with methanogens to produce biogas through the methanogens’ bio stimulating 

mechanisms on the co-digestion of organic wastes. This stimulation effects have been associated 

with facilitation of direct interspecies electron transfer (DIET) in syntrophic methanogenesis Such 

facilitation is highly promoted when Fe3O4 is utilized in nanoscale range (Asim et al., 2015) 

,because of iron-based NPs have electron donor properties, their nature of Fe+2/Fe+3 ions and low 

oxidation-reduction potential (ORP) which could enhance the methanogenic activities and AD 

performance (Xiao et al. 2013). The availability of surfaces may also enhance microbial activity. 

Studies are strongly encouraging for increasing biogas production by the addition of modified iron 

NPs to a co-digestion system. The addition of iron additives may serve as a catalyst to enhance the 

AD process for substrates with varied compositional characteristics (Kong et al. (2017).  
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                                                                CHAPTER THREE 

3. MATERIAL AND METHODS 

3.1 Chemicals 

Different chemicals were used in this study. The chemicals used were sodium hydroxide, 

cetyltrimethylammonium (CTAB), Ferrous chloride tetrahydrate, Ferric chloride hexahydrate, 

sulfuric acid, Silver nitrate, Mercury sulfate, Potassium chromate. 

3.2 Materials 

Materials used in this study are; glass bottle, rubber hose, gas kit maker, hose, incubator, furnace, 

peristaltic pumps, measuring cylinder, analytical balance, volumetric flasks, beaker, 100 ml 

syringe, scissors, desiccators, hot plate, crucibles, plastic bags, stopper, burettes, pipettes, 

controlling valves and water bath.  

Analytical equipment’s such as spectrophotometer, COD digestor, DO meter, Gas analyzer 

(Geotechnical instruments UK Ltd), pH meters and thermometer.   

All apparatus was properly washed first with soap and water solution and then with 1 normal nitric 

acid, finally it was washed by distilled water, and allowed to dry on hot air oven to avoid 

contamination and to increase the accuracy of the experiment. 

3.3 Nanoparticles Preparation 

3.3.1. Preparation of Magnetite Nanoparticles (Fe3O4) 

The hematite-based nanoparticles were synthesized using simple hydrothermal method as reported 

by (Kurtan et al., 2015). In this experiment, 0.2 M and 0.4 M stock solutions of FeCl2.4H2O and 

FeCl3.6H2O were homogenized in 10 ml of deionized water.  The mixture was allowed to stir under 

constant temperature of 80°C and it was then treated with 0.1M NaOH until the pH of the solution 

reached 14. The mixture was further heated at 80°C until precipitates were formed followed by the 

addition of 0.1 M of cetyltrimethylammonium (CTAB) to coat the nanoparticles formed and to 

control the growth of nucleation. To create anaerobic environment deoxygening was carried out 

by bubbling N2 gas in the flask until the synthesis process is completed. The formed precipitates 

were collected and washed to remove impurities and then dried in an oven at 104℃. The 

fabrication process is further demonstrated in Figure 6 (Asim et al.,2015). 

Fe2+ + 2Fe3+ + 8OH→ Fe3O4 + 4H2O…………………………………………………………...(6) 
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Figure 6. Illustration of Fe3O4 NPs synthesis procedure (Asim et al., 2015). 

3.4 Sampling 

3.4.1 Substrate and inoculum preparation.   

The tannery wastewater samples for this experiment were collected from Batu tannery using plastic 

bags every seven days for two months. The samples were collected from three different effluent 

lines which are sulfur line, chrome line and general wastewater line, 672m3 of wastewater is 

released from per day Batu Tannery , from this sulfide;60m3/day, chrome 12m3/day and general 

wastewater 600m3/day in the ratio of 0.6:0.12:6 respectively. The composite tannery wastewater 

used in this study was prepared according to the aforementioned ratio. The prepared samples used 

for the study was transported to the Centre for Environmental Sciences, Addis Ababa University 

and was stored in the refrigerator at 4℃ until added to the digester for treatment and biogas 

production. The inoculum was collected from the pilot scale biogas plant which runs on cow dung 

installed in selam children’s village. The collected composite tannery wastewater and inoculum 

were analyzed for total solids (TS), volatile solids (VS), chemical oxygen demand (COD), total 

nitrogen (TN), sulfate, sulfide and organic carbon content (OC) in accordance with APHA (2005), 

Table 3.  

3.4.2 Sample analysis 

The pH and temperature of substrate and inoculum was measured using a pH meter equipped with 

long pH-electrode. Samples of composite tannery wastewater was analyzed at least once a week 
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or once a new sample was brought. The sample was sent to laboratory for analyses of the following 

parameters before dumping in to the anaerobic digestion to test for, TN, sulfate and sulfide. 

The COD, total solids and volatile solids determination of the inoculum and the tannery wastewater 

was done at the research laboratory of Center for the Environmental Science; AAU. The 

procedures that was followed and instruments used to analyze TS, VS and COD parameters and 

biogas quantity and its quality determination was done as follows. The total solids of the samples 

were determined by using procedures as follows, the crucibles were dried at 105℃ for one hour 

in the hot air oven and cool in desiccators. The dried crucible was weighed and stored in desiccators 

until ready for use. Fresh collected composite tannery wastewater was added in dry crucibles and 

weighed using analytical balance. About 10gm of each sample was taken and weigh carefully in 

triplicate. The weighed samples were then evaporated on a water bath. The evaporated composite 

tannery wastewater was put for at least one hour in the oven at 105℃. Desiccators was used for 

cooling the sample to at room temperature without absorbing moisture.  Lastly, the cooled sample 

was weighed until a constant weight is obtained. The percentage of the total solids of the sample 

was calculated as follow (APHA, 1999). 

Total Solids (TS %) - It is the amount of solid present in the sample after the water present in it is 

vaporized. TS was calculated using equation (2) 

 TS%=(Finalweight/Initial weight)x100………………………………………………….(2)                                                                                          

Volatile Solids (VS %) – Dried residue from Total Solid analysis weigh and heat in crucible for 

2hrs at 500 ℃ in furnace. After cooling crucible residue weigh and VS was calculated using 

equation (3) (APHA, 1999). 

         VS % = [100-(V3-V1/V2-V1)] x100………………………………………………………. (3)                                                                             

                     V1= Weight of crucible.   

                     V2= Weight of dry residue & crucible.  

                     V3= Weight of ash & crucible (after cooling) 

The percentage composition of carbon in the sample was calculated as follows:   

%Carbon=(%VS/1.8)×100(AdamandAsano,1951) ……………………………………………..(4)   
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3.5. Experimental Set Up  

Bench scale anaerobic reactor was prepared using 1L culture bottles. The bottles were sealed with 

rubber stoppers having two hoses at the top and sealed with the gas kit maker to maintain anaerobic 

condition in the biodigesters. The rubber stopper was connected with two hose gas pipes each has 

an 8mm internal diameter and 1m length. One of the gas pipes was used to feed composite tannery 

wastewater and discharge the treated supernatants after three days. The other hose, gas pipe was 

used to collect the biogas produced. At the top of the second hose, there was a plastic bag which 

was used to collect the produced biogas and at the end of the hoses there were valves; which were 

closed only open for the period of measuring the biogas produced during the operation.  

Experimental setup of the ASBR system consists of bio-digester, thermostatic water bath, gas 

outlet, valve, plastic bag and gas analyzer. The experiments were carried out in Addis Ababa 

University College of Natural Science. 

3.5.1 Biogas and Methane Measurements  

The produced biogas quantity (volume) and quality of biogas (methane percentage) was measured 

on a daily basis by using the syringe method and a gas analyzer. Before measuring the quality of 

the biogas first, the biogas produced in the gas collector bag was disconnected from the digesters 

and the quality of the biogas (percent of methane) was measured using gas analyzer. This was done 

by directly connecting the plastic bag to the calibrated biogas analyzer and the percent of methane 

was displayed on the analyzer screen. At this point the gas was transferred to a new bag and then 

measuring of the biogas volume was performed by 100 ml glass syringe.  

3.5.2 Operation of the ASBR  

The study was determined at HRT hydrolysis/acidification three days and the OLR was wide-

ranging between 0.85 to 1.095 kg COD/m3 -day throughout the study in controlled temperature of 

mesophilic (37°C) system. Two months were required to achieve the study. During this period the 

digester was operated in hydraulic retention time (HRT) of three days (72hr) cycle mode, while 

sixty-eight hours were given for the reaction phase and three hours for settling. Inoculum was used 

at the start up period to introduce an anaerobic microorganism into the system. After having a good 

biomass settling the supernatant was decanted from the upper most of the reactor for thirty min by 

the help of pump drivers PD 5206 with the speed of 606 rpm. Batch feeding was carried out 
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mechanically through the top of the reactor at the beginning of the next cycle for thirty min by the 

same speed the substrate was decanted.  

The sum of all phases was represented as total cycle (Tc). 

TC=TF+TR+TS+TD …………………………………………………………………………... (5)  

Where, TC = total cycle time                                       TF = total fill time   

             TR = total react time                                       TS = total settled time   

                                                                                     TD = total decant time  

3.6 Experimental Design 

The effects of iron oxide (Fe3O4) nanoparticles on biogas production and COD removal of the 

composite tannery wastewater experiment were conducted in four different concentrations of 

MNPs which was (20, 50, 75, 100mg/l) and control. The composite tannery wastewater used for 

this experiment stored in a refrigerator at 4℃ until used for feeding. All the treatments were carried 

out by duplication which was total ten biodigesters and all the ten digestion bottles were fed 

composite tannery wastewater and solution of different concentration of iron oxide (Fe3O4) MNPs 

once in every three days according to the mixing ratio in Table 1. The methane percentage was 

measured on daily basis using biogas analyzer and the volume of the biogas produced was 

measured by syringe method. The TS, VS, COD removal and pH of residue left in each bioreactor 

after three days retention time was measured every six days to investigate and compare the removal 

of organics and buffering capacity of each of the additives and the control.  

Table 1. Mixing ratio of composite tannery wastewater, Inoculum and iron oxide (Fe3O4) NPs 

Treatment Tannery wastewater(mL) Inoculum(mL) NPs(ml) 

Control      600 200 Nil 

20mg/L Fe3O4 MNPs 600 200 100 

50mg/L Fe3O4 MNPs 600 200 100 

75mg/L Fe3O4 MNPs 600 200 100 

100mg/L Fe3O4 MNPs 600 200 100 
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3.7 Operational Parameters Calculations   

3.7.1 Organic Loading Rate (OLR)  

Organic loading rate is the amount of organic matter enters into the anaerobic reactor in a definite 

time period and described in Kg COD/m3 reactor per day. The OLR was calculated according to 

the following equation (Ekama, and Wentzel, 2008).  

            OLR=  
Q×S

Vreactor
…………………………………………………………………………….(7)                                                                                          

Where Q is waste water flow rate (m3/day), S is the COD concentration in the inflow (Kg/m3) and 

Vreactor   is the working volume of the digester in m3.  

3.7.2 Hydraulic Retention Time (HRT)  

The retention time is the time required to complete the degradation of organic matter. It is related 

with the microbial growth rate and depends on the process temperature, OLR and substrate 

composition. Two significant types of retention time are here in discussed: SRT, which is defined 

as the average time that bacteria (solids) spend in a digester and HRT which is defined by the 

following equation (Ekama and Wentzel, 2008).  

      HRT=  
𝑄

𝑉
 ……………………………………………………………………………………(8)                                                                          

Where V is the biological reactor volume (m3) and Q the influent flow rate in time (m3/day) 

3.8 Process Performance Parameters Calculations   

 3.8.1 Specific Methane Yield (SMY)  

 Specific methane yield (SMY) is the quantity of methane produced relative to organic matter 

removed or added to anaerobic digester. The SMY during the experimental study was calculated 

using the following formula and expressed in ml/g COD removed (Angelidakia et al., 2008).                  

     SMY=  
𝑉𝐶𝐻4

𝐶𝑂𝐷𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑
 ………………………………………………………………………….(9)                                                                                    

 Where SMY is specific methane yield (ml/g COD), VCH4 is volume of methane production with 

a given time and COD consumed   is organic matter or COD consumed at the same period of time.           
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 3.8.2 Percent Removal Efficiency (%)  

The percent removal efficiency (%) for each parameter such as COD, TS, VS   etc. in this study 

was determined by using the following formula (Abdelhakeem et al., 2016).  

                      RE (%) =
𝐶𝑖𝑛−𝑐𝑜𝑢𝑡𝑥100

𝑐𝑖𝑛
.……………………………………………………………(10) 

  Where Cin the inlet concentration of influent and Cout is the outlet concentration of effluent (mg/L)  

3.9 Statistical Analysis  

The aim of the statistical analysis is to evaluate the effect of iron oxide (Fe3O4) MNPs on biogas 

production and COD removal efficiency with four different equivalent concentrations of MNPs. 

In addition, the TS and VS which describe the decomposition of organic matter was taken into 

consideration. In this research work; all sample analyses were carried out in duplicate to ensure 

reproducibility and all the experimental data were statistically evaluated using SPSS(ANOVA). 

The graphs were drawn using Origin 6.0 software. 
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                                                                CHAPTER FOUR 

4.RESULT AND DISCUSSION 

4.1. Characterization of Nanoparticles  

There are many instruments for characterization of nanoparticles. For this study characterization 

of the synthesized iron oxide nanoparticles was conducted by SEM, EDX  XRD UV-Vis. These 

instruments were selected based on the information needed for this research which are the 

morphology, crystal size and the purity of the synthesized iron oxide nanoparticles. 

4.1.1. Scanning Electron Microscopy Analysis 

The morphology and distribution of nanoparticles is characterized using Scanning Electron 

Microscope (SEM). The SEM images indicate that Fe3O4 magnetic NPs homogeneity, shape 

support the size reduction and confirm that the nanoparticles that was synthesized are in nanometer 

range (fig.7). The obtained results using scanning electron microscopy analysis clearly show that 

crystalline structure of the sample, its representative SEM image of as-synthesized Fe3O4 

nanoparticles. As seen, the formed nanoparticles are highly spherical in shape with rich density 

demonstrated sufficient yield of formed nanoparticles. 

  

 

Figure 7. SEM images of synthesized iron oxide magnetic nanoparticle. 
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 4.1.2.  Energy Dispersive X-Ray EDX Ananlysis  

Figure 9 represents EDX spectra of the synthesized magnetic iron oxide nanoparticles product. 

The results obtained indicates that the major constituents of synthesized iron oxide nanoparticle 

were iron (60.78%), oxygen (31.76%) and carbon (7.46%). The peaks for Fe and O further confirm 

the compositional purity of the formed nanoparticles. The EDX spectra also shows smaller peak 

for carbon (7.46%) that is because the synthesized iron oxide nanoparticles were coated with 

organic material (CTAB) to prevent oxidation and agglomeration of the nanoparticles. 

 

Figure 8. EDX images of synthesized iron oxide nanoparticles  
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Table 2. EDX quantitative analysis of iron oxide magnetic nanoparticles 

Element Mass% Atom% 

Carbon 7.46 16.80 

Oxygen 31.76 53.74 

Iron 60.78 29.46 

Total 100.00 100.00 

 

4.1.3. X-Ray Diffraction (XRD) Analysis 

A comparison of XRD spectrum of synthesized magnetite (Fe3O4) nanoparticles with the standard 

XRD data for bulk magnetite (JCPDS file No. 19-0629) confirmed that the magnetite particles 

formed in this experiments were in the form of nanocrystals. This is demonstrated by characteristic 

peaks of iron oxide MNPs observed in the XRD pattern at 2θ values of 18.47 ̊,30.33 ̊, 35.76 ̊, 

37.41 ,̊43.50 ̊,47.47 ̊, 54.00 ̊,57.48 ̊,  corresponding to (111), (202), (311), (222), (400), (313) , 

(422) and (333) Bragg's reflections, respectively, Fig.9, which may be indexed based on the face 

centered cubic (fcc) structures of magnetite.  

The X-ray diffraction results clearly show that the magnetite nanoparticles formed by co-

preceptation method were crystiline in nature. These results are in good consistency with the XRD 

patterns of magnetite iron oxide nanoparticles reported by Asim et al. (2015). It is also in a good 

consistency with the result of another study conducted by Hassen et al. (2018).  

Scherrer’s equation was used to determine crystallite size of MNPs. According to Scherrer’s 

equation using FWHM values of four most intense peaks obtained from XRD, the average obtained 

crystallite size of iron oxide MNPs is 41.40nm, as shown in Table 3.  
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Table 3. Magnetic iron oxide (Fe3O4) nanoparticle size 

Peak position FWHM(2θ) Particle size (nm) 

30.33 0.16 53.75 

35.76 0.96 9.09 

43.50 0.16 43.5 

57.48 0.16 59.17 

                                          Average 41.40 

 

 

Figure 9. XRD images of synthesized iron oxide magnetic nanoparticles. 

4.1.4 UV-vis Spectral Analysis 

Formation and stability of magnetite nanoparticles in aqueous colloidal solution is confirmed by 

using UV-vis spectral analysis. Uv-vis spectra of synthesized magnetite iron oxide nanoparticles 

are shown in Fig.10. The synthesiszed MNPs absorption peak band is observed at 233 nm, which 

is the characterstics of iron oxide nanoparticles for the black colour magnetite iron oxide 
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nanoparticles synthesized from ferrous chloride and ferric chloride with molar ratio ½ (Hassen et 

al., 2018). No other peaks were detected in the spectrum, indicative of the high purity of the 

synthesized magnetite nanoparticles.  

The obtained results of an absorption spectrum of iron oxide MNPs is in consistency with the result 

reported by Akl and Nida (2012) the nanoparticles were synthesiszed by co-precipitation which 

was the same method of synthesiszing with this study. The result found from this study is also 

similar with the result reported by Hassen et al. (2018) in which the magnatite iron oxide 

nanoparticles was synthesized by green methods. 

 

Figure 10. UV-vis absorption spectra of magnetite iron oxide nanoparticles 
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4.2 Characteristics of Batu Tannery Composite Wastewater   

Composite wastewater sample from Batu Tannery and inoculum from Selam Children’s Village 

was analyzed to characterize the potential of the sample to produce biogas. All the parameter of 

feedstock was measured in triplicates and their average values are presented as follows. 

Table 4. Characteristics of Composite Tannery wastewater and Inoculum prior to ASBR 

Parameter Composite Tannery wastewater Literature Inoculum 

PH 9.053 ± 0.2566 10.8a,9.4b,9.49c 7.015± 0.332 

Moisture content (%) 92.62±0.175 - 96.13±0.75 

TS (%) 7.37±0.175 - 3.86±0.75 

VS (%) based on TS 71.36±2.47 - 3.46±0.15 

Ash (%) based on TS 28.634±2.47 - 96.54±0.15 

OC (%) 39.64±1.37 - 1.91±0.087 

TN (mg/l) 384.667±9.8657 450b, - 

COD (mg/l) 4473± 226.5 3860b,4546.5b,4221d 722.67±29.67 

S-2(mg/l) 100.2667±4.517 93d,156.53f - 

SO4 -2(mg/l) 388±78.36 470d,385.66f - 

C/N Ratio (COD/TN) 11.65 - - 

Source: a= Seyoum Leta, (2004), b= Andualem Mekonnen, (2016), c= Messay Emana, (2017), d= 

Andualem Mekonnen, (2017), f= Alemu Bejiga, (2014). 

As it could be seen from Table 4, the average moisture content of the composite tannery waste 

water was 92.62% and the average total solids of the substrate were 7.37%. The obtained value for 

TS (7.37%) was almost the closer to the ranges (Jurgen et al., 2009; Schmidt et al., 2013; Iyagba 

et al., 2009), 8-10% and slightly greater than the suggested value of TS for ASBR which is in the 

range of 1-4 % (Khan, 2001). 

Out of the total solids the volatile solids and ash (fixed solids) content of the substrate were 71.36% 

and 28.634%, respectively. As volatile solids are organic material that can be decomposed, and 

shows the potential for further digestion by microorganism during anaerobic digestion. The VS 

percentage values of the composite tannery wastewater were almost the same to the VS ranges 

Zolar et al., (1998), which are (60 – 87)% and slightly less than to 86.73% the values reported by 
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Li et al.,(2011) this indicates that large fraction of composite tannery wastewater is biodegradable 

and thus it can serve as an important feedstock for biological anaerobic sequential batch reactors. 

The carbon to nitrogen ratio of the feed stocks is another factor that affects the anaerobic digestion 

process. Methane yield and its production rates are highly influenced by the balance of carbon and 

nitrogen in the feeding material. The average C/N ratio obtained from this study was 11.65 which 

is in the range recommended by Pyle, (1978).  The optimum range for C: N ratio recommended 

for an anaerobic digester was 10 to 30 (Pyle, 1978). In general, the average value of carbon to 

nitrogen ratio obtained from composite tannery wastewater was indicated that it was appropriate 

as a feedstock for ASBR to yield biogas energy.  

The composite tannery wastewater used for this study contained high amount of organic matter 

(4473± 226.5mg/l) and nitrogenous compounds (384.667±9.8657mg/l). Sulfate and sulfide values 

was (388±78.36), (100.2667±4.517) respectively. Since both methane producing bacteria (MPB) 

and sulfate reducing bacteria (SRB) use hydrogen and acetate as electron donors for methane 

formation and sulphate reduction a strong competition between this bacterium will be takes place 

in the reactor. This competition for organic substrate is strongly dependent on the COD/SO4-2 ratio 

which should be 1.7-2.7 for the competition to happen (McCartney and Oleszkiewics, 1993). 

However, the ratios of COD/SO4−2 were 11. These levels of ratio support effective performance 

of anaerobic reactor in both COD removal and increase biogas yield (Venkata, 2005). The value 

obtained for the above parameters was indicated that composite tannery wastewater has high 

amount of pollutants. 

Removal of organic matter (COD) is directly proportional to methane gas generation through the 

action of anaerobic methanogenic bacteria. Low concentration of sulfate would support the growth 

of methanogenic bacteria than sulfate reducing bacteria (Erdirencelebi, 2007). The concentration 

of sulfide was (100.2667±4.517) in the influent. These levels of sulfide does not consider as a 

problem for anaerobic digestion of tannery wastewater. The toxicity depends mainly on the levels 

of free hydrogen sulfide. Different studies specified that sulphide concentration ranging from 50 

to 100 mg/l with little or no acclimation can be tolerated in anaerobic treatment. In a continuous 

operation Sulfide concentration up to 200 mg/l with a little acclimation would not cause significant 

inhibition effect on anaerobic processes (Vijayaraghavan and Murthy,1997).  
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The obtained value for all the parameters measured indicated that the samples used as a feedstock 

were appropriate for ASBR to yield high amount within a good quality of biogas.  

4.1.2 Inoculum Characterization   

The Inoculum collected from Selam Children’s village was characterized and the results are shown 

in Table 4. As shown in Table 4 the inoculum had a pH 7.015± 0.332, total nitrogen was 

722.67±29.67. The content of total solids (TS) and volatile solids (VS) of the inoculum used in the 

study were: 3.86±0.75 and 3.46±0.15 respectively. Results for other characteristics of the inoculum 

are given in Table 4. 

4.3 Effects of Iron Oxide (Fe3O4) MNPs on Biogas Production 

The variation of cumulative biogas production of the total four digesters and control is shown in 

Fig.11. Biogas production in all the biodigester started after 9 days of the operation and all the 

digestors that were treated with nanoparticles started to show enhancement of biogas generation 

with respect to control (no MNPs) right after biogas production was started. The biogas production 

rate was lower in the first two weeks of the operation even if there was a continuous increment in 

the production rate in all the digesters. The methane content was also low. The low biogas yield 

with low methane content may partly attribute to the accumulation of VFAs due to slow 

acclimatization of methanogenic bacteria. After 21 days of operation significant differences were 

found between biogas production by 20, 50 and 75mg/l Fe3O4 MNPs additives, while biogas 

production with 100mg/l iron oxide Fe3O4 MNPs additive was insignificantly different from the 

control. 

The cumulative biogas production curves indicated that the addition of  20 ,50, 75 and 100mg/L 

iron oxide (Fe3O4) MNPs to the substrate increased the biogas production to 310.74ml/day, 

359.63ml/day, 398.52ml/day and 294.81ml/day, respectively compared to control (244.74ml/day) 

as shown in  Fig 11.  Furthermore, the statistical analysis confirmed that  the  aforementioned 

additives significantly increased the biogas volume (p < 0.05)  by 1.26, 1.46, 1.63, respectively 

times the biogas volume produced by the control. However, the addition of 100mg/l iron oxide 

MNPS showed an insignificant difference from the control (p=0.137) and also decreased the 

biogas production to 294.81ml/day which is 0.83 times the biogas volume produced by the control. 

In a typical experimental design, the influence of NPs was studied in range of 20 to 100ppm. In 

these NPs, the major element is iron, that worked as to enhance activities of methanogenic bacteria 
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as Qiang et al. (2012) reported. Abdelsalam et al. (2017) reported that there is another benefit of 

using iron oxide MNPs because their nature of Fe+2/Fe+3 ions improve the performance of 

bioreactors. 

 

Figure 11. Effects of different concentrations Fe3O4 MNPs on biogas production.  

Casals et al., (2014) evaluated the performance of iron oxide (Fe3O4) nanoparticles nano size (7 

nm) and concentration 100 mg/l on anaerobic digestion of waste water sludge at 37 ℃. The biogas 

production per gram of organic matter increased by up to 180%, which is the largest improvement 

in biogas production to date and approaches the theoretical limits of organic matter into biogas 

conversion. Furthermore, Abdelselam et al. (2015) carried out a study on the effects of iron oxide 

(Fe3O4) MNPs nano size (7±0.2) on anaerobic digestion of animal manure and found that 20mg/l 

of magnetic iron oxide (Fe3O4) NPs showed increased in biogas volume production by 1.66 times 

the biogas volume produced by the control.Which were comparable to the present study.Another 

study was also conducted by Abdelselam et al. (2016) on effects of cobalt (Co) and nickel (Ni) 

nanoparticles on anaerobic digestion of animal manure slurry observed 1mg/l Co NPs and 2mg/l 

Ni NPs showed 1.64 and 1.74 times more biogas volume production compared to the control.which 

is moderately higher than the result of the present study.  
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Therefore, it can be concluded the values found from this study are comparable with this study’s 

findings.  

4.4 Effects of Iron Oxide (Fe3O4) MNPs on Methane Production 

The methane content of the biogas produced in all the digesters is illustrated in Fig 12. The 

percentage of methane in  all digesters treated with Fe3O4 MNPs increased persistently after 20 

days of operation time and showed significant diffrence from the control. The addition of 75 mg/L 

iron oxide (Fe3O4)  magnetic NPs to the substrate yielded the highest methane % (p < 0.05)  which 

was 70.9% of  methane  followed by addition of 50mg/L Fe3O4  magnetic NPs 60.7%  as  shown 

in Fig.  11. 

Messay and Mekibib, (2013) conducted studies on anaerobic digestion of composite tannery 

wastewater using two stage anaerobic sequence batch reactor (ASBR) and found that the highest 

cumulative biogas quality was 69.8%.This were moderately lower than the present study.The study 

carried out by Kenan and Aysenur (2015) showed average methane content of produced biogas 

was 74% during anaerobic digestion of chicken manure at different organic loading rates (OLRs), 

in a mesophilic-thermophilic two stage anaerobic system.Which were slightly higher than the 

result of the current study.Andualem et al. (2017) evaluated pilot scale anaerobic treatment of 

tannery wastewater using ASBR for methane recovery reported 70±1.6% biogas quality at 

1.03kg/m3/d in step wise feeding mode. The value were comparable with the quality of biogas 

obtained from the biodigestor treated with 75mg/l iron oxide (Fe3O4 ) MNPs (70.9%). 

Furthermore,Abdelselam et al. (2016) also conducted studies on the effects of cobalt (Co) and 

nickel (Ni) nanoparticles on anaerobic digestion of animal manure slurry and reported 1mg/l Co 

NPs and 2mg/l Ni NPs 70% and 74% recorded the highest methane content compared to the 

control. The result obtained by adding 1mg/l Co NPs is comparable to the result of this study. The 

highest methane pecentage found from this study were slightly lower than from the result found 

by Abdelselam et al. (2016) using 2mg/l Ni NPs.This might be because of the relative importance 

of the NPs to the methanogenisis bactaria. Another study was  also conducted by Abdelselam et 

al. (2015) on effects of iron oxide (Fe3O4) nanoparticles nano size (7±0.2) on anaerobic digestion 

of animal manure 20mg/l of magnetic iron oxide (Fe3O4) MNPs reported the highest methane 

percentage which was 79.3%.In this study the highest percentage of biogas quality were found 

from the biodigester treated with 75mg/l iron oxide MNPs which was 70.9% methane.The result 
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found from this study  were lower than results found by Abdelselam et al. (2015) at 20mg/l 

magnetic iron oxide (Fe3O4) NPs  .It might be due to the use of different substrate ,difference 

nanoparticles synthesiszing procedures and using of different coating materials.  

 

Figure 12. Effects of different concentration of Fe3O4 magnetic nanoparticles on methane 

percentage. 

The trends of cumulative methane volume for the four iron oxide MNPs additives and control are 

illustrated in fig.13. In this lab  scale study,  the methane production started to increased after 21 

days of operation time methane volume produced  in biodigestors treated with Fe3O4 showed better 

performance than the control the avarage daily methane volume for control(with out NPs) , 20, 

50,75 and 100ppm Fe3O4  MNPs was 111.45, 159.84, 196.4, 258.31, and 149.8 ml 

respectively.Statstical analysis also proved 75 and 50mg/L iron oxide MNPs additives recorded 

significant methane volume difference from the control(p<0.05).The less methane production  was 

observed by adding more concentration of MNPs, that means might be because of adoption and 

accelerating hydrolysis and  enzymatic uptake activity Asim et al.,(2015). Maximum methane 

generation  was observed at 75mg/L, which was 43.15% more than the control 

Fig.13.Additionally, it was found that the maximum daily average methane production  was 
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yielded 382.86ml on 48th day by 75mg/L iron oxide MNPs while the  other  additives  were  unable  

to  reach  this  yield. The  cumulative methane  generation curves showed that  the addition  of 75 

mg/L of NPs to the substrate  is the optimum  dose of iron oxide MNPs and the maximum methane  

production  was observed which was 1148.58ml, in comparison  with the addition  of  20 ,50,  and 

100mg/L MNPs  which  yielded 725.76, 913.58 and 686.96ml methane volume respectively. 

Whereas,  control  reactor  has yielded 572.4 ml  of which was the lowest methane volume recorded 

compared to MNPs additives as illustrated  in Fig. 13.  

The study conducted by Asim et al. (2015) on effects of magnetic iron oxide (Fe3O4) NPs from 

anaerobic digestion of organic fraction of municipal solid waste concluded that addition of 75mg/l 

magnatic iron oxide NPs showed the highest daily methane volume which was 19.2ml compared 

to other additives and control.Similarly in this study 75mg/l magnatic iron oxide NPs was proved 

to be the optimum concentration of MNPs that produced the highest volume and  methane quality. 

It was also observed the digesters with iron oxide nanoparticle has lesser CO2 content in it. The 

better  results of using NPs were witnessed because of iron-based  NPs have electron donor  

properties  and  low oxidation-reduction  potential (ORP) which could enhance the methanogenic 

activities and AD performance  (Xiao et al. 2013).  



 
 

46 
 

 

Figure 13. Effects of different concentration of magnetic Fe3O4 NPs on methane volume (ml). 

Moreover,the result of this study recorded the highest biogas quality and quantity at 75mg/l of 

magnatite iron oxide nanoparticles which is comparable with the study conducted by Sreekanth 

and Debjyoti,(2015) on effect of iron oxide nanoparticle in bio-digestion of a portable food-waste 

digester in which also reported that the addition of 70-80 mg/l of iron oxide MNPs is the optimum 

concentration to improve the quantity as well as quality of biogas production. The use of iron oxide 

(Fe3O4) MNPs   has been associated with facilitation of direct interspecies electron transfer (DIET) 

in syntrophic  methanogensis. Such facilitation is highly promoted  when Fe3O4  is utilized in 

nanoscale range. A clear stimulating effect on    methanogenic   activity  was witnesed  during the 

start up  of the anaerobic process when, the substrates were treated with Fe3O4  magnetic NPs 

additive in comparison with the control.  

Generally, the result of this study shows the possibility of producing high quantity and quality 

biogas from composite tannery wastewater by using Fe3O4 NPs without addition of other co-

digester except starter (inoculants).  Normally, the highest cumulative biogas 1620 mL and biogas 

quality 70.9% yield was recorded for the digester treated with 75mg/l of Fe3O4 NPs additive.  
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4.5 Effects of Fe3O4 MNPS on Removal Efficiency of COD 

(fig. 14) shows trends of substrate utilization in different reactor. The average COD percentage 

removal efficiencies of ASBR for each treatment (control, 20, 50,75,100 mg/l) in three days (72hr) 

retention time were 55.68%, 61.26%, 64.3%, 72.67% and 58.42% respectively. All the biodigester 

treated with MNPS recorded a better COD removal efficiency than the control (p<0.05). The COD 

removal efficiencies for treatment (75mg/l) were the highest COD reduction percentage compared 

to control and biodigester treated with 20, 50, 100mg/l NPs. According to the Agdag and Spinoza, 

(2005) there is a strong direct relationship between removed COD and biogas production that 

support the carbon converting in to gas. Similar result was observed in this study, where the highest 

and lowest gas production was recorded at 75mg/l iron oxide (Fe3O4) MNPs (1080mL) and 

control(no MNPs)(1620ml), respectively the highest and lowest average COD removal was 

recorded at 75mg/l iron oxide (Fe3O4 ) NPs (72.67%) and control(with out NPs)(55.68%), 

respectively. Generally, the presence of iron oxide MNPs in the reactor had significant effect on 

substrate utilization. The highest COD removal shows the highest biogas production. 

The COD removal effecency of the biodigestor treated with 75mg/l magnatic iron oxide 

nanoparticles were slightly higher than  the result found from the research conducted by Messay 

and Mekibib, (2013)  on anaerobic digestion of composite tannery wastewater using two Stage 

Anaerobic Sequence Batch Reactor (ASBR)  which reported that the highest COD removal was 

70.36%.Another study conducted by Alemu,(2014) on treatability and  biogas  production  

potential of chrome line  tannery effluent before and after chrome recovery in anaerobic  Sequential 

batch reactor reported the highest COD removal was 62.19% and 63.29% in retention time of 72hr 

and120hr respectively.The result found from this study is recorded higher COD removal efficency 

compared to the above study which is because iron oxide nanoparticles was used for inhanced 

biogas production and COD removal. 
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Figure 14. Effects of different concentration of  Fe3O4 MNPs on COD removal efficiency. 

Further more the total COD in the final effulent from reactor treated with 75mg/L Fe3O4 NPs was 

310.5 mg/l on day 57  which is below the discharging limit of the country i.e 500 mg/L (EPA, 

2005). As the result no further integrated post treatment system is required to remove the remaining 

COD from the effulent of  reactor treated with75mg/L Fe3O4 NPs . 

4.6. Specific Methane Yield (per COD removed) 

(Fig.15) shows effects of magnatic iron oxide (Fe3O4) NPs of methane yield for all the 

biodigestores treated with MNPs additives and control. The biogas production rate was lower untill 

21 days  of the operation even if there was a continuous increment in the production rate in the 
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digester. The methane content was also low. The low biogas yield with low methane content may 

partly attribute to due to slow acclimatization of methanogenic bacteria (Andualem Mekonnen, 

2016). However after 21 days of  operation biodigestors treated with iron oxide nanoparticles 

additives shows significant increament in the production of biogas and methane compared to the 

control.The highest methane yield per COD removed for all treatments (control, 2mg/l, 50mg/l, 

75mg/l, 100mg/l) was 0.22, 0.28, 0.31, 0.33, 0.27 L/gCOD respectively. The biodigestors treated 

with (75mg/l NPs) and (50mg/l NPs) was recorded the highest methane yield per COD removed 

compared to the control) (p<0.05).  On the other hand, control (with out NPs) exhibited the lowest 

methane yield form the entire four digesters which was 0.22 L/gCOD.  

In the co-digestion of tannery wastewater with cattle dung using a pilot scale ASBR , Andualem 

et al. (2016) was achieved high methane yield 0.29m3CH4/kg COD removed which were 

comparable with the result found by adding 20mg/l of iron oxide NPs (0.28L/g 

COD).Furtheromore, Andualem et al. (2017) was conducted another study on anaerobic treatment 

of tannery wastewater using ASBR reported methane yield was 0.30 ± 0.02m3CH4/kg COD 

removed at OLR of 1.03kg/m3/d (HRT of 4 days) in the stepwise feeding mode.which were 

comparable with  the methane yield (0.31L/g COD) recorded at 50mg/l of iron oxide MNPs. 

In the study conducted by Song et al (2003) on treatment of tannery wastewater using upflow 

anaerobic fixed biofilm reactor at varying organic loading rate of 0.16–3.14 kg/m3/d and HRT of 

16 days to 1 day removed (0.36m3CH4/kg COD).In this study the highest methane yield  per COD 

removal value was recorded by 75mg/l of iron oxide NPs (0.33L/g COD) which was lower than 

the value reported by Song et al (2003). Another study also conducted by Xiangwen et al. (2008) 

on anaerobic treatment of brewery wastewater obtained higher methane yield (0.48 m3CH4/ kg 

COD removed) at OLR of 5 kg /m3/d and HRT of 1 day.This result were higher than the results of 

the current study.  
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 Figure 15. Specific methane yield of different concentration of Fe3O4 NPs and control 

4.7. Effects of Iron Oxide (Fe3O4) MNPS on Removal Efficiency of TS&VS  

The performance the ASBR treated with iron oxide nanoparticles in the removal of total solid (TS) 

and volatile solid (VS) are shown in (Fig 16). All the biodigestor treated with Fe3O4 NPs showed 

higher TS and TS removal effeciency compared to the control. The removal efficiency of TS and 

VS found in the various Fe3O4 NPs concentration (20, 50, 75, 100mg/l) and control were in the 

range 56.2-58.4, 65.1-84.5 respectively. The maximum TS&VS reduction was observed in the 

biodigestor treated with 75mg/l (75.5%)&(84.5%), followed by 50mg/l iron oxide NPS which 

was,(71.1%)&(76%).while the lowest TS and VS removal efficiency (56.2% and 65.1%) was 

observed in control(with out NPs).  The results of the study showed that the removal efficiency of 

VS was higher than TS. This indicated that the methanogenic bacteria had higher uptake rate of 

organic fraction of total solids Minale and Worku, (2014).   
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  Figure 16. Effects of different concentration of Fe3O4 NPs on TS&VS removal efficiency. 

Messay and Mekibib, (2013) conducted study on anaerobic digestion of composite tannery 

wastewater using two Stage Anaerobic Sequence Batch Reactor (ASBR) and found that the highest 

VS and TS removal efficency value was 81.05% and 78.16  which were  comparable with the 

value obtained from the biodigestor treated with 75mg/l iron oxide (Fe3O4)NPs which was 

VS(84.5%) and TS(75.5%).In this study relatively higher VS(%) removal efficiency than TS(%) 

was observed which could be a good indication of high uptake of organic fraction of the total solids 

and effectiveness of the anaerobic reactor (Dejene Tsegaye, 2012).  
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4.8 Effects of Iron Oxide (Fe3O4) MNPs on pH 

The high pH values were observed in each biodigesters at the beginning of the experiment which 

dropped down moderately and then reached at steady state. Causes for pH drop was due to more 

biodegradable organic portion being hydrolyzed and transformed into volatile fatty acids (VFAs) 

Demirer and Alkaya, (2011). The main difference was observed that the addition of MNPs didn’t 

let to drop pH in the bioreactors. The iron oxide (Fe3O4) MNPs were fabricated at highly alkaline 

conditions. As Asim et al., (2017) reported adding iron-based NPs in AD could provide resistance 

against the formation of hydrogen sulfide (H2S) by buffering the pH. The minimum and maximum 

pH accepted values for slurry was 6.0 and 8.5, respectively (Fokhrul, 2009). The average pH value 

of the effluent from this study was varied from 7.3-7.78 which is less than the maximum accepted 

pH value. 

 

  

Figure 17. pH of all the biodigesters treated with NPs and control 

 

 



 
 

53 
 

                                                      CHAPTER FIVE 

5.1 CONCLUSION AND RECOMMENDATION 

5.1.1 Conclusion 

Efficient bio-compactable iron oxide (Fe3O4) nanoparticles were fabricated by hydrothermal 

method and functionalized with Cetyletrimethyle Ammonium Bromide (CTAB). Characterization 

techniques (SEM, EDX, XRD,UV-Vis) was applied the result indicated that as synthesized Fe3O4 

NPs were spherical in shape having rough surface with particles size in the range between 9.09 

and 59.17 nm. 

This study investigated effects of Iron oxide (Fe3O4) nanoparticles of on ASBR which utilize 

composite tannery wastewater and evaluated the biogas production, methane yield, COD, total 

solid and volatile solid removal efficiency. Results of this study showed that addition of Fe3O4 

MNPs was able to effectively bio stimulate the methanogenic bacteria which increase its activity 

and methane production. Fe3O4 MNPs was able to ensure an effective distribution of iron ions in 

the solution, which maintain a sustainable supply of iron ions in the bioreactor. This process bio 

stimulated the anaerobic digestion which was resulted in increasing the biogas and methane 

production.  

The biodigesters which was treated with  Iron oxide (Fe3O4) MNPs showed better performance in 

the removal of COD, TS and VS compared to the control (with out NPs). Concentration of MNPs 

20,50 and 75 mg/L were found to be more effective in improving the methane production as 

compared to higher concentrations at 100mg/L, which reduced the production of methane gas. 

From the treatments under this study in 3 days HRT, treatment 75mg/l produced the highest biogas 

of 1620ml biogas 70.1% (methane %) biogas production quality. The control (with out NPs) 

produced the lowest biogas volume and all the other treatments showed better performance 

compared to control. From these experimental results it can be concluded; using magnatic Iron 

oxide (Fe3O4) nanoparticles in ASBR of composite tannery wastewater in mesophilic (37℃) 

produced high amount of methane which can be used as renewable energy source and resource 

recovery (waste to energy) option for tannery wastewater management. 
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5.1.2 Recommendation 

 Based on this thesis work, the following recommendations are suggested for future research 

 Further investigation has to be studied on the mechanism of Iron oxide (Fe3O4) 

nanoparticles on   enhancement of biogas and methane percentage. 

 Further investigation is recommended on the reaction mechanisms and kinetics as well as 

a detailed study on the effect of different types of iron nanoparticles (MNPs), including 

waste iron and Iron oxide MNPs synthesized with different kind of synthesizing methods. 

 Further investigation on methods of synthesizing green and eco-friendly iron oxide 

nanoparticles. 

 Research is required to better understand how iron MNPs interact not only with 

methanogens but also with all other microbial groups and how iron oxide MNPs influence 

biogas production of the co-digestion process, since organic wastes are commonly utilized 

as biomass in the AD process. 

 Further research has to be conducted on the effects of other trace metals nanoparticles like 

cobalt and nickel on anaerobic digestion of tannery wastewater. 
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7. ANNEX 

ANNEX I: Average data collected from the experiments 

Table 5. Average biogas volume (ML) of all the Treatments and Control 

 

 

 

 

 

 

 

 

 

 

 

 

HRT Control biogas av 20 ppm biogas av 50 ppm biogas av 75 ppm biogas av 100 ppm biogas av

9 340 360 440 380 360

12 340 580 680 680 560

15 520 560 660 740 520

18 520 680 740 780 640

21 560 660 740 820 680

24 600 740 820 880 740

27 680 760 820 960 780

30 660 880 960 1100 800

33 720 880 980 1280 820

36 780 920 1180 1340 880

39 800 1100 1280 1460 940

42 820 1120 1340 1520 980

45 900 1140 1380 1540 1100

48 920 1220 1400 1620 1180

51 940 1280 1460 1600 1200

54 980 1260 1500 1620 1220

57 1020 1300 1520 1600 1240

60 1080 1340 1520 1600 1280
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Table 6. Average Methane content (%) of all the Treatments and Control 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

HRT Control CH4% av 20 ppm %CH4 av 50 ppm %CH4 av 75 ppm %CH4 av 100 ppm %CH4 av

9 9.2 10.4 11.8 10.7 11.8

12 14.6 21.7 26.1 23.4 22

15 19 25.9 25.2 34.5 31

18 25.9 48.9 35.8 52.9 48

21 35.3 50.2 52.4 56.7 50.1

24 38.9 54.3 48.7 67.5 52.1

27 44 54.8 56.9 68.8 52

30 46.8 55 57.2 68.9 53.4

33 48 54.8 58.1 70 52.4

36 50 55.3 56.7 70.3 53.1

39 50.8 55.2 60.8 70.1 54.5

42 51.2 55.8 60.1 68.5 54.8

45 52.3 55.6 59.7 68.3 53.2

48 52 54.1 63.4 70.9 54.3

51 52.8 56.7 59.8 69.5 56.1

54 54.9 56.2 60.7 69.8 55.8

57 53.7 55.1 60.1 69.6 55.4

60 53 53.9 59.7 70.1 53.1
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Table 7. Average Methane volume (ML) of all the Treatments and Control 

 

 

  

 

 

 

 

 

 

 

HRT control CH4 av vol 20ppm CH4 avvol 50ppm CH4 av vol 75ppm CH4 av vol 100ppm CH4 av vol

9 31.42 38.76 49.28 40.66 43.28

12 49.64 123.26 178.58 158.72 121.44

15 98.68 145.52 166.32 255 160.98

18 136.6 331.8 268.12 414.86 307.24

21 196.68 330.02 391.72 464.66 340.68

24 235.14 401.82 397.66 594 386.06

27 299.2 417.2 467.8 658.08 405.6

30 309.44 485.52 548.16 756.22 427.2

33 345.68 481.08 569.34 895.96 429.76

36 389.64 507.7 667.16 967.38 466.78

39 404.02 574.14 778.56 1023.66 512.3

42 420.84 626.32 804.86 1041.1 537.28

45 468.66 632.36 823.86 1051.82 584.4

48 479.2 659.72 887.6 1148.58 642.36

51 496.32 725.76 875 1112 673.2

54 539 707.8 910.58 1130.76 681.06

57 545.76 718.7 913.54 1113.6 686.96

60 572.4 723.78 907.3 1121.6 682.68



 
 

73 
 

ANNEX II. Anova Analyses Result 

 

          Table 8. One-Way ANOVA for comparisons of biogas volume in different concentration of iron oxide  

                        MNPs and control (with out NPs). 

 

(I) Treatment (J)Treatment 

Mean 

Difference (I-J) 

Std. 

Error Sig. 

95% Confidence Interval  

Lower 

Bound 

Upper 

Bound 

 

100ppm biogas vol control biogas vol 152.222 74.819 .137 -32.15 336.60  

20ppm biogas vol control biogas vol 200.000* 74.819 .029 15.62 384.38  

50ppm biogas vol control biogas vol 346.667* 74.819 .000 162.29 531.04  

75ppm biogas vol control biogas vol 463.333* 74.819 .000 278.96 647.71  

*. The mean difference is significant at the 0.05 level. 

  

 

 

Table 9. One-Way ANOVA for comparisons of methane volume in different concentration of    

                      iron oxide MNPs and control (no MNPs). 

 

(I) Treatment (J)Treatment 

Mean Difference 

(I-J) 

Std. 

Error Sig. 

95% Confidence 

Interval 

Lower 

Bound 

Upper 

Bound 

100ppm CH4 vol control CH4 vol 3.05988 1.57739 .166 -.8273 6.9470 

20ppm CH4 vol control CH4 vol 3.65441 1.57739 .072 -.2327 7.5415 

50ppm CH4 vol control CH4 vol 5.83516* 1.57739 .001 1.9480 9.7223 

75ppm CH4 vol control CH4 vol 9.58887* 1.57739 .000 5.7017 13.4760 

*. The mean difference is significant at the 0.05 level.  
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Table 10. One-Way ANOVA for comparisons of methane percentage in different concentration of iron oxide  

MNPs and control (with out NPs). 
           

(I) Treatment (J)Treatment 

Mean 

Difference 

(I-J) 

Std. 

Error Sig. 

95% Confidence Interval 

Lower 

Bound Upper Bound 

100ppm CH4% control CH4% 6.194 3.687 .273 -2.89 15.28 

20ppm CH4% control CH4% 6.806 3.687 .201 -2.28 15.89 

50ppm CH4% control CH4% 8.889 3.687 .057 -.20 17.97 

75ppm CH4% control CH4% 19.806* 3.687 .000 10.72 28.89 

*. The mean difference is significant at the 0.05 level. 

             

          Table 11. One-Way ANOVA for comparisons of COD removal efficiency in different concentration of  

                             iron oxide MNPs with control (with out NPs). 

(I) Treatment (J)Treatment 

Mean 

Difference 

(I-J) 

Std. 

Error Sig. 

95% Confidence 

Interval 

Lower 

Bound 

Upper 

Bound 

100ppm COD removal control COD removal -121.278 237.225 .962 -711.61 469.06 

20ppm COD removal control COD removal -248.722 237.225 .678 -839.06 341.61 

50ppm COD removal control COD removal -393.833 237.225 .287 -984.17 196.50 

75ppm COD removal control COD removal -758.889* 237.225 .007 -1349.22 -168.55 

*. The mean difference is significant at the 0.05 level. 
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ANNEX III: Pictures of anaerobic sequencing batch reactor set up in the lab, Pictures of laboratory 

Analysis process. 

Plate 1. Lab scale ASBR set up 
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Plate 2. Iron oxide nanoparticles synthesis steps and it’s paramagnetic properties test in the lab 

 

  .             
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Plate 3. Measuring the quality of Biogas (percentage of methane). 

 

Plate 4. The Produced Biogas in Gas Collecting Bag and the Empty Gas Collecting Bag(a). 

Measuring the Produced Biogas  volume from the gas Collecting Bag by 100ml Glass Syringe(b) 

 

(a)                                                                                 (b) 
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Plate 5.Collection of Composite tannery wastewater Sample from the Three Wastewater Lines at Batu 

Tannery 

  

  

 

 

   

 

 


