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ABSTRACT 
 

Anaerobic Co-Digestion of Tannery and Dairy Industry Wastes for Bio Energy Production: 
An Approach to Convert Waste to Energy in Agro industrial Sector 
 

Shifare Berhe,    PhD thesis 
Addis Ababa University, 2017 
 
 

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

improve the environmental performance of agro processing industries. However, existing 

waste treatment methods in Ethiopian agro processing industries do not innovatively add 

value to the wastes by recovering bio-energy to contribute to the ever increasing energy 

demands in the country and reduce greenhouse gas emissions. In this study anaerobic co-

digestion of agro-industrial wastes: tannery waste water (TWW), tannery solid waste (TSW) 

and dairy waste water (DWW) was investigated using two phase anaerobic sequencing batch 

reactor (ASBR) for enhanced waste to energy conversion.  Laboratory scale anaerobic 

digesters; one used for acidogensis and the other for methanogensis with 0.4L and 0.6L 

working volumes, respectively, were used  in semi continuous mode operation under 

mesophilic  range (38+20C) . Operational parameters such as mixing ratios of substrates, 

hydraulic retention time (HRT) and organic loading rate (OLR) were optimized for improved 

process performance and stability of both hydrolytic-acidogenic and methanogenic steps. The 

optimum operational conditions of hydrolytic- acidogenic step at four mixing ratios of 

substrates (100:0, 75:25, 50:50 and 25:75) and at HRT of 5, 3 and 1days were examined. 

Based on the results obtained the highest process performance in terms of TVFA 

concentration (3990mgCH3COOH/L) with an acidification degree of 55.5% was achieved 

when hydrolytic- acidogenic reactor was fed with 50:50(TWW:DWW) and operated  at HRT 

of 3days (OLR of 2.63gCOD/L.day). Similarly, the substrate mixing ratio of 

50:50(TWW:TSW), HRT of 5days and OLR of 1.20gCOD/L/day were found to be best values 

for achieving maximum TVFA (2450mgCH3COOH/L), degree of  acidification (36.55%) and 

degree of hydrolysis(54.8%). The methanogenic process step also showed that methanogenic 

reactor feed with 50:50(TWW:DWW) operated at HRT of 15 days exhibited improved process 

stability in terms of pH (6.70), VFA accumulation i.e VFA/Alkalinity (0.363), alkalinity (3350 

mgCaCO3/L) and ammonia (231mg/L) in which all values were with in optimum operating 

range.  
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The rector also exhibited best process performances in terms of daily biogas (647ml/day), 

methane production (461ml/day), methane content (71.2%) and COD removal efficiency 

(85.6%) when operated at HRT of 15 days and equivalent OLR (0.517gCOD/L.day). The 

biogas production, methane content and COD removal efficiency during anaerobic co-

digestion of TWW and DWW (50:50) were enhanced by 94.3%, 47.4% and 22.5%, 

respectively, as compared to mono digestion of TWW.  The best overall process performance 

efficiency (acidogenesis and methanogensis) for TCOD reduction (88.8%) was achieved 

when methanogenic reactor (50% TWW and 50% DWW) operated at HRT of 18 days (3 days 

for acidogenesis + 15 days for methanogensis). Similarly, methanogenic reactor feed with 

substrate mixing ratio of 50%TWW and 50%TSW at HRT of 20 days  (OLR = 

0.280gCOD/L.day)  exhibited pH of 6.8, VFA/Alkalinity of 0.305, alkalinity of 

3210mgCaCO3/L  and ammonia of 246mg/L which were found within optimum operating 

range. In this methanogenic reactor (50:50 of TWW and TSW) best process performances in 

terms of daily biogas (415ml/day), methane production (251ml/day), methane content 

(60.5%) and COD removal efficiency (75%) were achieved when operated at HRT of 20 days 

and OLR of 0.280gCOD/L.day.  The highest overall TCOD reduction (77.3%) was obtained 

when 50% TWW and 50%TSW in the two phase anaerobic system operated at HRT of 25days 

(5days for acidogenesis + 20 days for methanogenensis).  In general improved process 

stabilities as well as performances were achieved during anaerobic co-digestion of TWW 

with DWW and TSW as compared to mono digestion of TWW. Furthermore the results 

obtained from this study provide fundamental information for scaling up the high 

performance two phase anaerobic co-digestion system in these agro industries to recover bio 

energy which can be used as fuel in their different unit operations. 

Key words: Anaerobic co-digestion, dairy waste water, tannery solid waste, tannery waste 
water 
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CHAPTER ONE 
 

1. INTRODUCTION 
1.1 Background 
 

 

Energy crisis, climate change and increased level of wastes (solid or liquid) are becoming key 

issues all over the world to assure sustainable development. Research findings indicate that 

the crude oil will run out within 40 to 70 years, and natural gas will be finished within 50 

years (Bentley, 2002). In addition to this, global average temperature is predicted to increase 

1.4 to 5.8°C by year 2100 and continue to rise long after that (Dow, 2006). Several 

investigations point out that this will inevitably lead to drought, flooding, increases in 

hurricanes and tornadoes and possibly widespread crop failures.  Global warming as the 

result of climate change is an established fact. It is now widely accepted that it is caused by 

the rapidly increasing concentrations of greenhouse gas (CO2 and others) in the atmosphere, 

which is emitted mainly by the combustion of fossil fuels (Jaynes, 2010).  
 

Furthermore waste produced either by inhabitants or by industrial companies is considered to 

be the other most serious environmental problems emitting huge amounts of greenhouse 

gases and causing water and soil pollution.  This holds particularly true for developing 

countries, where the total amount of waste has increased dramatically due to rapid 

industrialization and increasing urban population. Globally, in 2010, waste and wastewater 

accounted for 1.5 GtCO2e (IPCC, 2014). Estimated annual emissions from solid waste 

disposal sites (i.e., landfills) account for approximately 10–19% of global anthropogenic 

CH4; a fairly potent GHGs with a global warming potential 21–25 times that of CO2 (Forster 

et al. 2007). Industrialization is the cornerstone of development in any country. However, in 

most cases the industrialization process is accompanied with major environmental 

consequences worldwide (Braio and Granhem, 2007). For instance, agro-processing sectors 

such as tannery and dairy industry have the highest consumption of water while producing 

enormous amount of waste water released to the environment (Ramjeawon, 2000).  
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In developing countries like Ethiopia which are on the edge of fast tracking their 

industrialization process, proper industrial waste management systems are not in place and 

consequently although such undertaking may have positive impacts on the country‘s 

economy and on peoples livelihood, have eventual negative impacts on the environment by 

releasing huge amount of untreated of wastes (Njau and Machunda, 2014).  Ethiopia has been 

recording two digit economic growths for the last five years. The contribution of industrial 

and agro industrial sector for this economic growth is significant. One of the industries that 

contribute for this two digit economic growth is the leather sector. The leather processing is 

one of agro processing industrial activities which contribute for emissions of greenhouse 

gases especially methane gas during solid and waste water disposal into the environment 

(Buljan, 2000). The conventional leather tanning technology is highly polluting as it produces 

large amounts of organic and chemical pollutants (Thorstensen, 1993).  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 (Nemec, 2009). Furthermore, it poses potential odour as well as land 

contamination problems (Nemec, 2009). 
 

Currently, in Ethiopia there are more than 24 tanneries under operation and produce 

11,312m3 waste water daily which are disposed to the surrounding without proper treatments 

(LIDI, 2010). Furthermore annually 24 tanneries generates more than 70,104 tonnes of solid 

waste and 3,393,600 m3 wastewater in the pre-tanning leather processing stage and dispose 

into the surrounding environment without proper treatment(LIDI, 2010). Only 10% of the 

existing tanning industries treat their wastewater to any degree, while the majority (90%) 

discharges their wastewater into nearby bodies, streams and open land without any kind of 

treatment (EEPA, 2001; Seyoum Leta et al., 2003).  Modjo tannery share company; located at 

modjo town is one of potentially pollution-intensive tannery industry in Ethiopia and 
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environmental concerns in this tannery include solid waste, waste water, air pollution, soil 

protection and health and safety aspects.  It generates 2460 tonnes of solid waste and 

122,700m3 waste water per year (EEPA, 2001). The Factory releases these wastes directly to 

the nearby river without proper pretreatment. To alleviate these problems Bio-innovative 

program of East Africa in partnership with Addis Ababa University developed pilot scale two 

- stage anaerobic-aerobic digester and constructed wetlands system to treat tannery waste 

water similtanously producing biogas.  Optimization of process performance of the system is 

on-going. The amount of fat-originated solid wastes produced during hide and skin 

processing are not managed by this integrated biological treatment system and these wastes, 

which can create major environmental problems, must be managed regularly in sustainable 

way. These solid wastes originated from process of animal skin preparation for the tanning 

process.and composed mostly of lipids and fats, with water content of approximately 50% 

and also viable substrates for biogas production (Zupancic and Jemec, 2010). 
 

The dairy industry is other polluting of agro processing industry, not only in terms of the 

volume of effluent generated, but also in terms of its characteristics as well. It generates 

about 0.2–10 liters of effluent per liter of processed milk (Vourch et al., 2008) with an 

average generation of about 2.5 liters of waste water per liter of the milk processed 

(Ramasamy et al., 2004).  Dairy industries in Ethiopia are increasing in numbers and among 

these: Ada, Mama, Lame, Family, Modjo, Elemitu are some of the known dairy factories. 

Nowadays, in Ethiopia, the production of milk has been transformed from local scale to 

industrial scale, discharging huge amount of waste water without treatment to the 

surrounding environment causing serious health problems to human beings (Solomon and 

Tasissa, 2013). According to (FAO, 2010) current milk production per annum in Ethiopia has 

been estimated to be 3.2 million ton and growing at a rate of only 1.2% for indigenous and 

3.5% for improved stock per year.  
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 It is estimated that about 4.40 million tonnes of the milk and about 11 million tonnes of 

waste water will be generated annually from the Ethiopian dairy industries by the year 2020. 

In dairy industry, although some amount of waste water gets produced during starting, 

equilibrating, stopping, and rinsing of the processing units (flushing water, first rinse water, 

etc.) majority of waste water gets produced during cleaning operations, especially between 

product changes when different types of products are produced in a specific production unit 

and clean-up operations (Vourch et al., 2008).   
 

1.2 Statement of the Problem 
 

 

Although rapid expansion of agro-processing industries in Ethiopia is viewed as an indicator 

of economic progress, they are greatly associated with environmental degradation, notably 

the discharge of untreated or partially treated waste water and greenhouse gas emissions, and 

consequently climate change (EEPA, 2001). The existing waste treatment methods in these 

agro processing industries of the coutry are  do not innovatively add value to the wastes by 

recovering nutrients and bio-energy to improve agricultural 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 environmental regulatory authorities in the 

country are setting strict criteria for waste disposal from industries.As regulations become 

stricter, there is now a need to treat and utilize these wastes quickly and efficiently in 

ecologically accepted manner in the country.  
 

The agro-processing sector generates a large quantity of effluents and solid wastes with high 

organic contents, which if treated suitably, can result in a perpetual source of energy and 

nutrient fertiliser (Rajeshwari et al., 2000).  Despite the negative environmental impacts 

associated with agro-processing wastes; the effects can be minimized and energy and 

nutrients can be tapped by means of anaerobic digestion (Rajeshwari et al., 2000).  
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Biogas, which is generally referring to gas from anaerobic digestion units, is a promising 

means of addressing global energy needs and providing multiple environmental benefits, such 

as green energy production (Rehl and Muller, 2011), organic waste disposal (Rehl and 

Muller, 2011), environmental protection(Cuellar and Webber, 2008), biogas linked agro 

system (Tambone et al., 2010).  Using biogas as an alternative source of energy and as a 

means of waste management is gaining more attention globally (Nges et al., 2011). Among 

the developed world, Germany is by far the leading country in biogas generation. In 2012, it 

had about greater than 7000 biogas plants from which it generated 2800MW of electricity. 

Germany has also grand plan to raise the number of biogas projects to 43,000 up to 2020 

(Deublein and Steinhauser, 2008). From developing countries, China is outstandingly leads 

the world in the number of domestic biogas plants. By the end of 2011, the total number of 

domestic biogas installations reached 40 million rural house hold biogas projects and 4000 

new large-sized biogas plants nation-wide from which it had generated 19 billion cubic 

meters biogas yield. In addition, the country‘s grand plan of building 6 million new domestic 

biogas plants every year (Christiaensen and Heltberg, 2012).  
 

In general anaerobic digestion (AD) was already used some thousand years ago to convert 

organic matter to bio energy and fertilizer. With the shortage of fossil fuels and the 

perception that greenhouse gases emission from fossil fuels combustion is a major factor for 

the climate change scenario, AD is gaining more and more attraction world wide (Greenfield 

and Batstone, 2005). As the result there have been an increasing number of studies performed 

to evaluate the conversion of waste streams such as sunflower wastes (Gali et al., 2009); 

coffee pulp and husk (pandey et al., 2000); fruit and vegitable wastes (Gunaseelan, 2009); 

olive mill and winery residues (Fountaulakis et al., 2008); brewery wastes (kafle et al., 2013); 

slaughter house wastes, cheese whey(labatut et al., 2011); yard trimmings (Zhao et al., 2014); 

Municipal solid waste (Vogt et al., 2002); abattoir waste water( Forster-Carneiro et al., 
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2007), Swine manure (Ahn et al., 2009); Rice straw ( Lei et al., 2010); Jatropha oil seed cake 

( Chandra et al., 2012); Household waste (Ferrer et al., 2011). The first scientific reports 

drawing attention to the potential for energy recovery from tannery wastes (through anaerobic 

digestion) were in the 1980s (Cenni et al., 1982). This work was followed by a sequence of 

studies in this field published by other authors (Lalitha et al., 1994; Urbaniak, 2006; 

Zupancic and Jemec, 2010; Kameswari et al., 2012 and Priebe et al., 2016). The potential for 

biogas production of tannery wastes presented in these mentioned research papers varied 

between 145 and 829 mL per gram of volatile solids added. 
 

The efficiency of anaerobic digestion is highly dependent on the characteristics of the waste, 

the reactor configuration and other operational parameters (Lindorfer et al., 2008). The 

temperature, organic strength, buffering capacity and nutrient content of the waste are 

important influences on anaerobic biodegradation (Dioha et al., 2013).   One of the 

challenges and difficulties for anaerobic digestion of tannery waste water (TWW) is its high 

alkalinity and low C/N ratio which leads to ammonification and increase the pH subsequently 

to inhibition of methanogensis and failure of anaerobic digestion process. But from another 

perspective, it can provide a high buffering capacity if digested with substrates rich in carbon 

or having high C/N such as dairy waste water (DWW) which causes a pH drop and VFAs 

accumulation (Andualem Mekonnen et al. 2016).  Although anaerobic treatment is attractive 

approach to overcome the environmental problem of dairy waste water simultaneously 

converting it to clean energy; some difficulties have been reported. The majority of these 

difficulties are due to the low alkalinity content and rapid acidification which leads to low 

pH, volatile fatty acids (VFA) accumulation, high C/N ratio and finally results failure in 

reactor performance (Ergüder et al., 2001). The tendency to produce an excess of viscous 

exopolymeric materials that severely reduces sludge settleability and can cause biomass 

washout is also the other problems dairy waste water treatment (Ergüder et al., 2001).  
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Tannery solid waste (TSW) generated from fleshing step and attributed by higher C/N ratio 

as compared to tannery waste water would be another competitive co substrate to overcome 

difficulties and challenges of anaerobic digestion of tannery waste water (TWW) alone. 

Significant effort has been dedicated in recent years to find ways of improving the 

performance of anaerobic digesters treating different biomass. 
 

Anaerobic co-digestion is presented as a successful methodology that combines several types 

of biodegradable wastes able to improve the digestion efficiency and increase the production 

potential of biogas (Di Maria et al., 2014).  The advantages of co-digestion include creation 

of a suitable nutrient ratio, dilution of potentially toxic compounds (Sosnowski et al., 2003), 

provision of buffering capacity (Mshandete et al., 2004), equipment sharing, establishment of 

the required moisture content and easier waste-handling (Mata- Alvarez et al., 2000).  

Anaerobic co-digestion is also advantageous if the amount of a given waste generated at a 

particular site is not sufficient to make anaerobic digestion cost effective (Parawira et al., 

2004). Therefore it offers more ecological, technological, and economic advantages than 

fermenting a single substrate (Lehtomäki et al., 2007).   Anaerobic co-digestion may enhance 

the stability and performance of the anaerobic process and exhibit a more stable biogas 

production (El Mashad, 2010). Interesting results were also obtained by co-digesting manure 

with harvest residues (Wu et al., 2010), manure with crops residues (Lehtomaki et al., 2007), 

manure with cheese whey (Kacprzac et al., 2010), fruit and vegetable waste with 

slaughterhouse waste (Bouallagui et al., 2009). Furthermore Kangle et al.(2012) also reported 

that the main advantages of the co-digestion process are: increased biogas production, 

additional amount of fertilizer, additional income, and higher organic matter bioconversion. 

Furthermore a number of studies were conducted on anaerobic co-digestion of agro 

processing wastes such as animal by-products  from meat-processing industry and of sewage 

sludge (Sami and Sari et al., 2010); olive mill  and abattoir waste waters (Hassib et al., 2016); 
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olive mil wastewaters and swine manure (Kougias et al., 2014); pig manure, slaughterhouse 

waste, and food processing and poultry waste (Nges et al., 2012); rendering wastes with 

potato pulp (Bayr et al., 2014). 
 

However, very few studies have been reported concerning anaerobic co-digestion of tannery 

wastes with other type of wastes. Andualem et al.(2016) carried out a study on anaerobic co-

treatment of tannery waste water and cattle dung  using a pilot scale anaerobic sequencing 

batch reactor (ASBR) and  the biogas production increased from  18.67 to 24.4m3 per day 

with increasing proportion of cow dung up to 80%. Another study carried by Shanmugam 

and Horan (2009) describes co-digestion of leather flesh with biodegradable fraction of 

municipal solids and the biogas yield increased from 560 mL to 6518 mL with optimum 

blend. The study conducted by Berardino and Martinho (2009) showed that addition of 30 % 

of fleshing to the sludge increased 4 times the average biogas production (3.85 m3/day to 

14.62 m3/day). Based on an extensive search in literature as well as to our knowledge there 

was no research conducted on anaerobic co-digestion of tannery waste water with co-existed 

tannery solid waste as well dairy waste water which may be good alternative to enhance 

biogas production, assist in waste water treatment and solid waste management in tannery 

industry. From very limited anerobic co-digestion studies of tannery waste water reported to 

date, most tests have concentrated on conventional one-stage anaerobic digestion systems but 

not the more common two-stage digestion process, which has been reported and 

recommended as an advanced anaerobic digestion system configuration to enhance the 

substrate hydrolysis and biogas production ( Parawira et al., 2008).  It can be postulated that 

anaerobic co-digestion combined with advanced two-stage mesophilic semi-continuous 

anaerobic digestion system  could be expected to yield a higher biogas production than 

conventional one-stage anaerobic digestion, but research to identify process performance and 

stability of the system is still required and was the subject of this  research work. 
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In addition to this, because of their complex waste water characteristics leather industries in 

Ethiopia are generally located in so called organized industrial districts. As the result most of 

the tannery industries are sited at modjo which is called as leather city. Modjo tannery is one 

of a medium sized leather industry in Ethiopia and suited at modjo town.  At this industry, 

pilot scale agro-industrial waste water treatment plant was developed by Bio-innovative 

program of East Africa in partnership with Addis Ababa University so as to recover the 

energy and nutrient from the waste water.  
 

The results from this research work should be considered as providing useful information and 

operational parameters to promote more successful and efficient anaerobic co-digestion 

implementation in modjo tannery and other agro processing industries in Ethiopia so as to 

enhance bio energy production, increase the waste treatability and to manage tannery solid 

wastes which were not managed by the existing waste treatment plant. Furthermore the co-

existence of these wastes in the same geographical area would enable integrated waste 

management in leather and dairy industries offering considerable environmental and 

economic benefit. 
 

Therefore the objective of this study was to investigate the biogas production potential of  

tannery waste water (TWW) co digested with tannery solid waste (TSW) and dairy waste 

water (DWW)  using two phase ASBR system in semi continuous mode of operation under 

mesophilic (38+20C) temperature. Furthermore operational parameters of both hydrolytic-

acidogenic and methanogenic step of two phase ASBR system in terms of substrate mixing 

proportion, hydraulic retention time (HRT) and  organic loading rate (OLR)  also have been 

optimized.  
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1.3 Objective of the Study  

1.3.1 General objective 

The main objective of this study was to investigate biogas production potential and waste 

treatability of tannery waste water (TWW) through anaerobic co-digestion approach with 

tannery solid waste (TSW) and dairy waste water (DWW)  using two phase ASBR system in 

semi continuous mode of operation under mesophilic (38+20C) temperature.  

1.3.2 Specific objectives 

 To characterize the  three agro processing wastes; tannery waste water (TWW), tannery solid 

wastes (TSW) generated from pre tanning process, and dairy waste water (DWW) in terms of 

their physical and chemical parameters before mixing and after blending to different mixing 

ratios. 

 To set up laboratory scale two stage anerobic sequencing batch reactor (ASBR) system using 

tannery waste water (TWW) as substrate and dairy waste water (DWW) ) and tannery solid 

wastes (TSW) as co substrate. 

 To investigate the effect substrate mixing proportions, OLR, and HRT on hydrolytic-

acidogenic step of two stage ASBR system under mesophilic temperature during anaerobic 

co-digestion of tannery waste water (TWW) with dairy waste water (DWW) and tannery 

solid wastes (TSW). 

 To evaluate process performance and stability of methanogenic step of the two stage 

anaerobic ASBR system under various operational parameters such as organic loading rate 

(OLR), hydraulic retention time (HRT) and substrate mixing proportions of during anaerobic 

co-digestion of tannery waste water (TWW) with dairy waste water (DWW) and tannery 

solid wastes (TSW) at mesophilic temperature (38+20C). 

 To evaluate the process performance of the over all system (methanogenic and hydrolytic-

acidogenic step) during anaerobic co-digestion of tannery waste water (TWW) with dairy 

waste water (DWW) and tannery solid wastes (TSW).  
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CHAPTER TWO 

2. LITERATURE REVIEW 

2.1 Tannery Industry 
 

Tanning is one of the oldest industries in the world. During ancient times, tanning activities 

were organized to meet the local demands of leather footwear, drums and musical 

instruments. With the  growth  of  population,  the  increasing  requirement  of leather  and  

its  products  led  to  the establishment of large commercial tanneries. Leather industries have 

the current annual turnover approximately US $127 billion while providing employment for 

half a million people (FAO, 2010). According to FAO, in 2007 the global world production 

of leather was close to eight billion pieces of hide and skin and the share of developing 

country was about 39%. The top three major leather producers  are  the  People‘s  Republic  

of  China,  Italy  and  India  each  countries  produced  6599.3, 2146.9 and 1738.6 Sq.feet 

respectively in 2006 (FAO, 2010).  

2.2 Processes Involved in Leather Production 
 

Leather processing essentially consists of series of physical and chemical operation where by 

the raw hide or skin of an irregularly shaped, low strength organic material that can petrify is 

give an almost constant thickness and such characteristics as incorruptibly, good flexibility, 

high tensile strength, abrasion resistance and finish with good appearance finally come out as 

finished leather. Hides and skins have the ability to absorb tannic acid and other chemical 

substances that prevent them from decaying, make them resistant to wetting, and keep them 

supple and durable. The surface of hides and skins contains the hair and oil glands and is 

known as the grain side. The flesh side of the hide or skin is much thicker and softer 

(Sharphouse, 1995). The tannery operations can be broadly divided into four sections: Beam 

house operations, tanning operations, post tanning and drying and finishing operations 

(Nalawade, 2009). 
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2.2.1 Beam house operations 
 

Before tanning the main important operations for leather manufacturing are done in beam 

house. Beam house operations consist of soaking, liming, deliming, bating, pickling, 

depickling and degreasing etc (Lofrano et al., 2013). First of all the selected tannable hides 

and skins are trimmed to remove the tail, shoulder, flanks, neck and trimmable portions 

correctly. Soaking is the first tannery operation. During curing, hides and skins lost large 

amount of its physiological content of water and unless the former regains this water during 

soaking operations, good quality leather cannot be produced.  Chemicals used in soaking are 

0.2 -2.0 grams per liter sodium hydroxide, up to 1gram per liter sodium hypochlorite or 0.5 - 

2.0 percent wetting agents, emulsifiers, surfactants etc. the associated wastes during soaking 

are chlorides, sulphates, dirties and hairs (Cassano et al., 2001).  
 

The process of soaking can be classified into three stages: pre-soaking and main soaking. In 

this operation water, non-anionic wetting agent (0.2% concentrated), soda ash (0.2% 

concentrated) and preservatives (0.5% concentration) are used (Cassano et al., 2001). Liming 

is a very important operation for leather manufacture. The qualities of the finished leather are 

largely controlled in liming process. Liming is the operation in which the soaked hides and 

skins are treated with 2-10 percent milk of lime with or without the addition of sharpening 

agents like sulphides, cyanides, amines, markeptan etc. Unhaired hair, spills of sulphide and 

lime sludge is the main waste. The liquor discharged from this operation has high sulphide 

content and fine hairs that are responsible for high COD and BOD load. The process of 

liming can be broadly classified into two parts (Sarkar, 1997). These are deliming (lime (8-

10%) along with sodium sulphide (3%) is applied to the skin to remove hair); re-liming (to 

open up fibrours structure, lime, soda ash, caustic soda, etc., are applied) (Sharphouse, 1995). 

The fleshing operation aims to remove excess connective tissue and fat from the flesh side of 

the hides and skins. If fresh hides are being used, green fleshing takes place before soaking.  
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If salted hides are used, green fleshing is carried out after soaking. Lime fleshing is carried 

out after liming. Sheepskins can also be fleshed after pickling. Sheepskins are generally 

fleshed at two stages in the process, whereas hides are generally fleshed once. There are no 

chemicals used for fleshing of hides and skins, other than that operators may use sawdust or 

an alternative to get a better grip of the slippery hides. The fleshing machines generally use 

water to wash away the fleshings (Sharphouse, 1995).  
 

After liming the unhaired and fleshed hides and skins known as pelt are taken for the next 

operations called deliming. The alkali present in the pelt is of two types-free alkali and 

combined alkali. The free alkalis can easily be removed by repeated washing with water or by 

pressing the pelt under the high pressure, but for removal of combined alkali chemical 

treatment is always necessary. The process is carried out by washing and by using water 

combined with neutralizing chemicals. Chemicals used are ammonium chloride or sulphate, 

0.5-2.0 per cent acids (lactic, formic, boric and mixtures), acidic salts, sodium bisuphite, 

hydrogen peroxide (Lofrano et al., 2013). As a result of the reaction of these chemicals with 

the lime and sulphide chemicals of the pelt the most dangerous gas will evolve. This gas is 

hydrogen sulphide and ammonia gas. To protect employees from the exposure of this gas 

usually sodium bisulphate is added together with the deliming agent. However during drain 

of the drum either this gas may generate and make employees feel discomforts. The use of 

gaseous CO2 instead of ammonium salts has been increasing (Cassano et al., 2001). 

 

Limed and partially delimed pelts sometimes require additional treatment known as bating, 

Bating is done to remove rest lime and swelling and plumping. The chemical used is often a 

0.5 per cent bating material, which consists of 50 percent wood flour, 30 percent deliming 

agent (ammonium chloride) and 1-5 percent panceeatic enzyme. Degreasing is the process of 

removing fats from the skin. This is especially important in sheep skin tanneries as the fat 

content of their raw material is large. The process uses solvent degreasing.  
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Solvents, which are increasingly substituted or combined with surfactants or enzymes, 

include per chloro ethylene, mono chloro benzene and kerosene (Cassano et al., 2001). 

 

In leather processing pickling is very important and essential operations prior to mineral 

tannage. The treatment of delimed or bated pelts with a solution of acid and salts is known as 

pickling which takes the pelts acidic condition to absorb chrome and being down the PH for 

chrome fixation. The chromium salts used for chromium tanning are not soluble under 

alkaline conditions and will precipitate if added to high pH hides (Thanikaivelan et al., 2004). 

The most common acids being used are sulphuric acid and formic acid. Other acids that can 

be used include hydrochloric acid, boric acid and other weak organic acids, e.g. acetic acid, 

lactic acid. The salt is used first to prevent the acid swelling of hides. Then finally acid is 

added so that its final PH is <1.0. Typically, acids would be added as 0.5 - 3% of the weight 

of the raw materials. Common salt is usually used in concentrations between 6% (bovine 

hides) and 14% (mainly pickled pelt skins). Alternative salts include sodium sulphate and 

potassium chloride. If pickled pelt sheepskins are going to be vegetable tanned, they will 

firstly be de-pickle using either sodium acetate or sodium bicarbonate (Thanikaivelan et al., 

2004). 
 

2.2.2 Tanning Operation 
 

In leather manufacture the most outstanding process is tanning. The process of converting the 

putrescible hides and skins into non-putrescible leather is called tanning. The materials which 

are used for tanning are called tannins. There is various process of tanning such as chrome 

tanning, semi-chrome tanning, Vegetable tanning, oil tanning, alum tanning, and white 

tanning. For the tanning process a large variety of chemicals is necessary and only a part of 

these chemicals are taken up in the hides and skins. As a result, effluents are generated from 

tanning operations that have a low pH and carry the part of the chemicals that was not 

integrated (Mannucci et al., 2010).   
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Tanning auxiliaries are intended to produce a desired modification of the tanning effect 

without developing a tanning action. Complex active and buffering substance are used for 

mineral tanning. Surfactant auxiliaries are added to disperse the tanning agents and accelerate 

the complete penetration of tannin as well as to influence the emulsion and electrolyte 

stability of other auxiliaries). Sequestering agents in water treatment can combine with the 

hardening constituents of the water to produce more stable complexes. Fixing agents reduce 

souring losses of vegetable tannins by the formation of water insoluble compounds. These 

products are mainly aluminum or manganese salt, aluminous materials, usually cationic 

nitrogen-containing organic compounds or organic or inorganic compounds, which condense 

in the leather (Lofrano et al., 2013). 
 

Chrome tanned leather accounts for approximately 90% of all the leather produced in the 

world. The most commonly used tanning agent is a basic chromium sulphate. Tanning is 

completed with a basification to bind the chromium in the leather. Chemicals used in tanning 

are: chrome tanning salts with in average of 14 percent Chromium (used in amounts of 8-12 

percent for common processes and 5-6 percent for low chrome processes), 1.0 percent 

sodium bicarbonate (basifying agent to adjust pH), 0.5 percent masking agent (sodium 

formate), and up to 0.9 percent fungicide. The pelt after tanning process will have non 

biodegradable nature and then called leather wet blue (Thanikaivelan et al., 2004). 

Since the chrome uptake rate of the tanned leather is 70% of the input, the rest 30% will be 

discharged through the effluent. The discharged chrorme liquor contains the poisonous 

pollutant chromium (Thanikaivelan et al., 2004).  
 

Summing and Shaving can also include in tanning operation where summing brings leather to 

a uniform semi-dewatered state. The leather is passed through a summing machine that 

squeezes surplus water out of the leather. On the other hand, shaving is a mechanical process 

that controls the leather thickness.  
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Chrome containing liquor and wet blue leather shavings and pieces are the major wastes of 

the summing and shaving operation, respectively (Thanikaivelan et al., 2004). Post-tanning is 

a divided into four main stages: neutralization, re-tanning, dyeing and fat liquoring. 

Neutralization is process of de acidification or the excess of free or easily liberated strong 

acid in leather, prior to, re-tanning, dyeing and fat liquoring, is popularly called 

neutralization. During re-tanning mineral tanned leathers particularly chrome or aluminum 

tanned leather are always re-tanned with re-tanning chemicals with a view to modifying the 

properties of the finished leather to suit modern demand. A wide variety of chemicals can be 

used for the tannage of leather. They can generally be divided into the following categories: 

vegetable tannin extracts, syntans, aldehydes, mineral tanning agents and resin (Sharphouse, 

1983).  
 

Dyeing to colour the leather as required by the customer, this should be an even colour and 

should cover any grain defects. The colour should be light fast and wash fast if the finish is 

not covering. Typical dyestuffs are water based acid dyes. Basic and reactive dyes are less 

commonly used. Fat liquoring is important operation for leather manufacturing and it 

depends on the type of leather to be manufactured. Leathers must be lubricated to achieve 

product specific characteristics and to re-establish the fat content lost in the previous 

procedures. The oils used may be of animal or vegetable origin, or might be synthetics based 

on mineral oils (Sarkar, 1997). 
 

2.2.3 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, 

1983).  Drying techniques include samming, setting centrifuging, hang drying, vacuum 

drying, toggle drying and past drying.   
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Generally samming and setting are used to reduce the moisture content mechanically before 

another drying technique is used to dry the leather further.  

Fig. 1 Schematic representation of leather processing and its input-output profile (UNIDO, 2011) 
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After drying, the leather may be referred to as crust. Crust is a tradable intermediate product. 

Air drying in which the skins are hung on hooks and dried by passage of air around the hides 

(Lofrano et al., 2013). 

 

2.2.4 Finishing 

After the leather are fat liquored and dyed following the tanning process, they are processed 

with a series of coatings on the surface in order to improve their resistance and produce 

appealing and uniform surface effects. The overall objective of finishing is to enhance the 

appearance of the leather and to provide the performance characteristics expected of the 

finished leather with respect to (Lofrano et al., 2013).  

2.3 Environmental impacts of leather industry 

 

The tanning process aims to transform skins in stable and imputrescible products namely 

leather. There are four major groups of sub-processes required to make finished leather: 

beamhouse operation, tanyard processes, retanning and finishing (Cooman et al., 2003). 

However for each end product, the tanning process is different and the kind and amount of 

waste (liquid, solid and gaseous in nature) produced may vary in a wide range (Ates et al., 

1997). Environmental impact of tannery wastes containing waste water; hazardous chemicals 

such as chromium, synthetic tannins, oils, resins, biocides, detergents; careless disposal of solid 

wastes and gaseous emissions creates a negative image of leather industry, although it has 

significant economic influence (Islam et al., 2014). 
 

2.3.1 Waste water 

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

industrial wastes. Enormous 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).   
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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 are not absorbed in the production process and is discharged in to the environment 

(Rameshraja, 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, 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 (S2−), sludge, etc (Rameshraja, 2011). 

Highly polluted sediments resulting from discharge of tannery waste water adversely affect the 

ecological functioning of rivers (Schilling et al., 2012).   
 

2.3.2 Gaseous emission 
 

Pollutants such as ammonia, hydrogen sulphide, volatile hydrocarbons, amines and aldehydes 

are emitted to the atmosphere from tannery plants as effluents. They are also health hazard 

for the workers (Chattaha, 2000). Common air emissions from tanneries are: sulphides from 

the beam house and from waste water treatment plant, ammonia from the beam house, 

tanning and post-tanning operations, sulphur dioxide from post tanning operations, dust or 

total particulate from various operations, such as storage and handling of powdery chemicals, 

dry shaving, buffing, dust removal from machines, milling drums and staking machines 

(IPCC, 2003). Thus substantial amount of volatile organic gases are emitted during different 

tanning processes which may pose threat to the atmosphere if not controlled properly. 
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2.3.3 Solid wastes 
 

Solid wastes generated at various unit operations of the tanning process considerably vary in 

quantity and composition. Apart  from  liquid  and  gaseous  wastes,  large  quantities  of  

solid  wastes  are  also  generated during leather processing and subsequently during effluent 

treatment. Although some of the wastes find limited applications, the safe disposal of the bulk 

of the solid wastes has posed serious problems (Alebel Abebe, 2010). Out of which some 

portion of chromium containing hazardous wastes are also generated. These chrome 

containing wastes are categorised as hazardous wastes. The main sources of solid wastes are 

from trimming, fleshing, splitting and shaving processes. Furthermore large quantity of 

sludge also generated from tannery waste treatment plant. The solid waste generation from 

tannery process in the world is estimated at 6 million tons per year. At an average, 80% of 

solid waste is generated from tanning industry per ton of raw hide processed (Kanagraj et al., 

2006).  
 

The chemical composition of solid wastes generated from beamhouse operations (fleshings, 

trimmings, splits) depends mainly on a kind and quality of the raw material, treatment type 

and  process conditions.  The  main  components  are  proteins  and  fat,  up  to  10.5%  (w/w)  

for both groups. The  tanned  leather  wastes  are  mainly  useless  splits,  shavings  and  

trimmings.  These  waste groups  differ  mostly  in  size  and  shape,  the  chemical  

composition  is  comparable  for  each. They contain 3-6% (w/w) of fat and about 15% (w/w) 

of mineral components, including 3.5-4.5% (w/w) of chromium as Cr2O3. Sludge generated 

from wastewater treatment plants contains mostly water (up to 65% (w/w)), organic 

substances (30% (w/w)) and chromium (III) compounds (about 2.5% (w/w)) (Dixit et al., 

2015). This generated solid waste in turn affects the agro based activities and degrades 

groundwater system. These wastes are a threat to ecology and aquatic system in vicinity of 

tannery plants (Mwinyihija et al., 2012). 
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2.4 Technological Options for Cleaner Production in Tannery Industry 
 

Environmental concerns over leather industries have been growing for the past two decades. 

High industrial and human population density and the use of old technologies all cause 

increased levels of pollutant in the atmosphere. This situation has highlighted the need for 

greener technologies (Krishnamoorthy et al., 2012). The protection of the environment has 

become a global issue throughout the world. For reducing the negative environmental impact 

of hide processing, there are two broad methods. The first method is generally termed as low-

waste or cleaner technologies that avoid the use of harmful chemicals and produce solid 

wastes which can be used as by-products (EC, 1997). The second method is related to the 

treatment of wastewater and the environment-friendly handling and processing of solidwaste 

(EC, 1997). The methods applied in both groups can be used to prevent leather production 

with less negative impact on the environment. 
 

2.4.1 Clean technology options 
 

Cleaner technological options to manage tannery wastes need to be cost-effective in order to 

be economically viable and the success of these technologies depends different factors such 

as reduction of pollution in terms of quantity and quality, leather quality improvement and/or 

cost reduction,  reproducibility of the process, cost effectiveness to be economically viable, 

and wide market opportunities.  Sodium chloride used as preservative emerging largely from 

the curing, pickling, and chrome tanning practices. Less-salt curing may be an alternative to 

wet salting (Kanagaraj, 2005). For drying purpose solar drying, freeze drying or microwave 

drying should be considered (Komanowsky, 2000). Chemicals like potassium chloride, boric 

acid, zinc chloride, silica gel can be used in place of sodium chloride (Kanagaraj et al., 2005).  

Soaking requires 25% of the total water consumption in conventional leather processing. But 

the chloride load is a hurdle in recycling process as salt is not eliminated during physical, 

chemical and biological treatment of waste water.  
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Some proved chloride load reducing methods such as shaking the liquor in special drums and 

using wheel type de-salting machines were recommended (Rao et al., 2001). Enzyme-assisted 

unhairing followed by reliming with once used relimed liquor ensures complete reduction of 

water (Thanikaivelan et al., 2000; Shrewsbury, 2002).  An economically viable option based 

on enzymatic dehairing and pickle-less chrome tanning can lead to 67% and 78% decrease in 

COD and total solids (Aravindhan et al., 2007).  Applying ammonia-free deliming and bating 

leather process using commercial products such as acids, esters of carboxylic acids, non-

swelling aromatic acids decreased ammonia load in tannery waste water by 97% (IUE, 2008).  

The use of intrinsically modified chrome tanning salts, chromium syntan, recycling 

techniques would invariably help in increasing the chrome utilisation and decreases the 

chrome discharge subsequently reducing its environmental impact (Rao et al., 2001). 

2.4.2 Solid waste management options 
 

Conventional waste disposal methods in tannery industry are not practicable due to leaching 

of Cr+3 from the tanned leather wastes to ground water and conversion of Cr+3 to Cr+6; 

emissions of nitrogen oxide (NOx); generation of hydrogen cyanide (HCN);  Cr+3 and NH3 

during incineration (Rai et al., 1989). Incineration of tannery solid wastes at low temperatures 

(300-6000C can produce less toxic soluble Cr+6 (Rai et al., 1989). More promising results can 

be achieved by integrating the active microflora to degrade the low molecular weight 

compounds and further degradation of the metabolites by anaerobic bacteria in to harmless 

products such methane and carbodioxide (Beccari et al., 2002). Anaerobic digestion of solid 

waste produce biogas as energy sources and nutrient enriched effluents which can be used as 

bioferlizer for agricultural purposes (Dhayalan et al., 2007). During leather processing, 850 

kg of solid waste is produced per tonne raw hide and 150 kg is converted into leather, the 

remaining waste can be recycled and utilized as a useful by product and raw materials 

(Ahmad and Ansari, 2013).  Fleshings have been explored for the  possible utilization into 
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useful end products such as soap, bio diesel and fat liquor (Ravindranath and Gopalakrishnan, 

2010). Other useful  products such as glue, gelatine, reconstituted collagen, adhesives, films 

and chrome cake can be obtained from tannery wastes such as chrome tanned leather, splits, 

buffing dusts and trimmings (Cantera, 2003; Taylor et al.,  2003). Utilization of tannery 

waste as feed, fertilizer or cosmetic additive and  protein source for poultry feed is a step for 

zero solid waste at tannery industry (Lima et al., 2010, Paul et al., 2013). 

2.4.3 Waste water treatment options  
 
 

Conventional tannery effluent treatment plants offer physico chemical treatment followed by 

biological and tertiary treatment to meet the standards (Rao et al., 1999). Significant 

technological advancements are being made in the end-of-pipe treatment methods to achieve 

higher efficiency in meeting the standards in a cost-effective manner. The coagulation or 

flocculation  of tannery wastewater process has been investigated using inorganic coagulants 

such as aluminium sulphate (AlSO4), ferric chloride (FeCl3), ferrous sulphate (FeSO4) to 

reduce organic load (COD) and suspended solids  as well as to remove toxic substances, e.g. 

chromium before biological treatment (Lofrano et al., 2006). Kabdasli et al. (1999) also 

reported 40–70% removal of COD and >99% of total chromium from leather tanning 

wastewater using FeSO4, FeCl3 and alum.   
 

According to the study conducted by Song et al. (2004) 30–37% of total COD and 74–99% 

of chromium removal efficiency using 800 mg/L of alum at 7.5 pH was achieved for pre-

settled tannery wastewater containing 16.8 mg/L of chromium, 3300 mg/L of COD at pH 9.2. 

Biological processes are usually prescribed for treating industrial effluents to reduce organic 

content as they have economic advantages over chemical oxidation (Dogruel et al., 2006). 

However, high concentration of tannins and other poorly biodegradable compounds as well 

as metals can inhibit biological treatment. Stasinakis et al. (2002) observed a significant 

inhibition of heterotrophic growth in the presence of 10 mg/L Cr (VI).   
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Farabegoli et al. (2004) reported that chromium concentration had less influence on 

denitrification bacteria than on nitrification bacteria. A typical sequencing batch reactor has 

been proven to be more capable of carrying out biological processes such as nitrification and 

denitrification in the presence of inhibiting substances (Ganesh et al., 2006) due to the 

selection and enrichment of particular microbial species. The performance of sequencing 

batch reactor for nitrogen removal in tannery wastewater with a wide range of temperature (7 

to 30 °C) was studied and full nitrification and denitrification was maintained by adjustment 

of the sludge age for each temperature range (Murat et al., 2006). The authors described the 

sequencing batch reactor technology as a reliable treatment for tannery wastewater due to the 

flexibility of its operation. Senthilkumar et al. (2008) isolated Pseudomonas aeruginosa, 

Bacillus flexus, Exiguobacterium homiense, and Staphylococcusaureus from soak liquor, 

marine soil, salt lake saline liquor and seawater, respectively and studied the biodegradation 

of tannery soak liquor by these halotolerant bacterial consortia. An appreciable COD removal 

(80%) was observed at 8% (w/v) salinity for mixed salt tolerant consortia but increase in salt 

concentration to 10% (w/v) resulted in a decrease in COD removal efficiency.  
 

In light of recent developments in the renewable energy market and the increasing cost of 

waste treatment anaerobic treatment of tannery waste to produce biogas has become an 

attractive option for the tannery industry. Fot this purpose different AD technologies were 

used such as anaerobic filters (AF) composed of both upflow anaerobic filters (UAF) and 

down-flow anaerobic filters (DAF) and Upflow Anaerobic Sludge Blanket (UASB) reactors 

(Lefebvre et al., 2006; El-Sheikh et al., 2011). Constructed wetlands (CWs) may be an 

interesting treatment option for leather tannery wastewater. Several efforts have been 

undertaken in the last decade for selecting plant species tolerant to this peculiar wastewater 

(Calheiros et al., 2012), selecting suitable supporting media or substrate (Calheiros et al., 

2008) and for approaching the bacterial dynamics (Aguilar et al., 2008).  
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The choice of plants plays an important role in CWs, as they must survive the potential toxic 

effects of the wastewater and its variability.  Calheiros et al. (2008) evaluated the use of 

Canna indica, Typha latifolia, P. australis, Stenotaphrum secundatum and Iris pseudacorus 

in CWs receiving wastewater from a tannery production plant, under two different hydraulic 

loading rates, 3 and 6 cm/day.  The P. australis and T. latifolia were the only plants that were 

able to establish successfully. Furthermore Calheiros et al.(2012) tested Arundo donax and 

Sarcocornia fruticosa in two series of horizontal subsurface flow CWs used to treat the 

effluent of conventional biological treatment system operating at a tannery site. According to 

their results a high efficiency in removing COD (51 and 80%) and BOD5 (53 and 90%) for 

COD inlet: 68–425 mg/L and for BOD5 inlet: 16–220 mg/L could be observed.  
 

Membrane technologies such as activated carbon filters, reed bed, root zone techniques, cross 

flow microfiltration, ultrafiltration and reverse osmosis methods are being utilized for 

providing tertiary treatment of tannery wastewater (Gallego-Molina et al., 2013). Membrane 

bioreactors are being used for the treatment of tannery waste water against conventional 

activated sludge process (Suganthi et al., 2013).  Advanced oxidation processes (AOPs) 

treatment such as UV light, ozone (O3), photocatalytic oxidation and their combination 

(Hoshyar et al., 2012) and Fenton reagent (Lofrano et al., 2010;  have been used as pre-

oxidation or post-oxidation of tannery wastewater (Di Laconi et al., 2010). These treatments 

are based on the principle of production and utilization of powerful oxidants in a short time. 

2.5 Agro processing Industry and their Environmental Performances in Ethiopia 
 

According to FAO (1997), agro-processing industry is a subset of manufacturing that 

processes raw materials and intermediate products derived from the agricultural sector.The 

Standard industrial classification also categorises the following eleven divisions under the 

agro-processing industry: food, beverages, paper and paper products, wood and wood 

products, textiles, wearing apparel, furniture, tobacco, rubber products, footwear and leather 
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and leather products (FAO, 1997). Agro-processing industries are one of the major 

contributors to the world industrial wastewater pollution problem. Wastewaters of agro-

processing industries contain proteins, sugars, oils and greases and are predominantly loaded 

with organic wastes and are rich in organic contents. The disposal of these effluents into the 

environment contributes to surface and groundwater contamination, causing eutrophication, 

ecosystem imbalance and human health risks (Rajeshwari et al., 2000). Like other developing 

nations, Ethiopia, particularly urban centers of the country, which are the centers of industrial 

expansion, are experiencing socio-economic and environmental problems resulting from agro 

processing industrial pollution. Although rapid expansion of agro-processing industries such 

as tannery and dairy industry in Ethiopia is viewed as an indicator of economic progress, they 

are greatly associated with environmental degradation, notably the discharge of untreated or 

partially treated wastewater and greenhouse gas emissions, and consequently climate change 

(EEPA, 2003).  
 

2.5.1 Tannery industries in Ethiopia  
 

The modern tanning industry in Ethiopia started in the mid of 1920‘s (Favazzi, 2002). 

Currently, Ethiopia‘s leather industry is in the forefront of the leather sector development 

within the Eastern and Southern Africa region. The  leather  sector  is  the  second  largest  

component  of  Ethiopia‘s  export earnings  after  coffee,  representing  14%  of  the  total  

earnings  in  2010  (Central  Statistical  Authority).  
 

Currently there are more than 24 tanneries under operation (LIDI, 2010). Annually, all the 24 

leather industries uses 2.3 million pieces of hides and 44.3 million pieces of skins as an input 

for processing with full capacity operations (LIDI, 2010). Because of their complex 

wastewater characteristics leather industries are generally located in so called organized 

industrial districts. As the result most of the tannery industries are sited at capital city of the 

country and modjo which is called as leather city. 
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2.5.1.1 Waste generation capacity of tannery industry in Ethiopia 
 

The  leather  industry,  one  of  the  major  polluting  industries  in  Ethiopia  since  it  

generates  large  amount of liquid and solid wastes. In addition, it releases obnoxious smell 

because of degradation of proteinous material of skin and emits greenhouse gases such as 

NH3, H2S, CH4 and CO2. The solid wastes are leftover from raw trimmings, fleshings, chrome 

shavings, buffing dusts and keratin wastes (Buljan, 2000). The tanning process, with the 

exception of finishing, produces 35 m3 wastewater on the average of per  metric  ton  of  raw  

hide  or  skin  (Buljan et al., 2000).   

Table 1 Production and waste generation capacity of Ethiopian tanneries (LIDI, 2010) 
Name of Tannery Daily production 

(Pieces) 
Daily Production 
(tonne) 

  Waste generation capacity 
 Solid waste(tonne) Liquid waste(m3) 

  Skin Hide Skin  Hide    Per year Per year 

Ethiopia Tannery Share 14500 1300 21.75 33.280 906 495,000 
Dire Tannery 6000 600 9.000 15.360 4383 219,000 
Hafde Tannery Plc 9000 500 13.500 12.800 4734 236,700 
Wallia Tannery Plc 7000 300 10.500 7.680 3273 163,500 
Batu Tannery Plc 3000 700 4.500 17.920 4035 201,600 
Modjo Tannery Share C. 5700 200 8.550 5.120 2460 122,700 
ELICO 15000 800 22.500 20.480 7737 386,700 
Bahir Dar Tannery Plc 3000 100 4.500 2.560 1272 63,300 
Blue Nile Tannery 5000 0 7.500 0 1350 67,500 
Debrebrehan Tannery 6500 0 9.700 0 1746 87,300 
Addis Ababa Tannery 900 0 1.350 0 2430 12,000 
Sheba Tannery 6000 300 9.000 7.680 3003 150,000 
Kolba Tannery Plc 9000 400 13.500 10.240 4272 213,600 
Mersa Tannery Plc 10000 500 15.000 12.800 5004 250,200 
Bale Tannery Plc 0 600 0 15.360 2766 138,000 
Kombolcha Tannery 5000 0 7.500 0 0 0 
Hora Tannery Plc 4700 0 7.050 0 1269 63,300 
Gellan Tannery PLc 4000 0 6.000 0 1080 54,000 
Dessie Tannery Plc 5000 0 7.500 0 1350 67,500 
Abay Tannery PLc 4000 0 6.000 0 1080 54,500 
Mesaco Global Tannery 3000 0 4.500 0 810 40,500 
Shoa Tannery Plc 6000 500 9.000 12.800 3924 196,200 
Crystal Tannery 7000 1000 0 0 0 0 
China Africa Tannery 8224 0 12.336 0 2220 111,000 

Note : There are more than more than 30 tanneries  in Ethiopia but data regarding their waste generation is not 
available 
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According to Kanagaraj et al.(2006) during the pre-tanning leather processing stage, out of a 

tonnes of raw hide or skin 510kg or 60% is solid waste and 30 m3 of wastewater. There are 

currently more than twenty four operational tanneries with daily processing capacity of 

147,524 pieces of  hides  (211  metric  tonnes)  and  7800  pieces  of  skins  (174  metric  

tonnes). In the coming five years the amount of waste is expected to increase since there is a 

plan to increase production. As present from the pretanning leather process; the 24 tanneries 

in the country generate about 70,104 metric tonnes of solid waste and 3,393,600m3 of waste 

water annually. The amount of waste water and solid waste generated from twenty four 

tannery industries in Ethiopia are shown in Table1. 

2.5.1.2 Waste management techniques in Ethiopian tanneries 
 
 

The industrial waste refers to all wastes generated due to industrial operations or derived 

from industrial process (Kanagaraj et al., 2006).  The tanning industry is characterized as 

disposing of solid, liquid, gaseous and sledges into the environment. The tanning industry in 

Ethiopia by the very nature is water and material intensive. Consequently, it generates large 

quantity of waste water containing high amount of BOD, COD, TDS, Chloride and Sulfides 

(EEPA, 2003). Due to this, unless managed accordingly it is a threat to the environment.  

 

The tanning industry in the country use landfills to dispose the solid waste but the wastewater 

is usually discharged to the surrounding rivers without treatment. Hence, the waste 

management of the tanneries is a major environmental concern in the country. On the other 

hand, more than 24 tanning industries are currently operational in Ethiopia (LIDI, 2010). The 

Modjo tannery for example generates 450m3/day of wastewater with a COD content of 10000 

mg/L (Seyoum et al., 2003) which is discharged to Modjo river feeding into Lake Koka 

(Ethiopia). Downstream communities use this lake for irrigation and other domestic activities 

and this poses a health risk to these communities. 
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2.5.2 Dairy industry  

2.5.2.1 Processes involved and waste generation during milk processing 
 

 

This industry is based on the processing and manufacturing of raw milk into products such as 

yogurt, ice cream, butter, cheese and various types of desserts by means of different 

processes, such as receiving and storing of raw materials, processing of raw materials into 

finished products, packaging and storing of finished products, and a group of other ancillary 

operations (e.g., heat transfer and cleaning). The initial operations such as homogenization, 

standardization, clarification, separation, and pasteurization are common to most plants and 

products. Clarification (removal of suspended matter) and separation (removal of cream for 

milk standardization to desired butterfat content), generally, are accomplished by specially 

designed large centrifuges. Drying, condensing, etc. are also used in dairy industries for the 

production of various products (Rivas et al., 2010). The details of operations involved are as 

given in Fig.2.  

 

 
 

Fig. 2 Effluent sources from various units of milk processing. DS-Detergents and Sanitizing Agents, 
WW-Wash Water, ST-Steam, CW-Cooling Water (Bharati and Shinkar, 2013). 
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2.5.2.2 General characterization of dairy waste water 
 

Dairy industries generate effluents that represent a significant environmental impact (Lee et 

al., 2003). Wastewaters from the dairy industry are usually generated in an intermittent way, 

so the flow rates of these effluents change significantly. High seasonal variations are also 

encountered frequently and correlate with the volume of milk received for processing; which 

is typically high in summer and low in winter months (Kolarski and Nyhuis, 1995). 

Moreover, since the dairy industry produces different products, such as milk, butter, yoghurt, 

ice-cream and cheese, the characteristics of these effluents also vary greatly, depending on 

the type of system and the methods of operation used (Vidal et al., 2000). The use of acid and 

alkaline cleaners and sanitizers in the dairy industry additionally influences waste water 

characteristics and typically results in a highly variable pH (3.3-9). The effluents exhibit 

COD values in the interval 0.8–102 g/L and BOD values in the range 0.6–60 g/L leading to a 

high consumption of dissolved oxygen in water bodies. The lactose and fat contents can be 

considered as the main responsible for COD and BOD. With their very high concentration of 

organic matter, these effluents may create serious problems of organic burden on the local 

municipal sewage treatment systems (Guillen-Jimenez et al., 2000).  
 

 

In industrial dairy waste waters, nitrogen originates mainly from milk proteins, and is present 

in various forms; either an organic nitrogen (proteins, urea, nucleic acids), or as ions such as 

NH4
+, NO2

-
 and NO3

-.  Phosphorus is found mainly in inorganic forms; as orthophosphate 

(PO4
-3) and polyphosphate (P2O7

-4) as well as organic forms (Guillen-Jimenez et al., 2000). 

Suspended solids, TKN, and total phosphorus oscillate in the intervals 0.1–22.0, 0.01–1.7 and 

0.006–0.5 g/l respectively.  Due to the total nitrogen and phosphorus contents, dairy effulents 

pose a considerable risk of eutrophication in receiving waters (Prazeres et al., 2012) 

particularly in lakes. Eutrophication leads to many water quality problems including 

increased purification costs, interference with the recreational and and the possible sub lethal 
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effects of algal toxins. Furthermore, the  ammonium nitrogen (NH4
+-N) value ranging from 

60 to 270mg/L can also cause toxic effects to aquatic life (Farizoglu et al., 2007).  

2.5.2.3 Environmental concerns of dairy industry 
 

The dairy industry is one of the most polluting of industries, not only in terms of the volume 

of effluent generated, but also in terms of its characteristics as well.  The waste water of dairy 

contains large quantities of milk constituents such as casein, inorganic salts, besides 

detergents and sanitizers used for washing.  All these components contribute largely towards 

their high biological oxygen demand (BOD) and chemical oxygen demand (COD) and as 

these wastes are generally released to the nearby stream or land without any prior treatment 

are reported to cause serious pollution problems (Porwal and Velhal, 2015). The main 

environmental problems related to milk production affect the pollution of water, air and 

biodiversity (Porwal and Velhal, 2015). Untreated dairy waste water can have high levels of 

NH4
+-N and P which can create toxic environments in water for local aquatic life.  These 

elevated levels can cause eutrophication, which increases algae growth resulting in a 

depletion of oxygen within the receiving waters, potentially causing fish kills.  When the 

algae die and decay, the oxygen levels again will become depleted, further making the 

environment unfit to support aquatic life (Porwal and Velhal, 2015).  
 

Waste water application to land is a common method of waste treatment in the dairy industry 

which leads the pollutants adsorption and immobilization in the soil, losses to the atmosphere 

and groundwater contamination. Excessive application of any of the mentioned wastewaters 

to land can cause elevation of nutrient levels, particularly NO3
--N, in the groundwater. These 

elevated concentrations can lead to the spread of water related diseases and can be most 

harmful to human health when it occurs in potable groundwater. If high levels of NO3
--N are 

present in potable water it can lead to disorders such as methemoglobinemia, which causes 

red blood cells difficulty in their ability to transport oxygen throughout the body. 
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 Infants who ingest water high in NO3
--N are very susceptible to this disorder, displaying 

symptoms of shortness of breath and blue baby syndrome (Ormeci, 2010). Manufacturing 

operations in dairy industry can result in a number of emissions to the atmosphere such as 

emissions of carbon dioxide, sulphur oxides and nitrogen oxides. Methane may be emitted 

from anaerobic waste treatment systems and nitrous oxide (N2O) is emitted from the soil at 

wastewater irrigation sites. Carbon dioxide, methane and nitrous oxide are very important 

greenhouse gases, and it is likely that the consequences of these emissions will need to be 

considered in the future. Furthermore particulate materials can be emitted from boiler stacks, 

powder driers etc (Bharati and Shinkar, 2013). 
 

 

2.5.2.4 Dairy waste treatment technologies 
  
 

Dairy wastewaters are treated using physico-chemical and biological treatment methods. 

However, since the reagent costs are high and the soluble COD removal is poor in physical–

chemical treatment processes, biological processes are usually preferred (Rivas et al., 2011). 

Among biological treatment processes, treatment in ponds, activated sludge plants and 

anaerobic treatment are commonly employed for dairy wastewater treatment. In contrast the 

contrary, high energy requirements of aerobic treatment plants are a significant drawback of 

these processes. The COD concentrations of dairy effluents vary significantly; moreover, 

dairy effluents are warm and strong, enabling them ideal for anaerobic treatment. 

Furthermore, no requirement for aeration, low amount of excess sludge production and low 

area demand are additional advantages of anaerobic treatment processes, in comparison to 

aerobic processes (Rivas et al., 2011). 

2.5.2.5 Dairy industry waste management in Ethiopia  
 

Agro processing industries are major contributors to worldwide industrial pollution. The 

dairy industry is one of the most polluting of agro industries, not only in terms of the volume 

of effluent generated, but also in terms of its characteristics as well.  
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It generates about 0.2–10 liters of effluent per liter of processed milk (Vourch et al., 2008) 

with an average generation of about 2.5 liters of waste water per liter of the milk processed 

(Ramasamy et al., 2004).  
 

Dairy industries in Ethiopia are increasing in numbers and among these: Ada, Mama, Lame, 

Family, Modjo, Elemitu are some of the known dairy factories. Nowadays, in Ethiopia, the 

production of milk has been transformed from local scale to industrial scale, discharging huge 

amount of wastewater without treatment to the surrounding environment causing serious 

health problems to human beings.  According to (FAO, 2011) current milk production per 

annum in Ethiopia has been estimated to be 3.2 million ton and growing at a rate of only 

1.2% for indigenous and 3.5% for improved stock per year. It is estimated that about 4.40 

million tonnes of the milk and about 11 million tonnes of waste water will be generated 

annually from the Ethiopian dairy industries by the year 2020. 
 

In dairy industry, although some amount of wastewater gets produced during starting, 

equilibrating, stopping, and rinsing of the processing units) majority of wastewater gets 

produced during cleaning operations, especially between product changes when different 

types of products are produced in a specific production unit and clean-up operations (Vourch 

et al., 2008). Effluents from these agro-food industries are a hazard to the environment and 

require appropriate and a comprehensive management approach. Currently environmental 

regulatory authorities in the country are setting strict criteria for discharge of wastewaters 

from industries. As regulations become stricter, there is now a need to treat and utilize these 

wastes quickly and efficiently in the country. 
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2.6 Anaerobic Digestion Technology  
 

2.6.1 Biochemical Process of Anaerobic Digestion 
 

Anaerobic digestion (AD) is the degradation of organic materials by microorganisms in the 

absence of oxygen. It is a multi-step biological process where the organic carbon is mainly 

converted to carbon dioxide and methane (Angelidaki et al., 2003). Anaerobic digestion of 

organic matters occurs in four steps, called as hydrolysis; acidogenesis; acetogenesis; and 

methanogenesis. There is a consortium of microorganisms such as acidogenic bacteria, 

acetogenic bacteria, and methanogens which are responsible in biogas production from 

organic materials. The organic matters are found in any waste in the form of polymers such 

as carbohydrates (cellulose, hemicelluloses, starch, etc.), oils, fats and proteins (Angelidaki et 

al., 2003). 

 
          Fig. 3 Pathway of anaerobic digestion process (modified from Angelidaki et al., 2002) 

2.6.1.1 Hydrolysis  
 

During the hydrolysis step organic polymers, such as proteins, lipids and carbohydrates are 

hydrolyzed into amino acids, long chain fatty acids, and simple sugars, respectively. 
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 Hydrolytic bacteria, known as primary fermenting bacteria, are facultative anaerobes and 

they hydrolyze the substrate with extracellular enzymes. A wide range of enzymes 

(cellulases, hemicellulases, proteases, amylases, lipases) can be produced during the biogas 

process.  Thus, biogas processes can hydrolyze almost all kinds of substrates (Taherzadeh, 

2008).      

               C6H10O5 + H2O →C6H12O6                                                                                              
 

When the substrate is hydrolyzed, it becomes available for cell transport and can be degraded 

by fermentative bacteria in the following acidogenesis step. 

2.6.1.2 Acidogenesis  
 

During acidogenesis, primary fermenting bacteria convert the products of hydrolysis and 

convert them into volatile fatty acids (e.g. acetic-, propionic-valeric-and butyric acid), 

alcohols, aldehydes and gases like CO2, H2 and NH3. Acidification is due to a very diverse 

group of bacteria both obligate and facultative anaerobes. The acidogenic bacteria are able to 

metabolize organic material down to a very low pH of around 4 (Angelidaki et al., 2003). 

The following biochemical reactions are involved during acidogenesis. 

            C6H12O6 ↔ 2CH3CH2OH + 2CO2                                                                                                                                                        

            C6H12O6 + 2H2 ↔ 2CH3CH2COOH + 2H2O                                                                     

            C6H12O6 → 3CH3COOH                                                                                                   

 
2.6.1.3 Acetogenesis  
 
 

Methanogenic microorganisms cannot use directly the acidogenesis products, thus they have 

to be further transformed, during acetogenic phase, before they can be converted into biogas. 

During acetogenesis, the conversion of the acidogenic products into acetic acid, hydrogen and 

carbon dioxide takes place, by secondary fermenting bacteria. In general, two different types 

of acetogenic mechanisms (hydrogenations and dehydrogenations) can be distinguished.  

Acetogenic hydrogenations include the production of acetate, as a sole end product either 

from fermentation of hexoses or from CO2 and H2.  
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Acetogenic dehydrogenations refer to the anaerobic oxidation of long and short (volatile) 

chain fatty acids (Angelidaki et al., 2003). The microorganisms involved are obligate proton 

reducing or obligate hydrogen-producing bacteria. They are inhibited by even low hydrogen 

partial pressures, thus they can survive only in syntrophic association with microorganisms 

that consume hydrogen, such as acetoclastic methanogens. The acetic acid, hydrogen and 

carbon dioxide produced during acidogenesis and acetogenesis are the substrates for the 

methanogenesis step (Schink, 1997). Biochemical reactions involved during acetogensis are 

illustrated as follows according to Zupancic and Grilc (2012). 

CH3CH2COOH (Propionic acid) + 2H2O → CH3COOH + 3H2 + CO2                                                          

CH3(CHCH3)COOH(Iso-butryric acid) + 2H2O → 2CH3COOH + 2H2                                    

       CH3CH2CH2COOH (Butyric acid) + 2H2O → 2CH3COOH + 2H2                                                  

       CH3(CHCH3)CH2COOH(Iso-valeric acid) + 2H2O + CO2 → 3CH3COOH + H2                  

       CH3CH2CH2CH2COOH (Valeric acid) + 2H2O + CO2 → 3CH3COOH + H2                           
 

2.6.1.4. Methanogensis  
In methanogenesis step, acetate and H2/CO2 are converted to CH4 and CO2 by methanogenic 

archaea. The methanogenic archaea are able to grow directly on H2/CO2, acetate and other 

one-carbon compound, such as formate and methanol. In the normal anaerobic digesters, 

acetate is the precursor for up to 70% of total methane formation while the remaining 30% 

originates from H2/CO2 (Klass, 1984).  Moreover, the inter-conversion between hydrogen and 

acetate, catalyzed by homoacetogenic bacteria, also plays an important role in the methane 

formation pathway. Homoacetogens can either oxidize or synthesize acetate depending on the 

hydrogen concentration in the system (Kotsyurbenko, 2005). Hydrogenotrophic 

methanogenesis functions better at high hydrogen partial pressure, while aceticlastic 

methanogenesis is independent on hydrogen partial pressure. At higher temperatures, the 

acetate oxidation pathway becomes more favourable. It has been reported that methane 

formation through acetate oxidation can contribute up to 14% of total acetate conversion to 

methane under thermophilic conditions (60°C) (Petersen, 1991).  
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The reactions in association with acetic acid and hydrogen consumptions are shown below 

(Zupancic and Grilc, 2012). 

                        CH3COOH   → CH4+ CO2                                                                                                                      
                        CO2+ 4H2   →   CH4 + 2H2O                                                                              
                        2CH3CH2OH + CO2 → CH4 + 2CH3COOH                                                       
 
 

2.6.2 Types anaerobic digester based on design  
 

The biogas digester is a physical structure that is also commonly referred to as anaerobic 

digester. A biogas digester is essentially an underground and airtight pit that a user puts crop 

residues, animal manure, human feces and water into it. Once a suitable bacteria culture has 

been developed inside the biogas digester, biological waste is mixed with water in a pre-

determined ratio and retained for approximately 50-60 days (FAO, 1996). There are three 

types of biogas digesters in usage for the production of biogas:  Balloon type bio-gas digester, 

the fixed- dome type of biogas digester and the floating gas holder type of biogas digester. 

2.6.2.1 Fixed dome digester 
 

Fixed dome biogas digester was built in Jiangsu, China as early as 1936, and since then 

considerable research has been carried out on various digester models. The fixed dome is by 

far the most common digester type in developing countries (Karthik et al., 2012). A fixed 

dome digester comprises a closed, dome shaped digester with an immovable, rigid gas holder 

and a displacement pit (expansion chamber). The gas collected in the upper part of the 

digester. Gas production increases the pressure in the digester and pushes slurry into the 

displacement pit, from where the slurry flows back to the digester as soon as gas is released. 

The volume of the expansion chamber is equal to the volume of gas storage. Gas pressure is 

created by the difference of slurry levels between the inside of the digester and expansion 

chamber. When gas is extracted, a proportional amount of slurry flows back into the digester. 

The gas pressure does not remain constant in a fixed dome digester, but increases with the 

amount of stored gas. Consequently, a special purpose pressure controller or a separate 

floating  gasholder is needed to achieve a constant supply pressure (ESCAP, 2007). 
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Fig. 4 Schematic representation of fixed dome digester (Karthik et al., 2012). 
 

The digesters of such plants are usually made of masonry, with paraffin or bituminous paint 

applied to the gas filled area in order to make it gastight.  Fixed dome digesters must be 

covered with earth up to the top of the gas filled space as a preventive measure (internal 

pressure up to 0.1-0.15 bar). As a rule, the size of the digester does not go beyond 20 m³, 

corresponding to a gasholder volume of 3 - 4m3. The earth cover makes them suitable for 

colder climates, and they can be heated as necessary (GTZ, 2010). Its low cost, no corrosion 

problem, better heat insulation, compact design (save space) and less need maintenance 

makes fixed dome digester  more preferable than the other. The digester have also some 

drawbacks such as less gas production, porosity and cracking. Fixed dome digester is only 

recommended in cases where experienced biogas technicians are available for building them, 

and when the user is amply familiar with how the plant operates (ESCAP, 2007). 

2.6.2.2 Floating drum digester 
 

In 1950, Patel designed a plant with a floating gas holder which caused renewed interest in 

bio-gas in India. The Khadi and Village Industries Commission (KVIC) of Bombay began 

using the Patel model biogas plant in a planned program in 1962, and since then it has made a 

number of improvements in the design (ESCAP, 2007).   



56 
 

 

Fig. 5 Schematic representation of floating drum digester (Karthik et al., 2012). 

The main components of this design are nearly the same as that of fixed dome design, but the 

difference is in the system of biogas collection. In this design, the biogas collected inside 

mild steel drum that adjusted over the top of the digester. This drum moves up and down 

according to the biogas pressure rise up under gas pressure, that is; when the quantity of 

biogas increases, the drum moves up and as the biogas consumed it is moved down (FAO, 

1996).  Some of its merits are easy to understand and operate, provide gas at a constant 

pressure, Volume of stored gas visible directly but it also has some demerits such as high 

construction cost of floating drum, many steel parts liable to corrosion, resulting in short life 

(up to 15 years), maintenance intensive due to the necessity of periodic painting and rust 

removal etc. Floating drum plants can be recommended as mature, easy to operate, 

functionally capable means of producing biogas, particularly when reliability is demand more 

than inexpensiveness. Water jacket plants are universally applicable and especially easy to 

maintain (GTZ, 2010). 

2.6.2.3 Plug flow digester 
 

A plug flow digester vessel is a long narrow insulated and heated tank made of reinforced 

concrete, steel or fiberglass with a gas tight cover to capture the biogas. These digesters can 

operate at a mesophilic or thermophilic temperature. 
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Plug flow digester has no means of agitation. The term "plug flow" derives from the fact that 

the manure in principle flows through the digester vessel as a "plug," gradually being pushed 

toward the outlet as new material is added.  In fact, the situation is more complicated and 

some parts of the manure travel faster than others on their way through the vessel, or may 

even settle or float and remain in the digester (Karthik et al., 2012). The first documented use 

of this type of design was in South Africa in 1957. The main advantage of the plug-flow 

design is that it is simple and economical to install and operate. However, it is not as efficient 

or as consistent as the completely mixed design. Plug-flow units are limited to applications 

with low amounts of sand, dirt, or grit, because these substances will tend to stratify and 

settle out inside the digester, requiring significant effort to clean out (Pérez et al., 2014).   

 
Fig. 6 Schematic draw of plug flow digester (Karthik et al., 2012) 

 

2.6.3 Anaerobic Reactors  

2.6.3.1 Anaerobic sequencing batch reactor (ASBR) 
 
 

Anaerobic Sequencing Batch Reactor (ASBR) is a single-tank fill-and draw anaerobic 

digestion reactor developed and patented at Iowa State University (Sung and Dague, 1995).  

Anearobic digestion occurred cycling through a sequence of four phases in a single reaction 

vessel; fill, reactor, settle and decant (Fig.7). During waste water treatment, an ASBR is 

considered to be a good option for low-flow applications and allows for wide variations in 

waste water strength. Compared with many continuous systems, the ASBR shows better 

process control and higher process efficiency.   
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In terms of the major differences between ASBR and activated sludge continuous flow  

systems is that the former carries out the functions of equalization, aeration, and 

sedimentation in a temporal sequence rather than in a spatial sequence (Sung and Dague, 

1995).  In addition, the ASBR system can be designed based on the ability of treating a wide 

range of influent volumes, whereas, a continuous system requires a fixed influent flow rate. 

The main advantages of this type of an ASBR system are its operational simplicity, efficient 

quality control of the effluent, flexibility, low input process and mechanical requirements, 

cost effectiveness and high biogas yield. However, operation of this reactor requires some 

type of agitation to improve transfer of the substrate to the micro-organisms in the granulated 

biomass for anaerobic degradation (Singh and Srivastava, 2011).  
 

Some of the limitations of this system are its poor self-immobilization, certain amount of 

biological gas in the sludge cause insufficient settleability and clogging. Although attempts 

have been made to enhance biomass retention ASBR operation requires some type of 

agitation to improve the transfer of the substrate to the microorganisms in the granulated 

biomass for anaerobic degradation (Singh and Srivastava, 2011). 

 

     Fig. 7 Processes involved in ASBR system (Steele and Dougla, 2009).          

 

Waste treatment potential this technology was assessed for effluents such as dairy wastewater 

(Dugba and Zhang, 1999); brewery wastewater (Shao et al., 2008) and low strength synthetic 

wastewater (Ndon and Dague, 1997).  However, many scientific features still have to be 

studied to achieve better understanding of the operational aspects of this reactor (Zaiat et al., 

2001). 
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2.6.3.2. Continuous stirred tank reactor (CSTR) 
 

A continuous stirred tank reactor (CSTR) can be defined as a closed-tank digester equipped 

with mixing facility for improved contact between substrate and microorganisms in the 

digester so as  to increase  gas production.  Operation of CSTRs, also known as completely 

mixed reactors, includes continuous introduction of slurry into the reactor and continuous 

removal of the liquid contents from the reactor.  In a CSTR, microorganisms in the reactor 

continuously grow, replacing microorganisms that are removed with the effluent (Rittmann 

and McCarty, 2001). It is the earliest high rate anaerobic reactor and known for its reliability 

and is widely used to treat waste water containing high levels of suspended solids during an 

AD process, especially for the treatment of high-strength liquid animal manure and organic 

industrial wastes. In this bioreactor microorganisms are suspended in the digester through 

continuous mixing for enhanced substrate-sludge contact with slight mass transfer resistance. 

However it consumes considerable energy and is labour intensive as well (Hu, 2013). 

 
Fig. 8 Continuous stirred tank reactor (CSTR) (adapted from Steele and Dougla, 2009) 

 

The two forms of CSTR are single CSTR and two phase CSTR. The operation of a 

conventional single CSTR is simple but less efficient in terms of effluent quality. Therefore, a 

two-phase system appears to be the more common type of system.  
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With respect to wet continuous digesters, the two stage CSTR system is popular due to the 

simplicity of the system in design and operation and the its low capital costs compared with 

the one-stage CSTR. However, the system‘s sensitivity to substrates with high easily 

degradable organic loads and the complicated operation leads to fewer alternatives for 

improving digestion performance for the two-phase system Microbial population washout 

and rapid acidification are the other limitations of this system (Boe and Angelidaki, 2009). 

Recently, advances have focused on CSTR variants to improve reactor performance through 

reactor volume optimization. Using the CSTR and a gravity sedimentation tank in series or in 

combination with a membrane bioreactor (MBR) could lead to a higher concentration of 

microorganisms in the reactor thereby providing more efficient digestion. In a laboratory 

scale test, a serial CSTR was used in manure digesters (Demirel et al., 2005).  

 

The study found that the serial CSTR could improve biomass conversion efficiency and 

biogas yield primarily from the second reactor. It was explained that the second reactor 

helped utilize VFA produced from over loading in the first reactor, which improved the 

effluent quality and conversion efficiency. The two-phase anaerobic system of a CSTR for 

acidogenesis and an up-flow anaerobic filter for methanogenesis were used under different 

operating conditions for treating dairy waste water. However, high suspended solid 

concentrations in dairy effluents particularly affect the treatment performance of anaerobic 

CSTRs and filters Vertical CSTR configurations are the most commonly used configurations 

in 90% of newly erected wet digesters (Van Lier et al., 1994). 

2.6.3.3. Anaerobic plug-flow reactor (APFR) 
 

The anaerobic plug flow reactor (APFR) is a tubular reactor with influent slurry entering 

continuously at one end and effluent slurry exiting continuously at the opposite end of the 

reactor. In an ideal APFR, the flow moves through the reactor as a ―plug‖ in which no mixing 

occurs with earlier or later entering flows which result change in concentration of substrate 



61 
 

and microbial population in entire lengths of the reactor. This technology is more efficient in 

removing ammonia and trace organics (Rajeshwari et al., 2000). The limitation of APFR is 

high rate reaction at entrance since the concentration of the substrate in the influent is higher 

at entrance which leads to production of additional organic acid, which, in turn, results in pH 

problems (Rittmann and McCarty, 2001).  When using treated semi-solid waste, this type of 

reactor was used to provide low initial investment cost, high efficiency and relatively simple 

operation and maintenance (Sharma et al., 2000). 

 
Fig. 9 Schematic drawing of anaerobic plug-flow reactor (APFR) (Sharma et al., 2000) 
  

Therefore, in both developed and developing countries, the reactor has significant potential to 

produce biogas simultaneously managing the wastes.  The waste treatment potential of APFR 

has been tested experimentally using different agricultural and industrial wastes  such as pig 

manure, distillery waste water, cattle residues, organic fraction of garbage and urban organic 

waste,  bakery wastes, sugar beet, straw etc. (Karellas et al., 2011). 
 

2.6.3.4 Anaerobic contact reactor (ACR) 
 

Anaerobic contact reactor (ACR) was developed in 1950s and was first high rate anaerobic 

treatment system (Lee, 1993). The anaerobic contact reactor (ACR) is mostly employed for 

effluents with high concentrations of suspended solids. In some cases, high-rate mesophilic 

ACRs have been demonstrated to be a sustainable technology for a wide range of industrial 

effluents, for example, those found in food industry wastewater (Senturk et al., 2012) and 

pulp and paper mills (Capela et al., 2009) 
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Reported advantages include the contact process, rapidly achieved steady state times due to 

mixing, sufficiently short hydraulic retention times and relatively high effluent quality, less 

affected by shock loading, favourable pH and limited biomass wash out and change in biogas 

concentration and composition (Şenturk et al., 2012. Additionally, the system can tolerate 

OLR of up to 8kgCOD/m3.day and can obtain COD removal efficiencies of 

approximately78–95% (Şenturk et al., 2012).  However there are some limitations in the 

system such as poor sludge separation and biogas production and attachment in the settling 

tank (Rittmann and McCarty, 2001). 

2.6.3.5. Up-flow anaerobic sludge bed (UASB) reactor) 
 

 

The UASB process was developed by G. Lettinga in The Netherlands during the early 1980s, 

as a relatively simple wastewater treatment system, in which no moving parts are present 

(Lettinga et al, 1980).  It is a common, simple, compact and in expensive technology used 

extensively for the treatment of effluent from distilleries, food processing units, tanneries and 

municipal waste water. The schematic diagram of a UASB reactor is shown in Fig.10. The 

reactor consists of two parts: a cylindrical or rectangular column and a gas liquid solid (GLS) 

separator. The UASB reactor is initially seeded (with inoculum such as digested, anaerobic, 

granular, flocculent and activated sludge). Sludge enters from the bottom of the reactor. 

Under appropriate conditions, light and dispersed particles will be washed out while heavier 

components will retain, thus minimizing the growth of finely dispersed sludge whilst forming 

granules or flocs consisting of the inert organic, inorganic matters and small bacterial 

aggregates in the seed sludge (Hulshoff Pol et al., 2004). Furthermore sludge blanket zone 

which is found above dense sludge bed characterized by much diffused growth and lower 

particle setting velocities (Aiyuk et al., 2006). The biological reactions take place throughout 

the highly active sludge bed and blanket zone.  When the flow passes upward, the soluble 

organic compounds in the influent are converted to biogas. 
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Fig. 10 Up-flow anaerobic sludge blanket (UASB) reactor (adapted from Siewhui et al., 2012) 

 

The produced biogas and the sludge buoyed by the entrapped gas bubbles are then separated 

from the effluent by the immersed GLS separator, in which the baffles prevent as efficiently 

as possible the wash-out of the viable bacterial matter or floating granular sludge by sliding 

the settled solids back to the reaction zone (Lettinga and Hulshoff, 1991; Hickey et al., 1991). 

The main advantage of a UASB reactor which makes it the popular high-rate anaerobic 

digester worldwide (especially in tropical countries) is the availability of flocculent sludge, 

allowing it to achieve high chemical oxygen demand (COD) removal efficiencies without the 

need of a support material, requires less reactor volume and space.  
 

Furthermore, effluent recycling is not necessary because sufficient contact between waste 

water and sludge is guaranteed even at low organic loads with the effluent distribution system 

(Hickey et al., 1991). Some of the limitation or disadvantages of UASB are low pathogen and 

nutrient removal, long start-up, possible bad odours, necessity of post-treatment (Siewhui et 

al., 2012).  The waste treatment potential of this technology was tested for different industrial 

and municipal wastes such as sugar industry waste water (Nacheva et al., 2009), dairy 
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industry waste water (Gotmare et al., 2011), slaughter house waste water (Nacheva  et al., 

2011) and high strength municipal waste water(Ruiz et al., 1998). 

2.6.3.6 Anaerobic filter (AF) reactor 
 

The anaerobic filter (AF) was initially developed to provide a support medium for the 

intimate contact between the influent and the bacterial mass, thus allowing for a biomass 

retention time longer than the HRT. On the medium, a biofilm is generated that supports the 

biomass separated from the effluent in this reactor configuration (Bodkhe, 2008). The filters 

can be operated under either an up-flow or down-flow condition. The up-flow condition 

contains a high concentration of suspended biomass forming a biofilm in the structure of the 

fixed bed. The down-flow condition contains a high concentration of inorganic sulfur 

between the amount of biological oxygen demand (BOD) and low inorganic compound (Omil 

et al. 2003). The anaerobic filter is a commonly used system which utilises the anaerobic 

attached growth process for carbonaceous organic matter removal as well as denitrification of 

waste waters (Bodkhe, 2008).  These anaerobes are not washed away by the upward flow of 

wastewaters through the column. The system can therefore be used to treat difficult 

wastewaters under difficult conditions (such as municipal wastewaters at ambient 

temperatures) due to the long mean cell residence times that can be achieved with short 

hydraulic retention times.  

 
Fig. 11 Schematic representation of anaerobic filter (AF) reactor (Agbalakwe, 2011) 
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The system also has an additional advantage in that less sludge is produced compared with 

other anaerobic reactor (Omil et al. 2003). The major disadvantage of this system is difficulty 

to maintain the required contact between sludge and wastewater, because clogging of the 

―bed‖ easily occurs (Omil et al. 2003). 

2.6.3.7 Expanded granular sludge bed (EGSB) reactor 
 

The expanded granular sludge blanket (EGSB) is defined as improved form UASB reactor 

and was developed to enhance the substrate to biomass contact within the treatment system 

by means of expanding the sludge bed with a high upflow liquid velocity (>4 m/h) which 

increases hydraulic mixing and results in better  process performance and stability than the 

UASB. The high upflow liquid velocity in the reactor is achieved through the application of a 

high effluent recirculation rate, coupled with a high diameter ratio of around 20 or more 

(Sperling and Chernicharo, 2005).  This anaerobic reactor is generally use when the 

volumetric gas production rate is low and mixing in a UASB reactor by up-flow velocity 

alone is insufficient.  Its waste water treatment potential have been tested for various waste 

water such as brewery wastewater, starch wastewater, molasses alcohol slops, slaughterhouse 

wastewater, particulate organic matter and municipal wastewater (Zhang et al., 2008).   

 
Fig. 12 Schematic representation of EGSB reactor (Sperling and Chernicharo, 2005) 
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But EGSB is not suitable for the removal of particulate organic matter due to the high upflow 

liquid velocity. The influent suspended solids that are not retained by the granular bed will 

eventually leave the reactor together with the effluent (Haandel and Lubbem, 2007).  Zhang 

et al.( 2008) reported a high COD removal efficiency (91%) for EGSB treating  high organic 

strength waste water with feed COD content of 80,000 mg/L  when operated at HRT of 48 h 

but still unable to produce final effluent that complies with discharge standards. Furthermore 

Zhang et al. (2008) for particulate organic matter treatment, a total COD reduction of 95.6% 

at high OLR of 10 kg COD/m3 day was achieved in a pilot-scale plant composed of an EGSB 

reactor and aerobic biofilm reactor. The anaerobic EGSB degraded a large portion of organic 

matter in particulate organic matter with 93% COD removal while the aerobic biofilm reactor 

broke down the remaining organ matter (22% of COD removal). In this case the reported 

average rate of organic matter transformed into methane in the EGSB was only 43% (based 

on the data of biogas measured), although this could be attributed to the high suspended 

solids and oil in particulate organic matter. 

2.6.3.8. Anaerobic baffled reactor (ABR) 
 

Anaerobic baffled reactor (ABR) was first developed in early 1980s by McCarty and co -

workers at Stan ford University and consist of several compartments such as sludge bed, 

fluidized zone and settling zone in one reactor which is baffled to force the incoming 

wastewater up through a series of sludge blankets, thereby minimizing the loss of biomass. 

The wastewater thus gets an opportunity to come into closer contact with a large amount of 

active biological mass as it passes through the ABR (Boske et al., 2014). Some of the 

advantage of the ABR is its ability to separate acidogenesis and methanogenesis 

longitudinally down the reactor; different bacterial groups are thus allowed to develop under 

the most favourable conditions. In addition, the ABR has shown the potential for providing 

high efficiency at high loading rates and to be suitable for extreme environmental conditions 
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and inhibitory compounds. It also have higher tolerance to hydraulic and organic shock loads, 

longer biomass retention times and lower sludge yields compared to those of high rate 

anaerobic reactors, overcomes clogging and sludge bed expansion problems, which plague 

other systems such as the AF and the conventional UASB reactor (Barber and Stuckey, 

1999). Microbe wash-out from digesters, in adequate mixing and settle-ability of the 

microbial granules with in the reactor and incompatibility with certain types of wastewater 

are some of the disadvantages of this technology (Barber and Stuckey, 1999). 

 
Fig. 13 Anaerobic baffled reactor (ABR) (adapted from (Siti et al., 2013). 

  The waste water treatment applications of ABR technology have been explored for the 

treatment of domestic and industrial wastewaters of low strength (COD < 1000 mg/L) at 

laboratory and pilot-scales. Polprasert et al. (1992) used ABR to treat (pre-treated) 

slaughterhouse wastewater with COD ranging from 480 to 730 mg/L at organic loading rates 

(OLRs) from 0.67 to 4.73 kg COD/m3.day and the COD removal efficiencies of over 75% 

were achieved throughout the experimental study. Another study carried out by Orozco 

(1997) showed COD removal efficiencies over 85% at 8 h HRT and mean water temperature 

of 150C.   
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The start-up and performance of ABRs was evaluated by Langenhoff et al. (2000) treating 

low strength soluble and colloidal wastewaters and obtained COD removal efficiencies over 

80%. Manariotis and Grigoropoulos (2002) used ABR to evaluate the treatment of low 

strength synthetic wastewater (COD of 300-400mg/L) and achieved COD removal 

efficiencies ranging from 87% to 91% during the experimental study. The COD removal 

efficiencies up to 80% was achieved in the study conducted by Dama et al. (2002) on pilot-

scale ABR  with 3200 L treating  domestic wastewater at HRTs ranging from 60 to 20 h. 

Furthermore Bae et al. (1997) compared the COD removal efficiencies of UASB reactor and 

ABR at different OLRs. For UASB reactor it was found to decrease slowly to 76% as OLR 

was increased to 10kgCOD/m3.day and it abruptly deteriorated to below 50% at 15 kg 

COD/m3.day. On the other hand, COD removal efficiencies in ABR were generally higher 

than that of UASB reactor at different OLRs, and were found to be 72% even at an OLR of 

20kgCOD/m3day. The difference might be due to the fact that the configuration of ABR 

provided more distinct phase separation than that of UASB reactor. 
 

2.6.3.8 Anaerobic fluidized bed reactor (AFBR) 
 

 

Anaerobic fluidized bed reactors are packed with mobile supports in which particles covered 

with biofilm are fluidized by the recirculation of liquid. This configuration eliminate 

substrate diffusion limitations, which are usually inherent in stationary bed process, allow for 

higher OLR, greater resistance to inhibitors and good mass transfer efficiency (Ulson de 

Souza et al. 2008). There are some limitations which inhibit their applicability on a large 

industrial scale such as problem to control of the bed expansion and oxygen distribution 

system as well as high-energy consumption due to the very high liquid recirculation ratio 

(Saravanane et al., 2000). Anaerobic fluidized bed reactor in wastewater treatment contains 

three phases: discrete solid phase of inert particles with immobilized microbial cells, discrete 

air bubbles and continuous aqueous solution.  
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This type of reactor is more effective for the treatment of soluble, or suspended material feed 

that is easily biodegradable such as whey, whey permeate black liquor condensate etc 

(Switzenbaum , 1983).  The high COD removal efficiency (82%) was obtained by Tavares  et 

al.(1995) in the treatment of a synthetic wastewater with feed COD content of 180 mg/L 

when the three phase AFB is operated at a low average HRT (30 min). This result indicates 

the potential of this reactor to treat low strength waste waters with COD content in the range 

of 100–200 mg/L. 

 
Fig. 14 Schematic representation of AFB reactor (Sperling and Chernicharo, 2005) 

             

2.6.3.9 Anaerobic membrane bio reactors (AnMBR) 
 

Anaerobic membrane bio reactors AnMBR can be simply defined as a biological treatment 

process operated without oxygen and using a membrane to provide solid–liquid separation. 

It was widely introduced for industrial application in the early 1990s and  characterised by 

numerous advantages compared to conventional activated sludge (AS) processes  such as 

excellent effulent quality, low sludge production, total biomas retention, fast start-ups of the 

reactors (Liao et al., 2006);   high COD removal, high organic loading rates (Domínguez et 

al., 2012). In general anaerobic membrane bioreactors (AnMBRs) combine the advantages of 
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anaerobic treatment with membrane separation, making it an attractive approach for the 

treatment of a broad spectrum of wastewaters food processing wastewater (Qiao et al., 2013); 

pulp and paper waste water(Savant et al., 2006); landfill (Xie et al., 2014);  municipal 

wastewater (Holba et al., 2012) etc. Due to their high operation stability, AnMBRs are 

suitable for treating wastewaters under extreme conditions, including high salinity, high 

suspended solids content or poor biomass granulation. 

  
Fig. 15 Anaerobic Membrane reactor (adapted from Sheng, 2014). 
 

As a result, AnMBRs are currently of great interest to both researchers and the industrial 

community, with many laboratory- and pilot-scale studies being undertaken, especially as 

regards the wide range of industrial waste waters needing treatment (Diez et al., 2012). 

2.6.4 Factors affecting biogas production 
 

The anaerobic digestion of organic material is a complex process, involving a number of 

different degradation steps performed by different members of the microbial consortia. Thus, 

a number of factors affect the microbial growth which in turn affects the process of anaerobic 

digestion and hence, the biogas yields. As the hydrolytic/acidogenic bacteria and 

methanogenic archaea differ widely in their preferred ambience, such as pH optima and 

nutrient requirements, the success of any process optimization effort crucially depends on the 

degree to which the growth, metabolism of all microorganisms involved is supported (Dioha 

et al., 2013).  
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Therefore both environmental and operational parameters in anaerobic digester should be 

varied within a desirable range to operate the biogas plant efficiently. Most researchers‘ 

results shown that various factors such as biogas potential of feedstock, design of digester, 

inoculums, nature of substrate, pH, temperature, oraganic loading rate, hydraulic retention 

time, C:N ratio, volatile fatty acids  etc. influences  the biogas production (Dioha et al., 

2013). The effects of such factors have been discussed below: 

2.6.4.1 Microbial population 
 

Biogas production involves many types of micro-organism, each with their own optimum 

conditions and with substrates and products affecting the physico-chemical environment. 

There are typically four main stages in anaerobic digestion; hydrolysis, acidogenesis, 

acetogenesis and methanogenesis. Each stage is carried out by a different subset of micro-

organisms operating in their own niche conditions. Some strains of micro-organisms may be 

more resilient than others and some may have higher activities (Wang et al., 2004).  The 

population, while often naturally occurring, is extremely important in biogas operations.  It is 

also important to note that during the start-up phase of operation, inoculation is usually 

needed. This is the introduction of the microbial system to the digester (often in the form of 

pig and/or cow manure) before the intended substrate (if different) is added. Research has 

been done on how to reduce this start-up (or lag) phase to reach optimum productivity very 

quickly (Adl et al., 2012). 

2.6.4.2 pH 
 

During digestion, the processes of acidification and methanogenesis require different pH 

levels for optimal process control. Acidogenic bacteria prefer a pH between 5.5 and 6.5, 

while methanogenic bacteria prefer a range of 7.8-8.2. In an environment where both cultures 

coexist (e.g. in small digesters), the optimal pH range is 6.8-7.4. The pH affects the 

functionality of the micro-organisms (Brummeler, 1989). Products of the hydrolysis phase 

are organic acids which lower the pH.  If the pH gets too low, the methanogens cannot 



72 
 

convert the acids into methane, and the system fails. The organic acids produced are therefore 

also seen as inhibitory substances (Kleinstreuer, 1982).  The best way to control this is by 

monitoring the feedstock and making sure that it is either alkaline enough, or not too easily 

hydrolysed so as to cause a drop in the pH. 

2.6.4. 3. Carbon-to-nitrogen mass ratio (C:N) 
 
 

 

The composition of the waste is important. Too much nitrogen evolves inhibitory 

ammonium; too much carbon causes hydrolysis to proceed too quickly and the pH to drop. 

The optimum C:N ratio is 20-30. In rural operations, the feedstock is typically homogenous 

although the composition may change with season (Bernal et al., 2009). In urban operations, 

the feedstock is most likely to be a range of different organic wastes. Due to heterogeneous 

nature of the organic fraction of municipal solid waste, the C:N ratio of the feedstock will 

vary greatly from day-to-day.  Studies have shown that there can be low degradation with 

high methane production of food waste, compared to high degradation with low methane 

production of municipal solid waste further highlighting the importance of feeding regime 

(Resch, et al., 2009). 

2.6.4.4 Temperature 
 

Temperature inside the digester has a major effect on the biogas production process. There 

are different temperature ranges during which anaerobic fermentation can be carried out: 

psychrophilic (<30oC), mesophilic (30–40oC) and thermophilic (50–60oC). However, 

anaerobes are most active in the mesophilic and thermophilic temperature range. The length 

of fermentation period is dependent on temperature (Yadvika et al., 2004).  Increasing 

temperature has several advantages: it can increase solubility of organic compounds; increase 

chemical and biological reaction rates; improve diffusivity of soluble substrate; increase 

death rate of pathogenic bacteria, especially under thermophilic condition; increase the 

degradation of long chain fatty acids, VFAs and other intermediates etc. The disadvantage of 

high temperature can be that it decreases pKa of ammonia, thus increases the fraction of free-
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ammonia which is inhibitory to microorganisms and increases pKa of VFA, which increases 

its un-dissociated fraction, especially at low pH (4-5) such as in the acidogenic reactor 

(Yadvika et al., 2004). The methanogenic bacteria, which facilitate the formation of biogas, 

are very sensitive to temperature changes and the optimum temperature for the bacteria to 

operate is between 33-38oC. Temperatures below this slow down the biogas production 

process, while a higher temperature than necessary kills the biogas producing bacteria. This is 

why the structure for biogas production is generally built underground, to keep the 

temperature as constant as possible (Sibisi and Green, 2005). The most common method for 

maintaining the temperature in anaerobic digester is an external heat exchanger. This method 

has the benefit of enabling to mix re circulating digestate with raw slurry before heating, and 

in seeding the raw slurry with anaerobic microorganisms.   

 
  Fig. 16 Influence of temperature on the rate of anaerobic digestion process 
                     

The hot water used in the heat exchangers is commonly produced in a boiler fueled by biogas 

that comes from the digester.  At the startup and/or under conditions of insufficient biogas 

production, an alternative fuel source such as natural gas must be provided (Appels et al., 

2008). 
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2.6.4.5. Hydraulic retention time (HRT) 
 

HRT is the average time spent by the input slurry inside the digester before it comes out. In 

tropical countries like India, HRT varies from 30–50 days while in countries with colder 

climate it may go up to 100 days. Shorter retention time is likely to face the risk of washout 

of active bacterial population while longer retention time requires a large volume of the 

digester and hence more capital cost (Yadvika et al., 2004). Hence there is a need to reduce 

HRT for domestic biogas plants based on solid substrates. It is possible to carry out 

methanogenic fermentation at low HRT‘s without stressing the fermentation process at 

mesophilic and thermophilic temperature ranges (Yadvika et al., 2004). 
 

2.6.4.6 Organic loading rate (OLR) 
 

The organic loading rate (OLR) is defined as the amount of organic matter (expressed as 

volatile solids or COD of the feeding substrate) that must be treated by a certain volume of 

anaerobic digester in a certain period of time. The value of the OLR is mostly coupled with 

the HRT value. If the concentration of organic matter in the feedstock substrates is relatively 

constant, the shorter the HRT the higher value of OLR will be achieved. On the other hand, 

the value of the OLR will vary at the same HRT if there is a variation of organic matter 

concentration in the feeding substrate. The potential danger of a rapid increase in the OLR 

would be that the hydrolysis and acidogenic bacteria would produce intermediary products 

rapidly. Since the multiplication time of methanogenic bacteria is slower, they would not be 

able to consume the fatty acids at the same rate. The accumulation of fatty acids will lead to a 

pH drop and hampering the activity methanogenic bacteria, causing a system failure (Rincón 

et al., 2008). The OLR or amount of substrate introduced into the digester is calculated 

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

                                                
   

        
                                                                                        

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. 
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2.6.4.7 Inhibitors  
 

Inhibition in anaerobic digestion process by the presence of toxic substances can occur to 

varying degrees, causing upset of biogas production and organic removal or even digester 

failure. These kinds of substances can be found as components of the feeding substrate 

(organic solid waste) or as by products of the metabolic activities of bacteria consortium in 

the digester. Previous publications on anaerobic digestion show a wide variation in the 

inhibition/toxicity levels for most substances.  The main reason for these variations is the 

significant influence by microbiological mechanisms such as acclimation, antagonism, and 

synergism (Chen et al., 2008). Acclimation is the ability of microorganism to rearrange their 

metabolic resources to overcome the metabolic block produced by the inhibitory or toxic 

substances when the concentrations of these substances are slowly increased within the 

environment. Antagonism is defined as a reduction of the toxic effect of one substance by the 

presence of another, whereas synergism is an increase in the toxic effect of one substance by 

the presence of another. Several substances with inhibitory potential to anaerobic digestion 

are ammonia, sulfide, light metal ions, heavy metals and organic substances. 

Ammonia inhibition  
 

Ammonia is a hydrolysis product formed during anaerobic digestion of solid waste by 

degradation of nitrogenous matter in the form of proteins, phospholipids, nitrogenous lipids 

and nucleic acid (Boe, 2006).  The inhibition mechanisms of ammonia are presumably due to 

the change of intracellular pH, the increase of maintenance energy requirement to overcome 

the toxic conditions, and inhibition of specific enzyme reactions. In a solution, ammonium 

exists in the form of ammonium ion and free ammonia. Free ammonia is reported to have a 

more pronounced inhibition effect since it is freely membrane permeable and may diffuse 

passively into the cell, causing proton imbalance and/or potassium deficiency (Eldem et al., 

2004). The concentration of free ammonia mainly depends on three parameters. These are 

total ammonia concentration, temperature and pH (Hansen et al., 1998).  
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The increased temperature has a positive effect on the microbial growth rate but also results 

in a higher (free) ammonia concentration. It is found that thermophilic digestion is more 

easily inhibited than mesophilic digestion (Liu and Sung, 2000). An increase in pH would 

result in a higher toxicity level due to the shift to a higher ratio of free to ionised ammonia. 

The resulting instability of the process often leads to an increase in the amount of VFA, 

which again leads to a decrease in pH and consequently to a lower free ammonia 

concentration. As the result the process remains stable but the methane yield is reduced 

(Hansen et al., 1998).). Ammonia concentrations below 200 mg/l are beneficial to AD 

because nitrogen is an essential nutrient for the micro-organisms (Liu and Sung, 2000). 

Among the four types of anaerobic microorganisms, the methanogens are the least tolerant 

and the most likely to cease growth due to ammonia inhibition (Kayhanian, 1994). As 

ammonia concentrations were increased in the range of 4051–5734 mg NH3–N/ L, acidogenic 

populations in the granular sludge were hardly affected while the methanogenic population 

lost 56.5% of its activity (Koster and Lettinga, 1988). 

Sulfide inhibition 
 

Sulfide in anaerobic digestion resulted from the reduction of oxidized sulfur compounds and 

of the dissimilation of sulfur containing amino acids such as cysteine by sulfate reducing 

bacteria. This reduction is performed by two major groups of SRB including incomplete 

oxidizers, which oxidize compounds such as lactate to acetate and CO2 and complete 

oxidizers (acetoclastic SRB), which completely convert acetate to CO2 and HCO3
_ (Chen et 

al., 2008). Both group microorganisms utilize hydrogen for sulfate reduction during reduction 

process.  Sulfide inhibition occurred at two levels. Primary inhibition is indicated by lower 

methane production due to competition of SRB and methanogenic bacteria to obtain common 

organic and inorganic substrates.  Secondary inhibition results from the toxicity of sulfide to 

different groups of microorganisms (Chen et al., 2008). 
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During anaerobic digestion SBR partially or completely degrade a number of substrates such 

as alcohols, organic acids, aromatic compounds and long-chain fatty acids (LCFA).  SBR 

compete with the fermentative, acetogenic or methanogenic bacteria for available acetate, H2, 

propionate, and butyrate in anaerobic systems (Colleran et al., 1995).  The sulfide 

concentration in anaerobic system depends on of the competition between SRB and other 

anaerobic microorganisms and sulfide inhibition is not occurred at the first stage of anaerobic 

digestion since the SRB are not capable of degrading complex organic matter. As the result 

their inhibition depends on degradation capacity of acidogenic bacteria (Boe, 2006).  The 

acetogenic and the methanogenic bacteria are affected by the presence of SRB since they 

compete for the same fermentation products. The comptetion affected by factors such as 

COD/SO4
-2 ratio, the sulphide toxicity and the relative population of SRB and the acetogens 

that influence the competition.  The acetogens are capable of effectively competing with the 

SRB for butyrate and ethanol. Methanogenesis and sulphate reduction can happen 

simultaneously, but the hydrogenotrophic methanogens are easily undercut by the SRB for 

H2. This is due to the more favorable kinetic parameters for SRB (Boe, 2006). Furthermore 

un-dissociated hydrogen sulphide is toxic for both methanogens and SRB since it can freely d 

diffuse through the cell membrane to cause denaturation of proteins.  The concentration of S 

and H2S in the range of 0.003–0.006, 0.002–0.003 mole/L are reported to be inhibitory to 

micro-organisms respectively (Boe, 2006). Rehm et al.(2000) suggested that stable 

methanogesnsis can occur at sulphide concentration of 150 mg/L. 

Light metal inhibition 

Light metal ions including sodium, potassium, calcium, and magnesium are commonly 

present in the digestate of anaerobic reactors. They may be produced by the anaerobic 

degradation of substrate or during chemicals addition for pH adjustment. Although of these 

ions are needed to stimulate microbial growth at moderate concentration, they will cause 

toxicity at higher concentrations (Chen et al., 2008). 
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 Salt toxicity is primarily associated with bacterial cells dehydration due to osmotic pressure. 

Although the cations of salts in solution must always be associated with the anions, the toxic 

action of salts was found to be predominantly determined by the cation. The role of the 

anions was relatively minor and largely associated with their effect on properties such as the 

pH of the media.  If compared on a molar concentration basis, monovalent cations, such as 

sodium and potassium, were less toxic than the divalent cations, such as calcium and 

magnesium (Chen et al., 2008). In general the beneficial and inhibitory concentrations of 

light metal ions are presented in Table 2. 

Heavy metal inhibition  
 

Heavy metals can be found at higher concentration in industrial waste, municipal sewage and 

sludge. These contaminants include zinc, copper, chromium, nickel, cadmium and lead etc. 

At trace concentration heavy metals stimulate the growth of anaerobic microorganism but 

potential toxic at higher concentration (Dewil et al., 2006). An extensive study on the 

performance of anaerobic reactors found that heavy metal toxicity is one of the major causes 

of anaerobic digester upset or failure.  The toxic effect of heavy metals is attributed to their 

ability to inactivate a wide range of enzyme function and structures by binding of the metals 

with sulfhydryl and other groups on protein molecules or by replacing naturally occurring 

metals in prosthetic groups of enzymes (Sanchez et al., 1996). The toxicity of heavy metals in 

anaerobic digestion depends upon the various chemical forms which the metals may assume 

under anaerobic conditions at the temperature and pH value in the digester. For instance, 

heavy metals in the precipitated form have little toxic effect on the biological system 

(Sanchez et al., 1996). The inhibitory concentrations of some heavy metals are summarized 

in Table 2. 

Organic compound inhibition 
 

Organic Compounds were also reported to have inhibitory potential to anaerobic digestion 

processes. The accumulation of poorly water soluble organic pollutants in bacterial 
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membranes causes the membrane to swell and leak, disrupting ion gradients and eventually 

causing the breaking of cellular membranes (Sikkema et al., 1994).  Some of the organic 

compounds have been reported to be toxic to the anaerobic processes include phenol and 

alkyl phenols (Fang et al., 1995), aldehydes (Gonzales-Gil et al., 2002), long chain fatty acids 

(LCFAs) (Koster and Cramer, 1987), surfactants, and detergents (Gavala and Ahring, 

2002).The toxicity concentration of organic compounds ranges vary widely and is affected by 

many parameters, including toxicant concentration, biomass concentration, toxicant exposure 

time, cell age, feeding pattern, acclimation and temperature (Yang and Speece, 1986).  

Table 2 Beneficial and inhibitory concentrations of inhibitors 
 Substances  Stimulating 

concentration(mg/l) 
Moderately inhibitory 
concentration (mg/l) 

Strongly inhibitory concentration    
(mg/l) 

Na+           - 3500-5500 8000 
K+ 200-400 2500-4500 12,000 
Ca+2 100-200 2500-4000 8000 
Mg+2 75-150 1000-1500 3000 
NH4

+ - 200 200 
NH3 30-200 200-300 1000-3000 
Cr+6 - 10 3.0 (soluble), 200–250 (total) 
Cr+3 - - 2.0 (soluble), 180–240 (total) 
Cu - -  0.5 (soluble), 50–70 (total) 
Cd - - 150 
Ni   30 (total) 

Source: Chen et al., 2008; Dong et al., 2010. 
 

2.7 Research Approach to Enhance Performance of AD 
 

Anaerobic digestion process has proven to be an excellent element for waste treatment and 

widely applicable in industrial, municipal and agricultural wastes. It has been shown by many 

researchers that some modification in the feeding components (co-digestion), adding 

surfactant to the feeding stream, pond design, pre-treatment and optimization of operational 

parameters may help to overcome many difficulties may associate with the process. The 

following are methods recommended to enhance the digestion process and higher biogas 

production (Lindorfer et al., 2008). 
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2.7.1 Use of additives 
 

 

Additives refer to the substances which are used to enhance biogas production. Progress 

could achieved from some attempts have been made in the past with various additives such as 

biological additives (crop residues, microbial cultures etc.), chemical additives (inorganic 

salts) and enzymes. Biological additives include different plants, weeds, crop residues, 

microbial cultures, etc., which are available naturally in the surroundings. As such, generally 

these are of less significance in terms of their use in the habitat, however if used as additives in 

biogas plant could improve its performance significantly (Gunaseelan, 1987). The suitability 

of an additive is expected to be strongly dependent on the type of substrate. Some of 

additives that could enhance biogas production from organic wastes reviewed as follows. 
 

According to different scientific studies carried out on various inorganic additives showed 

their presence in anaerobic digester enhances biogas production as it increases methanogenic 

population.  Shimizu (1992) claimed that higher concentration of bacteria could be retained in 

the digester by the addition of metal cations since they increase the density of the bacteria, 

which are capable of aggregating by themselves.  
 

Certain adsorbents are also reported to improve gas production. Madamwar (1986) obtained a 

maximum enhancement of over 150% with higher CH4 content (65% CH4) on addition of 

10g/L commercial pectin.  Liew et al.(2011) carried out to enhance the solid-state anaerobic 

digestion of fallen Leaves through simultaneous alkaline (3.5% NaOH) of treatment. As the 

result indicted the greatest enhancement in methane yield was achieved at substrate to 

innoculum ratio of 6.2 with NaOH loading of 3.5% which was 24-fold higher than that of the 

control (without NaOH addition). Furthermore batch experiments were carried out by Lin et 

al.(2013) on anaerobic digestion of swine manure under 10 % of total solids and 60g/L of 

zeolite addition at 35 °C. Biogas yield increased by 20 % after zeolite addition, about 356 

mL/g VSadded with accelerated soluble chemical oxygen demand degradation and VFA 
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consumption in addition to a shortened lag phase between the two biogas peaks. Compared 

with Ca2+ and Mg2+ (100–300mg/L) released from zeolite, simultaneous K+ and NH4
+ (580–

600mg/L) adsorptions onto zeolite particles contributed more to the enhanced biogasification, 

resulting in alleviated inhibition effects of ammonium on acidogenesis and methanogenesis, 

respectively. Different researches conducted to enhance biogas production using green 

biomass  such as powdered leaves of some plants and legumes (like Gulmohar, Leucacena 

leucocephala, Acacia auriculiformis, Dalbergia sisoo and Eucalyptus tereticonius) as 

additives have been found to enhance biogas production between 18% and 40%.  Increase in 

biogas production due to certain additives appears to be due to adsorption of the substrate on 

the surface of the additives which is more favourable environment for growth of microbes. 

The additives also help to maintain favourable conditions for rapid gas production in the 

reactor, such as pH, inhibition/promotion of acetogenesis and methanogenesis for the best 

yield, etc. Sharma (2002) observed an increase of 40–80% in biogas production on addition 

of 1% onion storage waste (OSW) to cattle dung in a 400L floating drum biogas reactor.  
 

According to Trujillo et al. (1993) addition of the tomato-plant wastes to the rabbit wastes in 

proportion higher than 40% improved the methane production.  Crop residues like maize 

stalks, rice straw, cotton stalks, wheat straw and water hyacinth each enriched with partially 

digested cattle dung enhanced gas production in the range of 10–80% (Somayaji and Khanna, 

1994). Babu et al.(1994) also observed improvement in biomethanation of mango processing 

wastes by several folds by the addition of extracts of seeds of Nirmali, common bean, black 

gram, guar and guargum at the rate of 1500 ppm.   
 

Strains of some bacteria and fungi have also been found to enhance gas production by 

stimulating the activity of particular enzymes. Cellulolytic strains of bacteria like 

actinomycetes and mixed consortia have been found to improve biogas production in the 

range of 8.4–44% from cattle dung (Attar et al., 1998).  
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 All the strains exhibited a range of activity of all the enzymes involved in cellulose 

degradation, viz. exglucanase, endoglucanase, bglucosidase. Other study also showed that 

Integration of microorganisms was found to enhance gas production significantly.  According 

to Dohanyos et al.(1997) the use of cell lysate as a stimulating agent in anaerobic degradation 

of municipal raw sludge, excess activated sludge and their mixture showed  improvement of 

CH4 yield from thickened activated sludge ranged from 8.1% to 86.4% while in case of a 

mixture of thickened activated sludge and primary sludge it was found to vary from 0% to 

24%. Zhang et al.(2011b) investigated pretreatment of cassava residues mixing with distillery 

wastewater prior to anaerobic digestion by using this microbial consortium as inoculums in 

batch bioreactors at 550C.   The experimental results showed that the maximum methane 

yield (259.46 mL/gVS) was obtained through 12h of pretreatment by this microbial 

consortium, which was 96.63% higher than the control (131.95 mL/gVS).  
 

The biological pretreatment with new complex microbial agents was used to pretreat corn 

straw at ambient temperature (about 200C) to improve its biodegradability and anaerobic 

biogas production and resulted in 33.07% more total biogas yield, 75.57% more methane 

yield, and 34.6% shorter technical digestion time compared with the untreated sample (Zhong 

et al.,  2011). In the study conducted by Xumeng et al. (2014), albizia chips were pretreated 

by Ceriporiopsis subvermispora, a white-rot fungus, for enhanced biogas production by solid 

state anaerobic digestion. After 48 days of fungal pretreatment, degradation of lignin in 

albizia chips was found to be around 24%, which was about two times that of cellulose and 

hemicellulose. Fungal pretreatment of albizia chips resulted in more than 4-fold increases in 

glucose and xylose yields during 72h of enzymatic hydrolysis and a 3.7-fold increase in the 

cumulative methane yield during 58 days of solid state anaerobic digestion. Degradation of 

volatile solids, cellulose, and hemicellulose in pretreated albizia chips was more than 4 times 

as high as that in raw albizia chips during solid state anaerobic digestion.  
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These experimental results indicated that fungal pretreatment of albizia chips with C. 

subvermispora is a highly effective strategy to improve the methane yield from this tropical 

wood waste via solid state anaerobic digestion. 
 

2.7.2 Variation in operational parameters 
 

The performance of biogas plant can be controlled by studying and monitoring the variation 

in parameters like pH, temperature, loading rate, agitation, etc.  Any drastic change in these 

can adversely affect the biogas production. So these parameters should be varied within a 

desirable range to operate the biogas plant efficiently. Anaerobic microorganisms are very 

sensitive to temperature. It has a great effect on the growth, activity and survival of 

microorganisms.  
 

When operating at low temperature, chemical, biological reaction and microorganisms‘ 

growth are slow down.  The performance of UASB system is greatly limited when the 

organic material degradation and the hydrolysis of suspended solids at low temperature. 

Because large amount of particulate materials in domestic wastewater is with low degradation 

rate at psychrophilic temperatures, most part of these materials accumulated in the sludge 

bed. This will increase excess sludge produced and lead to a shorter sludge retention time 

(SRT). Shorter SRT will slowdown anaerobic microorganisms‘ growth, causing low COD 

removal efficiency and biogas production, decreasing sludge stability and many other 

obstacles in anaerobic treatment (Lew, 2011). Under minimum growth temperature anaerobic 

microorganisms will even lose activity. When temperature rises, all the reactions in side 

microorganism like chemical, biological reaction and microorganisms‘ growth rate are speed 

up to the optimal range.  The anaerobic degradation and treatment efficiency can achieve best 

results within the optimal range. But higher than the optimal temperature range nucleic acids, 

proteins and other cellular components will get irreversibly damaged and the system will shut 

down since the microorganisms lose activity (Luostarinen, 2005).  
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There are different temperature ranges during which anaerobic fermentation can be carried 

out: psychrophilic (<300C), mesophilic (30–400C) and thermophilic (50–600C). However, 

anaerobes are most active in the mesophilic and thermophilic temperature range (Mital, 

1996). The length of fermentation period is dependent on temperature.  
 

Angelidaki (1994) observed that when the NH3 load was high, reducing temperature below 

55 0C resulted in an increase of biogas yield and better process stability, as shown by the 

reduced VFA concentration. Some precautions taken during the installation of biogas plants 

and coating them with insulating materials also helps in keeping the temperature in the 

digester within the desired range (Molnar and Bartha, 1989). In order to increase gas yield, it 

is preferred to construct biogas plants sun-facing and in a manner as to protect them from 

cold winds. Biogas plants should be covered with locally available crop residues for 

minimizing heat losses from the plants.  
 

A simple technique of charcoal coating of ground around the digester had been found to 

improve gas production in KVIC biogas plant by 7–15% (Anand and Singh, 1993). 

Installation of PVC greenhouse type structure over a biogas plant allowed solar heating of the 

substrate from 18 to about 37 0C. It was possible to obtain substantial increase in gas yield on 

a typical winter day by covering the gas holder with a transparent polyethylene sheet during 

sunshine hours and using a movable insulating material during the off-sunshine hours 

(Bansal, 1988).  In addition to these researchers were also examined that if the temperature of 

digester content could be maintained at 400C then it was possible to reduce the HRT by over 

40% (Desai, 1988). Other research works revealed that solar assisted biogas plants achieve 

higher gas yield particularly during winter months. Hot water used in the slurry preparation 

also helps to improve the gas production (Tiwari and Chandra, 1986). Gohel et al.(2013) 

examined the effect of different temperature on rate of methanogensis –using partially 

digested cellulose rich  feedstock.  
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As a result of the study, it was found that fermentor vessels fed with partially digested 

cellulose and thermophiles have great potential for production of significantly higher quantity 

of biogas at 550C in half the incubation time as required by conventional method. Ioannis and 

George (2011) investigated the effect of temperature during anaerobic co-digestion of table 

olive debittering and washing Effluent (DWE)  in batch and continuous systems together with 

cattle and pig manures. The co-digestion of the waste waters resulted in a 50% increase in the 

CH4/gVSadded, accompanied by 80% total organic carbon removal (TOC). Under 

thermophilic conditions a 7% increase on the TOC removal efficiency was achieved when 

compared to the mesophilic systems. 
 

pH is an important parameter affecting the growth of microbes during anaerobic fermentation 

and a number of  researches were carried out to control its impact on performance of 

anaerobic digester. Kheireddine et al. (2014) evaluate the effect of initial pH on the anaerobic 

digestion of dairy waste and based on this research during 58 days, the maximum methane 

production is negligible for, pH of 4 (50 ml) and (500ml) for pH of 5.5. It is important for pH 

= 7 (1200ml) and pH 9.5 (800ml). Qualitatively, the percentages of methane in four reactors 

tested are 58.3 %, 54.5 %, 50.7 % and 45.4 % corresponding to the test pH =7, pH = 9.5, pH 

= 5.5 and pH = 4 respectively.  It can be concluded that dairy waste degradation in anaerobic 

process can happen optimum on range neutral pH. Jain and Mattiasson (1998) found that 

above pH 5.0, the efficiency of CH4 production was more than 75%.  The two phase 

anaerobic reactor using cheese whey and dairy manure as substrate operated as a single-phase 

reactor when the pH was not controlled while when pH of whey was controlled in the 

methanogenic stage, it operated as a two-stage two-phase reactor (Ghaly, 1996). The major 

problem related to drastic reduction in pH due to rapid acidification of onion storage waste 

(OSW) was overcome by Sharma (2002) by mixing cattle dung with OSW in a suitable ratio 

so that medium is well buffered to take care of acid accumulation. 
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2.7.3 Pre-treatment 

Hydrolysis is the rate-limiting step of anaerobic digestion of semi-solid wastes. In this step 

both solubilization of particulate matter and biological decomposition of organic polymers to 

monomers or dimers take place. Thermal, chemical, biological and mechanical processes, as 

well as combinations of these, have been studied as possible pre-treatments to accelerate 

sludge hydrolysis. These pre-treatments cause the lysis or disintegration of sludge cells 

permitting the release of intracellular matter that becomes more accessible to anaerobic 

microorganisms. This fact improves the overall digestion process velocity and the degree of 

sludge degradation, thus reducing anaerobic digester retention time and increasing methane 

production rates (Muller, 2000).  
 

The purpose of mechanical pretreatment is to disintegrate and/or grinds solid particles of the 

substrates, thus releasing cell compounds and increasing the specific surface area. An 

increased surface area provides better contact between substrate and anaerobic bacteria, thus 

enhancing the AD process (Elliot and Mahmood, 2012). 
 

According to Esposito et al.(2012) larger particle radius results in lower chemical oxygen 

demand (COD) degradation and a lower methane production rate. Therefore, mechanical 

pretreatments such as sonication, lysis-centrifuge, liquid shear, collision, high-pressure 

homogenizer, maceration and liquefaction are very important to reduce the substrate particle 

size so as to increase the surface area of the substrate.  
 

In addition to size reduction, some methods result in other effects depending on the 

pretreatment. Sonication pretreatment generated by a vibrating probe mechanically disrupts 

the cell structure and floc matrix. The main effect of ultrasonic pretreatment is particle size 

reduction at low frequency (20 – 40 kHz) sound waves.  High-frequency sound waves also 

cause the formation of radicals such as OH_, HO-2, H_, which results in oxidation of solid 

substances (Elliot and Mahmood, 2007).  
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Mechanical pretreatments such as rotary drum were used as an effective technology for 

OFMSW separation and pretreatment prior to AD, which could enhance the biogas 

production by 18–36% (Subramani and Ponkumar, 2012). Size reduction through a beads 

mill resulted in a 40% higher COD solubilization, which led to a 28% higher biogas 

production yield. However, excess size reduction to particles smaller than 0.7 mm caused an 

accumulation of VFA. As the methanogens are sensitive to acidic intermediates, excessive 

size reduction may result in a decreased AD process performance (Izumi et al., 2010). The 

advantages of mechanical pretreatment include no odour generation, an easy implementation, 

better dewaterability of the final anaerobic residue and moderate energy consumption. 

Disadvantages include no significant effect on pathogen removal and the possibility of 

equipment clogging or scaling (Toreci et al., 2009). 
 

The other type of pretreatment i.e thermal pre-treatment is the disintegration of cell 

membranes, thus resulting in solubilization of organic compounds. COD solubilization and 

temperature have a direct correlation. Higher solubilization can also be achieved with lower 

temperatures, but longer treatment times.  Concerning the lignocellulosic substrates, 

temperatures exceeding 160 0C cause not only the solubilization of hemicellulose but also 

solubilization of lignin. The released compounds are mostly phenolic compounds that are 

usually inhibitory to anaerobic microbial populations (Hendriks and Zeeman, 2009). Bougrier 

et al.(2009) suggested that thermal pretreatment at high temperatures (>1700C) might lead to 

the creation of chemical bonds and result in the agglomeration of the particles.  One of the 

most known phenomena is the mallaird reaction, which occurs between carbohydrates and 

amino acids, resulting in the formation of complex substrates that are difficult to be 

biodegraded. This reaction can occur at extreme thermal treatment at temperatures exceeding 

1500C, Hendriks and Zeeman, 2009). The study carried out by Ma et al. (2011) showed that 

24% increase of the biomethane production with food waste pretreated at 1200C.  
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Rafique et al.(2010) also studied pretreatment of pig manure at temperatures higher than 

1100C and observed hardening and darkening of manure, which resulted in a low biogas 

yield. Hardening and the dark brownish color development of the substrate indicated the 

occurrence of mallaird reactions. In addition to these chemical reactions, thermal 

pretreatment can also result in loss of volatile organics and/or potential biomethane 

production from easily biodegradable substrates. Therefore, the effects of thermal 

pretreatment depend on the substrate type and temperature range. Furthermore substrate 

which resists hydrolysis requires chemical pretreatment in order to destruct organic 

compounds by means of strong acids, alkalis or oxidants. 
 

Anaerobic digestion generally requires an adjustment of the pH by increasing alkalinity, thus 

alkali pretreatment is the preferred chemical method acidic pretreatments and oxidative 

methods such as ozonation are also used to enhance the biogas production and improve the 

hydrolysis rate. The effect of chemical pretreatment depends on the type of method applied 

and the characteristics of the substrates. Chemical pretreatment is not suitable for easily 

biodegradable substrates containing high amounts of carbohydrates, due to their accelerated 

degradation and subsequent accumulation of VFA, which leads to failure of the 

methanogenesis step (Wang et al., 2011). Liew et al.(2011) carried out to enhance the solid-

state anaerobic digestion of fallen Leaves through simultaneous alkaline (3.5% NaOH) of 

treatment and enhancement in methane yield was achieved at S/I ratio of 6.2 with NaOH 

loading of 3.5% which was 24-fold higher than that of the control (without NaOH addition). 

According to the research conducted by Dar and Tandon (1987) an improvement of 31–42% 

in microbial digestibility and an almost two fold increase in biogas when alkali treated (1% 

NaOH for 7 days) plant residues were used as a supplement to cattle dung. Neves et al.(2006) 

achieved 100% of the potential production with alkaline (0.3gNaOH/gTS) pretreated barley 

waste. Patil et al.(2011) studied the effect of alkaline pretreatment of water hyacinth, which 
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has lower lignin content as compared to other plants. They found that the alkaline 

pretreatment had a smaller effect than mechanical pretreatments. Therefore, acidic and 

alkaline pretreatment are not suitable for substrates with low lignin content. Even if physical 

and chemical pretreatments have been regarded as the current leading pretreatment 

technologies, the biological pretreatments, have received considerable attention in recent 

years, as alternatives to them, due to their environmental benefits (Taherzadeh and Karimi, 

2008). Biological pretreatments can be performed by applying either commercial enzymes or 

fungi to the lignocellulose material. Recently, ensiling has been discovered to be suitable for 

treating crops prior to anaerobic digestion, enhancing methane production. 
 

Melamane et al.(2007) exmined the AD of wine distillery wastewater pretreated with the 

fungus Trametes pubescens. This fungal pretreatment obtained a 53.3% COD removal 

efficiency, which increased the total COD removal efficiency of the AD system up to 99.5%. 

Muthangya et al.(2006) used pure cultures of the fungus Trichoderma reseei to aerobically 

pretreat sisal leaf decortications residues. Their results showed that aerobic incubation for 4 

days resulted in a 30–40% cumulative biogas increase with a higher (50–66%) methane 

content. Zhong et al.(2011) examined effect of biological pretreatments agent(Yeast, 

cellulolytic bacteria and lactic acid bacteria) in enhancing corn straw biogas production. 

Result indicated that higher biogas production (365mlCH4/gTS) as compared to untreated one 

(250mlCH4/gTS). Pretreatment methods in combination have also been studied to obtain a 

further enhancement of biogas production and faster AD process kinetics. Alkaline 

pretreatment coupled with thermal methods at a lower temperature (700C) could result in a 

higher (78%) biogas production with a higher (60%) methane content as compared to the best 

results (28% increase of biogas production with 50% methane content) obtained by thermal 

pretreatment at higher temperatures (>100 0C) (Melamane et al., 2007). Zhang et al.(2013)  

also obtained the highest enhancement of biogas production (17%) by grinding (up to 10 mm) 
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rice straw and heating it to 1100C. Animut Assefa (2014) carried out combined thermal and 

chemical pre-treatments of cow dung and poultry manure. Cumulative biogas production and 

VS reduction (T= 80ºC) of 46.3% and 26.1% higher than the control was obtained 

respectively. 

2.7.4 Multi-stage digestion systems 
 

Diverse bacterial groups are implicated in the anaerobic digestion of various organic supplies 

for biogas production. They vary in their growth parameters and nutritional requirements. 

Since a number of one stage systems with all the four phases put together showed process 

instability due to fluctuations in pH and accumulation of VFA, which may leads to metabolic 

shock of methanogens. One more disadvantage of single phase digester is it can operate only 

with low solid content otherwise it would cause process failure (Lyberatos et al., 1999).  An 

experimental model batch reactor used for the digestion of vegetable wastes has resulted 

inconvenient biogas production and also the study point towards the need of continuous 

reactors in future (Dhanalakshmi, 2012). Hence multi-stage bioreactors are needed instead of 

single stage systems which could prove profitably in recent years. High loading rate and 90-

93.5% suspended solid removal was reported in the case of ASBR. Biodegradation efficiency 

of 91.5% from sugar beet pulp was achieved from a two-stage pilot scale plant with a 

differentiation of acidogenesis and methanogenesis. Moreover, this study points out that the 

proposed model decrased the hydraulic retention time (Hutnan et al., 2001). Two-phase 

anaerobic sequencing batch reactor was also developed with segregation of hydrolysis-

acidogenesis and methanogenesis for effective degradation of fruit and vegetable wastes 

resulted high process stability and biogas production (Bouallagui et al., 2004). 

2.7.5 Recycling of the slurry 
 

The recycling of the digested slurry along with filtrate has also been tried out to conserve 

water and to enhance biogas production since microbes washed away are reintroduced back 

into the reactor, thereby providing an additional microbial population (Santosh et al., 1999).   
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According the study carried out by Kanwar and Guleri (1994) showed that about 60–65% 

more biogas production can be obtained by simply recycling the digested slurry in 1 m3 plug 

flow type pilot plants.  They suggested that recycling of digested slurry along with fresh dung 

might help in overcoming the problem of underfed biogas plants as well as in maintaining 

higher gas production in winter season. Problems like precipitation of substrate increase in 

acidity or alkalinity and ammonia toxicity were not encountered. Study conducted by 

Brummeler et al.(1992) also examined that leachate recycling resulted in faster digestion rate 

while anaerobically digesting solid organic waste in a biocell. Furthermore Santosh et 

al.(1999) carried out experiments on a plant of 1m3 capacity and found that recycling of 50% 

slurry filtrate along with 10% digested slurry can lead to about 50% water conservation and 

10% increase in gas production. Malik and Tauro (1995) observed an increase of up to 18.8% 

in gas production (CH4 = 80%) when predigested slurry was used along with 10% effluent 

slurry recycling in a 1m3 daily fed floating drum biogas digester (pilot plant, HRT=30 day). 
 

2.7.6 Use of fixed films 
 

Fixed film reactors have been used since long for the treatment of wastewater where they 

have helped to reduce the HRT from 30–40 days to a few hours. These reactors come under 

the category of advanced reactors like UASB, fluidized bed, upflow anaerobic filters, etc. 

They help in enhancing the performance of wastewater treatment systems by providing an 

increased surface area for attached growth of the microbes in the form of a fixed film on an 

inert medium leading to increased population of microbes in the reactor and their retention in 

the digester even after the digested slurry flows out (Kloss, 1991). Research conducted by 

Weiland and Peters (1992) revealed that 75% and 25% reduction in HRT and reactor volume 

respectively using plastic support for anaerobic digestion of cattle manure as compared to 

conventional system. It had high accumulation of biomass during the 2-year study and could 

be operated in a broad range of loadings and high process reliability.  
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Ganesh et al.(1996) achieved an increase of about 40% in gas production by the addition of 

broken burnt bricks as carriers for immobilizing microbes. They suggested that larger lumps 

of bricks might be used to avoid clogging in practice. Another promising study carried out by 

Sanchez et al.(1994) obtained a predominant presence of filamentous methanogenic forms 

closely resembling Methanosaeta (Methanothrix) located on the outer layer and in the 

bacterial framework of the biofilm, when they used six different support materials 

(polyurethane, bentonite, diabase, diatomaceous earth, sepiolite and PVC) for digestion of 

domestic sludge. The enhancement of CH4 production was rapid and occurred within 24 h of 

sludge incubation. Meier et al.(1993) found that energy substrates stimulated the attachment 

of P. aeruginosa and Citrobacter amalonaticus significantly as compared to the fixation 

behavior in basal medium without substrates. This mechanism may be important for retaining 

methanogenic biomass in anaerobic biofilms and thus could help to reduce the start-up period 

of biofilm digesters and to enhance methanogenesis. In general various additives such as 

biological additives (crop residues, microbial cultures etc.), chemical additives (inorganic 

salts) and enzymes in biogas plant could improve its performance significantly.  
 

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

Their utility is limited due to the seasonal availability and clogging of the reactor in the long 

run. Practical aspect of using pure microbial culture as additives should be looked into, in 

view of certain problems especially human health. Further techno-economics of using 

additives on daily basis needs to be worked out by further extensive study at field level. 

2.7.7 Anaerobic Co-digestion approach 
 

Anaerobic co-digestion, where two or more types of waste are treated in the same digester, 

has aroused renewed interest due to its inherent advantages. Multiple waste streams of 

organic substrates produced in a region can be anaerobically co-digested to generate a 

homogeneous mixture increasing both process and equipment performance. 
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This approach is an attractive option to improve the methane yields of anaerobically digested 

wastes due to the positive synergisms established in the digestion medium, increasing thus 

the economic viability of biogas plants (Mata-Alvarez et al., 2000). Moreover, co-digestion 

could also lead to the following benefits: dilution of inhibitory  (e.g. polyphenols contained in 

OMW), increased biodegradable organic content in the feed of digester aiming at better 

utilization of the digester volume, enhancement of digestate stabilization, improvement of the 

required moisture content in the digester feed facilitating thus handling of blended wastes, 

especially in cases of wastes with high solids content, increased reduction of emission of 

greenhouse gases to the atmosphere and  economic advantages achieved because of 

equipment and cost sharing (Alatriste-Mondragón et al., 2006). 
 

Co-digestion of different types of wastes such as agro-industrial, industrial, municipal and 

agricultural wastes have thus been increasingly applied in order to enhance biogas production 

and overcome a number of problems such as nutrient imbalance, rapid acidification and 

presence of inhibiting compounds, among other factors (Martinez-Garcia et al., 2007). The 

use of a co-substrate with a low nitrogen and lipid content waste increases the production of 

biogas due to complementary characteristics of both types of waste, thus reducing problems 

associated with the accumulation of intermediate volatile compounds and high ammonia 

concentrations (Castillo et al., 2006).  Several studies have shown that mixtures of 

agricultural, municipal and industrial wastes can be digested successfully and enhance biogas 

production and treatability. 
 

2.7.7.1. Co-digestion of meat industry wastes:  
 

 

Meat processing and slaughterhouses generate meat and products marketed for human 

consumption, pollutant solid waste and other by-products (skins, fats, and bones), as well as 

substantial volumes of wastewater as a result of cleaning operations. Animal by-products are 

all bodies or parts of animals and products of animal origin not intended for human 
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consumption, either because they are not fit for human consumption or there is no market for 

them as food stuff consumer demand for meats with a low unsaturated fat content in order to 

reduce cholesterol has led to the expansion of the poultry industry and hence to an increase in 

lipid and protein waste. This waste causes important environmental problems as a result of 

organic pollution and microbial loads, and the increasing problems of its removal must be 

addressed as a result of legislative constraints and the cost of treatment and disposal 

(Sebastian and Przemysław, 2015). 
 

Fat, Oil and Greases (FOG) from meat industry wastes have the potential to produce large 

quantities of methane; their recalcitrant nature generally results in a number of problems. 

Some of the problems attributed to the build-up of FOGs include: clogging of pipes; foul 

odour generation; adhesion to the bacterial cell surface and reducing their ability to treat 

waste water; and flotation of sludge and loss of active sludge (Cammarota and Freire, 2006). 

FOGs tend to accumulate on the surface of ponds to form are calcitrant scum layer or crust 

(Wan et al., 2011). The formed crust on the surface of anaerobic pond is participating in 

reduction the volume of the pond and the HRT (Edgerton, 2009). This means reduction in the 

pond‘s efficiency. This crust as observed is a mixture of fats and floated sludge which count 

in the COD measurement. Lipids have a tendency to form floating aggregates and foam that 

may cause stratification problems due to the adsorption of lipids into the biomass (Cuetos et 

al., 2010). Slaughterhouses are known for their high lipid (FOG) content (Neves et a., 2009). 

Process stability could be negatively affected with the higher FOG content due to potential 

LCFA inhibition led to digestion failure due to acidification of the digester (Wan et al., 

2011). Inhibition of anaerobic digestion of slaughter house waste is attributed to the 

accumulation of high levels of ammonia. Ammonia is resulting from the degradation of the 

high protein content of these wastes and to long chain fatty acids (LCFA) accumulation as 

consequence of lipids degradation.  
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Despite that, FOG counts for the highest amount of COD and offers significantly greater 

biogas yields among the food waste industries. In order to increase the biogas production, 

FOG as an added ingredient is highly recommended (Chen et al., 2008).  
 

Different research works have carried in order to overcome the difficulties associated with 

anaerobic digestion meat industry wastes through co- digestion approach.  Co-digestion using 

different substrates can help in minimizing the effect of the inhibitory compounds on the 

anaerobic process. Better carbon/nitrogen (C/N)-ratio also can be positive consequences of 

co-digestion (Appels et al., 2011). It also contributes in improving the stability, the 

performance of the process and digestion of the poorly digestible wastes such as fat or protein 

(Buendia et al., 2009). Bayr et al (2014)  did the study on mono-digestion of rendering wastes 

and co-digestion of rendering wastes with potato pulp were studied for the first time in 

continuous stirred tank reactor (CSTR) experiments at 55 0C. Rendering wastes have high 

protein and lipid contents and are considered good substrates for methane production. 

However, accumulation of digestion intermediate products viz., volatile fatty acids (VFAs), 

long chain fatty acids (LCFAs) and ammonia nitrogen (NH4
+-N and/or free NH3) can cause 

process imbalance during the digestion. Mono-digestion of rendering wastes at an organic 

loading rate (OLR) of 1.5 kg volatile solids (VS)/m3 d and hydraulic retention time (HRT) of 

50 day was unstable and resulted in methane yields of 450 dm3/kg VS fed. On the other hand, 

co-digestion of rendering wastes with potato pulp (60% wet weight, WW) at the same OLR 

and HRT improved the process stability and increased methane yields (500– 680 dm3/kg VS 

fed). Thus, it can be concluded that co-digestion of rendering wastes with potato pulp could 

improve the process stability and methane yields.  Ivo et al (2012) investigate the feasibility 

of supplementing a protein/lipid-rich industrial waste (pig manure, slaughterhouse waste, and 

food processing and poultry waste) in mesophilic anaerobic digester with carbohydrate-rich 

energy crops (hemp, maize and triticale).  
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Co-digesting industrial waste and crops led to significant improvement in methane yield per 

ton of feedstock and carbon to- nitrogen ratio as compared to digestion of the industrial waste 

alone.  Biogas production from crops in combination with industrial waste also avoids the 

need for micronutrients normally required in crop digestion. Therefore adding crops to 

existing industrial waste digestion could be a viable alternative to ensure a constant/reliable 

supply of feedstock to the anaerobic digester.  Study that has been carried out by Maria and 

Stephanie (2014) shown that including food waste as a co-digestion substrate in the anaerobic 

digestion of livestock manure can increase energy production.  However, the type and 

inclusion rate of food waste used for co-digestion need to be carefully considered in order to 

prevent adverse conditions in the digestion environment. This study determined the effect of 

increasing the concentration (2%, 5%, 15% and 30%, by volume) of four food-processing 

wastes (meatball, chicken, cranberry and ice cream processing wastes) on methane 

production.  

Anaerobic toxicity assay (ATA) and specific methanogenic activity (SMA) tests were 

conducted to determine the concentration at which each food waste became toxic to the 

digestion environment. Decreases in methane production were observed at concentrations 

above 5% for all four food waste substrates, with up to 99% decreases in methane production 

at 30% food processing wastes (by volume). John et al (2007) examined Co-digestion of 

whey with manure for enhanced biogas production. The result revealed that for an hydraulic 

retention time of 18 days at 35 1C and organic loading rate (LR) of 4.9 g COD/LR.d, it was 

found that biogas production increased from 1.5 to 2.2L/LR.d (almost 40%). This could be 

mainly attributed to the higher biodegradability of carbohydrates (main constituent of whey) 

compared to lipids (main constituent of manure) and to the correction (increase) of C:N ratio.  

Kougias et al (2014) studied the optimization of the mesophilic anaerobic co-digestion 

process of olive mil wastewaters (OMW) together with swine manure (SM). 
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 Batch and continuous mode experiments were performed in order to define the most efficient 

mixing ratio and to determine the performance of the reactors under different organic loading 

rates (OLR). Under OLR of 4.4 g volatile solids/L.dday the methane yield of the reactors fed 

with 40% OMW reached 373ml CH4/gVS (78% of the theoretical yield). The study proved 

that the co-digestion of OMW together with SM is a sustainable solution, capable to 

efficiently treat simultaneously these residual residues.  
 

 

The study carried out by Shanmugam and Horan (2009) describes co-digestion of leather 

flesh (LF) with biodegradable fraction of municipal solids waste optimized over a range of 

C:N and pH to minimize ammonia and to maximize biogas yield. The optimum conditions 

were found with a blend that provided C:N of 15 and pH of 6.5 and the cumulative biogas 

yield increased from 560 mL using LF fraction alone, to 6518 mL with optimum blend. At 

higher pH of 8.5, unionized ammonia was high (2473mg/L) coincided with poor biogas yield 

(47mL/d) that confirms ammonia toxicity. By contrast at a pH of 4.5 the ammonia was 

minimum (510 mg/ L), but high VFA (26,803 mg/ L) inhibited the methanogens.  
 

Sami and Sari et al (2010) studied anaerobic co-digestion of a mixture of animal by-products 

(ABP) from meat-processing industry and of sewage sludge at 350C for co-digesting such by-

products in digesters at wastewater treatment plants.  The three reactors were fed with ABP 

mixture and sewage sludge (1) in a ratio of 1:7 (v/v), (2) in the same ratio but with 

hygienization (70 0C, 60 min) and (3) in a ratio of 1:3 (v/v). Hydraulic retention time (HRT) 

was decreased from 25 to 20 days and finally to 14 days, while organic loading rates (OLR) 

ranged from 1.8 to 4.0 kg VS/m3 day. The highest specific methane yields were achieved 

with 20days-HRT (1) 400 ± 30, (2) 430 ± 40, (3) 410 ± 30 m3 CH4/tVS. Hygienization 

improved methane production to a level above the highest OLR applied (feed ratio 1:3 (3)), 

while the quality of the digestate remained similar to the other reactors.  Hassib et al.(2016) 

investigated the effect of increasing the organic loading rates (OLRs) on the performance of 



98 
 

the anaerobic codigestion of olive mill (OMW) and abattoir waste waters (AW) was 

investigated under mesophilic and thermophilic conditions. The structure of the microbial 

community was also monitored. Increasing OLR to 9gCOD/L.day  affected significantly the 

biogas yield and microbial diversity at 350C.  However, at 550C digester remained stable until 

OLR of 12 g of COD /L.d with higher COD removal (80%) and biogas yield (0.52 L/g.1 

COD removed). Yugo et al.(2011) carried out the study on co-digestion of thickened waste 

activated sludge (TWAS) and fat, oil and grease (FOG) using semi-continuously under 

mesophilic conditions. The results showed that daily methane yield at the steady state was 

598 L/kg VSadded when TWAS and FOG (64% of total VS) were co-digested, which was 

137% higher than the vlue obtained from anaerobic digestion of TWAS alone.  The biogas 

composition was stabilized at a CH4 and CO2 content of 66.8% and 29.5%, respectively. With 

a higher addition of FOG (74% of total VS), the digester initially failed but was slowly self-

recovered; however, the methane yield was only about 50% of a healthy reactor with the 

same organic loading rate. 

2.7.7.2 Anaerobic co-digestion of food wastes 
 

 

Food waste Food waste (FW) is mainly produced by hotels, restaurants, families, can teens 

and companies. With population and economic growth, this type of waste has rapidly 

increased and accounts for a large part of MSW and increasing environmental problem, 

particularly in tourist areas (Jutarat, and Raymond, 2015). Different researchers revealed that 

nearly one-third of global food production is lost or wasted, which amounts to about 1.3 

billion tons per year (Gustavsson et al., 2011). Without proper treatment, one ton of FW can 

result in the emission of 4.5 tons of CO2 in landfills (Kosseva, 2009). It is both ecologically 

and economically unsustainable to waste edible food rather than consume it because the 

environmental impacts of producing the raw materials and processing them into food are 

substantial.  
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Currently, especially in developing country like Ethiopia food waste goes to landfill causing 

serious environmental problems, such as increased leachate amount and treatment cost, and 

offensive odor emission, due to high moisture content and readily biodegradable nature. 

Compared with traditional approaches such as landfill disposal, incineration and aerobic 

composting for FW treatment and valorization, AD conversion of FW to biogas is an 

effective solution because the organic matter in FW is well suited for anaerobic microbial 

growth.  Anaerobic digestion is extensively acceptable as an efficient process to treat and 

utilize food waste because it has been proven to be a promising method for waste reduction 

and energy recycling (MacLellan et al., 2013).  
 

Food waste contains rich nutrients and is a superior substrate for AD.  However, as a single 

organic waste stream, food waste is rich in nitrogen sources such as protein, leading to low 

carbon–nitrogen ratio (C/N) (13.8–18.2) (Khalid et al., 2011). Generally, low C/N ratio is not 

proper for high efficient AD due to the inhibition from extra total ammonia nitrogen in the 

food waste (Chen et al., 2008).  On the other hand, AD of mono-substrate food waste could 

also suffer sensitive acidification and instability as organic loading rate (OLR) was increased 

over 4 kg-VS/(m3.day) or 35 g/VS/L ( Nagao et al., 2012). The high salt concentrations in 

food waste also inhibit AD due to the presence of cations such as sodium, potassium, 

calcium, and magnesium (Chen et al., 2008). To overcome these disadvantages, co-digestion 

of food waste with low nitrogen and lipid content waste is preferably used to decrease the 

concentration of nitrogen, thus reducing problems associated with the accumulation of 

intermediate volatile compounds and high NH3 concentrations (Castillo et al., 2006). 

Interestingly, it was observed by different researchers that co-digestion is promising approach 

to address the above problems. According to the study carried out by Qi et al (2014);  the 

existence of the a synchronism during the anaerobic co-digestion of two typical substrates of 

food waste and  corn stover were anaerobically digested with altering OLR. 
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The results indicated that the biodegradability of food waste and corn stover was calculated to 

be 81.5% and 55.1%, respectively, which main reason was causing the asynchronism in the 

co-digestion.  The asynchronism was minimized by NaOH-pretreatment for corn stover, 

which could improve the biodegradability by 36.6%. The co-digestion with pretreatment 

could increase the biomethane yield by 12.2%, 3.2% and 0.6% comparing with the co-

digestion without pretreatment at C/N ratios of 20, 25 and 30 at OL of 35 g/VS/L, 

respectively. The results indicated that the digestibility synchronism of food waste and corn 

stover was improved through enhancing the accessibility and digestibility of corn stover. The 

biomethane production could be increased by minimizing the asynchronism of two substrates 

in co-digestion. Liao et al (2014)) investigated the effect of raw leachate on anaerobic 

digestion of food waste.  A series of single-phase batch mesophilic (35 ± 10C) anaerobic 

digestions were performed at a food waste concentration of 41.8gVS/L.  The results showed 

that inhibition of biogas production VFA occurred without raw leachate addition.  
 

A certain amount of raw leachate in the reactors effectively relieved acidic inhibition caused 

by VFA accumulation, and the system maintained stable with methane yield of 369–466 

mL/g VS. Total ammonia nitrogen introduced into the digestion systems with initial 2000–

3000 mgNH4- N/L not only replenished nitrogen for bacterial growth, but also formed a 

buffer system with VFA to maintain a delicate biochemical balance between the acidogenic 

and methanogenic microorganisms. UV spectroscopy and fluorescence excitation emission 

matrix spectroscopy data showed that food waste was completely degraded. We concluded 

that using raw leachate for supplement water addition and pH modifier on anaerobic 

digestion of food waste was effective. An appropriate fraction of leachate could stimulate 

methanogenic activity and enhance biogas production. Yong et al (2015) examined the 

biochemical methane potentials (BMP) of typical food waste (FW) and straw from northern 

China were individually measured in a 1L enclosed reactor at 35 0C, and were 0.26 and 0.16 
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m3/ kgVS (volatile solids), respectively. Lab-scale mixtures of different FW and straw 

composition were conducted with a total organic load of 5 g VS/L.  The optimum mixing 

ratio of FW to straw appears to be close to 5:1, and the methane production yield (MPY) 

reached 0.392 m3/kgVS, i.e., increased by 39.5% and 149.7% compared with individual 

digestion results, respectively. Moreover, the gas production (GP) and methane content was 

reaching 0.58 m3/kg-VS and 67.62%, respectively. Jia et al.(2011) investigated the 

biochemical methane potentials for typical fruit and vegetable waste (FVW) and food waste 

(FW) from a northern China city. Individual anaerobic digestion testes of FVW and FW were 

conducted at the organic loading rate (OLR) of 3 kg VS/m3·day using a lab-scale continuous 

stirred-tank reactor at 35°C. FVW could be digested stably with the biogas production rate of 

2.17 m3/m3·day and methane production yield of 0.42 m3 CH4/kg VS. However, anaerobic 

digestion process for FW was failed due to acids accumulation.  
 

The effects of FVW: FW ratio on co-digestion stability and performance were further 

investigated at the same OLR.  At FVW and FW mixing ratios of 2:1 and 1:1, the 

performance and operation of the digester were maintained stable, with no accumulation of 

VFA and ammonia. Changing the feed to a higher FW content in a ratio of FVW to FW 1:2, 

resulted in an increase in VFAs concentration to 1100–1200 mg/L, and the methanogenesis 

was slightly inhibited. At the optimum mixture ratio 1:1 for co-digestion of FVW with FW, 

the methane production yield was 0.49 m3 CH4/kg VS, and the volatile solids and soluble 

chemical oxygen demand (sCOD) removal efficiencies were 74.9% and 96.1%, respectively. 
 

 

Muzammil et al.(2016) was examined the possibility of enhancing biodegradation and biogas 

production from the anaerobic co-digestion of catering waste and cellulosic crop residues. 

Post-harvest crop residues (wheat straw and sugar cane bagasse) that are rich in 

lignocellulose were partially degraded using a combined microwave (800J/g/min) and steam 

(1210C, 40min) pretreament.  
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These pretreated wastes were co-digested with catering waste at different feeding rates (20-

50% based on total solid, w/w) in batch conditions. High organic-matter removal efficiency 

was obtained from the feed composition of 20% pretreated wheat crop residues. Similarly, 

high levels of SCOD were observed (up to 85% conversion of insoluble COD) in the reactor 

containing the catering waste and pretreated crop residues. The accumulative biogas 

produced in both treatments was more than double the biogas observed in catering waste 

alone.  The increased biogas production was due to the presence of more biodegradable 

carbon in the form of soluble chemical-oxygen demand. The results suggest that the use of a 

low-cost method for the partial pretreatment of lignocellulosic crop residues could increase 

rate of co-digestion and biogas production.  
 

Vahid and Ian (2014) investigated Linkage between reactor performance and microbial 

community dynamics during mesophilic anaerobic co-digestion of restaurant grease waste 

(GTW) with municipal wastewater sludge (MWS) using 10 L completely mixed reactors and 

a 20 day SRT. Addition of GTW to the test reactors enhanced the biogas production and 

methane yield by up to 65% and 120%, respectively. Pyrosequencing revealed that 

Methanosaeta and Methanomicrobium were the dominant acetoclastic and hydrogenotrophic 

methanogen genera, respectively, during stable reactor operation. The number of 

Methanosarcina and Methanomicrobium sequences increased and that of Methanosaeta 

declined when the proportion of GTW in the feed was increased to cause an overload 

condition.  Under this overload condition, the pH, alkalinity and methane production 

decreased and VFA concentrations increased dramatically. Candidatus cloacamonas, 

affiliated within phylum Spirochaetes, were the dominant bacterial genus at all reactor 

loadings. Ioannis et al (2015) assessed the potential of pasteurized food wastes in mixtures 

with cattle manure as feedstock for anaerobic digesters in batch and high volume laboratory 

digesters under thermophilic conditions.  
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While food wastes is an attractive substrate for anaerobic digestion plants, their 

characteristics, especially the high nitrogen content, renders their treatment problematic. 

During this study, for the different mixtures of cattle manure and food wastes, methane yields 

of 281-385 m3CH4/tonVS added have been achieved in organic loading rates of up to 6.85 

kgVS/m3day with the TS levels of the influent reaching as high as 15.7%.  However, as the 

OLR and TS levels of the influent stream increase, the specific methane production is 

adversely affected.  Addition of 25% (w/w) food wastes to thermophilic digesters treating 

cattle manures can be considered safe and results in an improvement of the specific methane 

production by 86%, the volumetric methane production by 430% and the VS reduction by 

35.2% compared to cattle manure mono digestion. 
 

Studies showed that food waste co-digested with mixture of manure resulted in increased 

biogas production rate and biogas yield compared to digesting manure or food waste alone 

(Li et al., 2010). Wan reported that using Chinese silver grass (CSG) as a co-substrate in food 

waste anaerobic digestion system is a potential simple method to convert CSG into renewable 

energy and to simultaneously improve food waste treatment (Wan et al., 2013).  Shahriari et 

al. (2012) studied the effect of using untreated leachate for supplement water addition and 

liquid recirculation on anaerobic digestion of food waste. An appropriate fraction of recycled 

leachate and fresh water could stimulate methanogenic activity and enhance biogas 

production.  Landfill leachate has often been used as the co-digestion substrate for sewage 

sludge, septage, or domestic wastewater treatment (Kawai et al., 2012). However, when 

amount of leachate exceeds some extent, high-strength ammonia nitrogen might inhibit 

methanogenic activities. Batch co-digestion of pulp and paper sludge and food waste was 

conducted at different waste mixture ratios. The authors reported higher methane yield and 

organics removal efficiency and more buffering capacity for the co-digestion scenario 

compared to the single-substrate digestion (Lin et al., 2012). 
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Another study reported 10% increase in volatile suspended solids degradation efficiency 

when house holds organic waste was co-digested with municipal sludge (Zupancic et al., 

2008).  Furthermore; biogas production enhancement was observed by adding silage as co-

substrate to the anaerobic reactors digesting Kimchi factory waste (Kafle et al., 2012). The 

hydrolysis specific rate constant was increased from 0.78 per day and 0.65 per day during 

separate starch and bovine serum albumin (BSA) digestions, respectively, to 1.06 per day 

when 80% starch was co-digested with 20% BSA (Elbeshbishy and Nakhla, 2012).  
 

2.7.7.3 Livestock manure 
 

Today, in most countries, intensive livestock farming is continuously developing. The 

abundance of livestock manure exceeds its demand as fertilizer and results in adverse impacts 

on both the environment and humans. Ethiopia is one of the countries having large population 

of dairy and beef cattle, generating large amounts of surplus manure that can be used in 

biogas plants to produce renewable energy. However the country is not benefiting from the 

livestock manure for renewable energy sources even if few biogas plants are disseminated at 

rural areas. The high water content, together with the high content in fibers, are the major 

reasons for the low methane yields when cattle manure is anaerobically digested, typically 

ranging between 10 and 20m3CH4 per tone of manure (Angelidaki and Ellegaard, 2003).  

 

Furthermore studies also revealed that, the usage of mineral elements and antibiotics in feed 

for animal growth and therapeutic purposes lead to antibiotic and heavy metal residues in 

manure (Ji et al., 2012), and the inhibited influence of which to biogas process has been 

reported in several studies (Guo et al., 2012). Different research works revealed that using 

co-substrates in anaerobic digestion system improves the biogas yields due to the positive 

synergisms established in the digestion medium and the supply of missing nutrients by the 

co-substrates. Some of them are reviewed as follows. Teame Gebrekidan  et al.(2014) assesed 

the biogas production potential of  cactus fruit peel co digested with cow dung.  
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The substrate  in  a  mix  ratio  of  75%  cow  dung  and  25%  fruit  peel  yielded  the  highest 

gas production than the cow dung alone. According to the study conducted by Feng et al 

(2008), co-digestion of swine wastes and garbage was a promising method for the recovery of 

bio-energy. From the studies conducted in a pilot plant operated in two-phase anaerobic 

digestion system, the methane yield obtained was 865–930 L / kg VS added at an OLR of 

5.0–5.3 kg-VS/ m3/ day and a HRT of 9 days. Sebastian et al.(2014) investigated anaerobic 

co-digestion of municipal sewage sludge (SS) with swine manure (SM) and poultry manure 

(PM) was undertaken. It was found that a mixture of sewage sludge with a 30% addition of 

swine manure gave around 400 dm3/kgVS of biogas, whereas the maximal biogas yield from 

ternary mixture (SS:SM:PM = 70:20:10 by weight) was only 336 dm3/kgVS. An inhibition of 

methanogenesis by free ammonia was observed in poultry manure experiments. Effect of 

feedstock composition and organic loading rate during the mesophilic co-digestion of olive 

mill wastewater and swine manure were investigated by Kougias et al.(2014). 
 

Batch and continuous mode experiments were performed in order to define the most efficient 

mixing ratio and to determine the performance of the reactors under different organic loading 

rates (OLR). In batch experiment, the most efficient mixing ratio consisted of 40% OMW and 

60% SM, since it presented the highest methane production equal to 277mL CH4/gCOD, 

which corresponded to 79% of the theoretical yield. The stepwise increase of the OLR did not 

affect negatively bio methanation, although the concentration of the inhibitory compounds of 

the OMW was higher. Under OLR of 4.4gVS/L.day the methane yield of the reactors fed 

with 40% OMW reached 373mLCH4/gVS. Abouelenien et al.(2014) investigated the 

enhancement of methane production from co-digestion of chicken manure with agricultural 

wastes. The result revealed that methane production in  during co-digestion of the two wastes 

increased by 93% and 50% compared to control (chicken manure) with maximum methane 

production of 502 and 506 mL g1 VS obtained at 550C and 35 0C, respectively.  
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The other study conducted by Li et al.(2014) on Anaerobic co-digestion of chicken manure 

and corn stover in batch and continuously stirred tank reactor (CSTR) showed that co-

digestion of CM and CS could be performed in CSTR at OLR of 4 gVS/L/day with biogas 

and methane yields and VS reduction of 445±11mL/gVSadded, 223±7mL/gVSadded, and 55 

± 4%, respectively. 
 

Kaoutar et al.(2016) studied the effect of mesophilic anaerobic co-digestion of dried pellets 

of exhausted sugar beet cossettes (ESBC-DP) and cow manure (CM) on the enhancement of 

methane generation and process stability were studied with the aim to select the best substrate 

mixture ratio. A series of batch experiments was conducted using the following five mixture 

ratios of ESBC-DP:CM: 0:100; 25:75; 50:50; 75:25 and 100:0. Best results were obtained 

from mixture ratios with ESBC-DP proportions in the range of 25-50%. Mixture ratio of 

50:50 showed a specific methane production (SMP) increase of 81.4% and 25.5%, 

respectively, in comparison with mono-digestion of ESBC-DP and CM.  Another important 

issue that supports the feasibility and the improvement due to the ESBC-DP co-digestion 

with CM is related to the required time for process start-up.  From the results of the SMP it 

was concluded that the lag-phase period for methane production could be reduced 

significantly when the ESBC-DP was co digested with CM. Besides, the lag-phase period 

was lower for the greater proportion of CM in the mixture. The minimum lag-phase period of 

6 days was observed for the mixture 25:75, instead of 37 days for the digestion of ESBC-DP 

individually or 9 days for the CM mono-digestion. Astals et al.(2012) examined anaerobic 

co-digestion of pig manure and crude glycerol at mesophilic conditions for enhanced biogas 

production. The research showed that an increase of about 400% in biogas production was 

obtained when pig manure was co-digested with 4% of glycerol, on a wet-basis, compared to 

mono-digestion. The increase in biogas production was mainly a consequence of the increase 

in organic loading rate resulted from the high concentration of carbon in glycerol. 
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Zhu et al. (2011) used different food wastes (expired creamer; expired beer; slaughterhouse 

waste (SW); and fat, oil, and grease (FOG), and co digested with dairy manure to determine 

the methane potential. According to the result, co-digestion substantially increased the 

methane yields by 2.0 to 4.6 times over the dairy manure alone. Tamrat Aragaw et al.(2013) 

carried out the research on co-digestion of cow dung with kitchen waste for enhanced biogas 

production and the result showed that Co-digestion substantially increased the biogas yields 

by 24 to 47% over the control. The highest methane yield of 14,653.5ml/gVS was obtained 

with 75% organic kitchen waste (OKW) and 25% cattle manure (CM) additions. In contrast, 

it also revealed that addition of 75% cattle manure caused inhibition of the anaerobic 

digestion process, and its cumulative methane yield was 23% lower than that with 25% cattle 

manure addition.  Cavinato et al (2010) carried out a pilot and full scale anaerobic co-

digestion studies using cattle manure with agro-wastes and energy crops under thermophilic 

temperature of 55ºC instead of a ‗reduced‘ thermophilic temperature of 47ºC which improved 

the biogas generation from 0.45 to 0.62m3/kg VS. In general anaerobic co-digestion, where 

two or more types of waste are treated in the same digester, has aroused renewed interest due 

to its inherent advantages. Common benefits of co-digestion include easier handling of mixed 

waste, adjustment of the carbon-to-nitrogen (C:N) ratio, dilution of potential toxic 

compounds, improved balance of nutrients, increased loads of biodegradable organic matter, 

equipment sharing and establishment of the required moisture content which leads to enhance 

economic, environmental  and social benefits AD technology. Somayaji and Khanna (1994) 

conducted research on co-digesting cow manure with varying proportions of wheat straw and 

obtained the highest specific methane yields with 40% of wheat straw of total solids in the 

feedstock. Lehtomaki et al. (2007) conducted a lab study investigating co-digestion of energy 

crops and crop residues with cow manure for methane production and reported that adding 

30% of oat straw to the digester resulted in a 16% increase in volumetric methane production. 
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CHAPTER THREE 
3. METHODS AND MATERIALS 

3.1 Experimental Set up 

3.1.1 Bench scale AD set up 
 

Laboratory scale semi-continuous anaerobic sequencing batch reactor (ASBR) was 

established at research laboratory of Center for Environmental Science, Addis Ababa 

University. The established ASBR system had two stage anaerobic digesters one used for 

acidogenesis and the other methanogensis with the working volume of 0.4L and 0.6L 

respectively and sealed with rubber stoppers. The experimental setup for of the reactors is 

detailed shown below in Fig.17. As shown in Fig.17, every reactor had appropriate port at its 

upper part which were used for feeding, sampling and withdraw effluent for every second day 

of the feeding. In addition to this ports in the rubber stoppers with hose connected to plastic 

bags were used to collect biogas from methanogenic reactors daily. The three separated 

peristaltic pumps shown in Fig.17 were used to feed, decant or withdraw the feedstock from 

acidogenic and methanogenic reactors. The temperature of both acidogenic and 

methanogenic reactors was kept at 38+20C (mesophilic range) using thermostat water bath.  

 

Before starting the experiment, all the reactors were sparged using nitrogen gas so as to 

maintain anaerobic conditions. No external chemicals were used to monitor the pH changes 

in the reactor during methanogenesis. Both acidogenic and methanogenic reactors in two 

stage ASBR were operated at semi continuous mode for 144 and 120 days during anaerobic 

co-digestion of TWW with TSW and DWW respectively with 24h cycle mode.  From the 

total cycle time; 25min was given for filling the feed stock to each reactor, 10min for mixing, 

21h for reaction and 2h for settling. The decanting was performed using pump driver 

PD5206rpm for 25min same as filling phase. 
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Fig. 17 Schematic diagram of the semi-continous two phase ASBR used in the experiment 
 

3.1.2 Start up and Operating Procedures  

 
This lab scale research work was conducted to find out best operating conditions for 

enhanced process stability and performances of both acidogenic as well as methanogenic 

reactors during anaerobic co-digestion of tannery wastewater (TWW) with dairy waste water 

(DWW) and tannery solid waste (TSW)  using semi continuous  two–stage ASBR system. 

The operating conditions for experiments to optimize operational parameter such as feedstock 

mixing ratios, OLR and HRT at both acidogenic and methanogenic phases are shown in 

Table 3 and Table 4. A two-stage anaerobic digestion process was carried out in two different 

reactors at mesophilic temperature (35 ± 2 ºC). Both hydrolytic-acidogenic and methanogenic 

reactors were inoculated with the same inoculum, which was an equal (1:1) mixtures fresh 

manure collected from commercial dairy farm and effulents obtained from pilot scale modjo 

tannery waste water treatment plant developed by bio-innovative program of east Africa in 

partnership with Addis Ababa University, Ethiopia.  
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Before starting the experiments, the inoculum added into the hydrolytic-acidogenic and 

methanogenic reactors had became acclimatized to the respective substrates mixing ratios of 

TWW and DWW (100:0, 75:25, 50:50 and 25:75) and acidified effluents of each mixing 

ratios with three different dilutions (20%, 40% and 80%). Acclimitization carried out for one 

month. After the inoculum became acclimatized to the subsequent dilutions of the ratios, the 

experiment was started with 100% of each mixing ratios TWW and DWW. During this 

period hydrolytic-acidogenic reactors were fed with low OLRs (0.894, 1.21, 1.60 and 1.94 

gCOD/L.day) of the four mixing ratios of TWW and DWW (100:0, 75:25, 50:50 and 25:75) 

respectively.  A 80 ml/day of influent corresponding to OLRs  of 0.894, 1.21, 1.60 and 1.94 

gCOD/L.day  was fed after decanting a similar volume of effluent once every day. This 

feeding schedule translated into a HRT of 5 days. The organic loading rates were then 

concomitantly increased to 4.47, 6.02, 8.0 and 9.68 gCOD/L.day in each hydrolytic-

acidogenic reactor feed with  four mixing ratios of TWW and DWW(100:0, 75:25, 50:50 and 

25:75) respectively which corresponded with HRT of  1 day and flow rate of 400ml/day(see 

Table 3). The increased OLRs in hydrolytic-acidogenic reactors containing four mixing 

proportions of the two waste stream enabled to determine the OLRs of 1.50, 2.01, 2.67 and 

3.23 gCOD/L.day (HRT = 3 day) as an optimum OLR to lead the highest total volatile fatty 

acid (TVFA) concentration (Rincón et al., 2008). The effluents obtained at these OLRs from 

the reactors fed with four mixing ratios of TWW and DWW was used to feed the subsequent 

methanogenic reactors. During second phase anaerobic digestion; an adaptation of the 

inoculum to the acidified effluents coming from the hydrolytic-acidogenic reactors at 

optimum operational parameters feed subsequent methanogenic reactors was carried out with 

three different dilutions (20%, 40% and 80%) of the acidified effluents.  After the inoculum 

became acclimatized to the subsequent dilutions of the ratios, the experiment in 

methanogenic step was started with 100% of each mixing ratios of the acidified effluents.  
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As the result methanogenic reactors fed with subsequent mixing ratios of the acidified 

effluents were operated at HRT of 20, 15, 10 days and equivalent OLR. Then  OLRs in 

methanogenic reactors of 100:0, 75:25, 50:50 and 25:75  concomitantly increased and were 

peaked up to   0.429, 0.498, 0.524 and 0.755gCOD/L.day (HRT = 10 day) with equivalent 

flow rate of 30ml/day respectively(see Table 3). When methanogenic reactors achieved 

steady state; samples were collected for seven consecutive days to ensure the 

representativeness of the data obtained for chemical analysis. In this study, steady-state 

conditions were achieved for each run when the deviations between the observed values for 

consecutive measurements of some specific parameters (e.g. methane production, biogas 

production, effluent CODs, etc.) were less than 10%.  

Table 3 Operating conditions and parameters during anaerobic co-digestion of TWW and 
DWW using semi continuous two stage ASBR 
  Operating parameters and conditions 

of acidogenic reactors 
Operating parameters and conditions        
of  methanogenic reactors 

Feedstoc
k 
 

Composition  HRT 
(days) 

OLR(gCO
D/L.day) 

Flow rate 
(ml/day) 

HRT(d)  OLR(gCOD 
/L.day) 

Flow rate 
(ml/day) 

Ta
nn

er
y 

W
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te
 W

at
er

 (T
W

W
) 

an
d 

D
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ry
 W
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te

 W
at

er
 (D

W
W

) 

100%TWW 
 
  

5 0.894 80 20 0.215 60 
3 1.50 133 15 0.286 40 
1 4.47 400 10 0.429 30 

75/25% 
TWW+DWW 

5 1.21 80 20 0.249 60 
3 2.01 133 15 0.332 40 
1 6.02 400 10 0.498 30 

50/50% 
TWW+DWW 

5 1.60 80 20 0.262 60 
3 2.67 133 15 0.349 40 
1 8.0 400 10 0.524 30 

25/75% 
TWW+DWW 

5 1.94 80 20 0.378 60 
3 3.23 133 15 0.503 40 
1 9.68 400 10 0.755 30 

 

 

In order to optimize the working conditions hydrolytic-acidogenic step of the two stage 

anaerobic anaerobic sequencing batch reactor (ASBR) system during anaerobic co-digestion 

of tannery wastewater (TWW) with tannery solid waste (TSW) under mesophilic temperature 

(38+20C), the reactors were fed with substrate mixing ratios of 100:0, 75:25, 50:50 and 25:75 

operating at HRT of 5, 3, 1days and equivalent OLR respectively (Table 4).  
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 During the second phase experimental study, effluents resulted from previously optimized 

acidogenic reactors were used to feed subsequent methanogenic reactors and these 

methanogenic reactors were operated with different OLRs: 0.447, 0.298 and 0.224 

(100%TWW); 0.527, 0.351 and 0.263 (75:25); 0.599, 0.399 and 0.30 (50:50); 0.673, 0.449 

and 0.337 (25:75) gCOD/L.day and with equivalent HRT of 25, 20, 10 day respectively for 

each OLR of the four mixing ratios of TWW and TSW (Table 3). Throughout the 

experimental study the OLR in all reactors were concomitantly increased decreasing HRT in 

order to allow microorganisms to adapt the new environment. The detailed experimental 

procedure given above for co-digestion of TWW and DWW was also applied during co-

digestion of TWW with TSW. 
 

Table 4 Operating conditions and parameters during anaerobic co-digestion of TWW and 
TSW using semi continuous two stage ASBR 

 Operating parameters and conditions 
of acidogenic reactors 

Operating parameters and conditions        
of  methanogenic reactors 

Feedstock 
 

 
Composition 

HRT 
(days) 

OLR(gCOD/
L.day) 

Flow rate 
(ml/day) 

HRT 
(days) 

OLR(gCOD 
/L.day) 

Flow rate 
(ml/day) 

Ta
nn
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y 

W
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te
 W
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W

W
) a

nd
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y 

So
lid
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 (T

SW
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100%TWW 5 4.47 80 20 0.224 60 
3 1.50 133 15 0.298 40 
1 0.894 400 10 0.477 30 

75/25% 
TWW+TSW 

5 1.05 80 20 0.263 60 
3 1.75 133 15 0.351 40 
1 5.27 400 10 0.527 30 

50/50% 
TWW+TSW 

5 1.20 80 20 0.299 60 
3 1.99 133 15 0.399 40 
1 5.99 400 10 0.599 30 

25/75% 
TWW+TSW 

5 1.35 80 20 0.337 60 
3 2.24 133 15 0.449 40 
1 6.73 400 10 0.673 30 

3.1.3 Inoculums  
 
For start-up of the digesters as well as its steady state condition; at the beginning all reactors 

were fed with 1:1 of fresh cow manure and anaerobic suldge from anaerobic digester treating 

tannery waste water.  Cow manure was collected from commercial dairy farm and the 

effluent was taken from pilot scale Modjo tannery waste water treatment plant developed by 

Bio-innovative program of East Africa in partnership with Addis Ababa University.  
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After cessation of gas production, the digested residue was used as inoculums for the study to 

initiate digestion of the substrates for biogas production 

3.2 Samples and Sampling Site  

3.2.1 Samples  
 

3.2.1.1 Tannery waste water (TWW) 
 
Tannery waste water is the effluent resulted from the processes of converting skin and hide in 

to leather. In this research work tannery wastewater as basic substrate for co-digestion 

process were taken from Modjo tanning industry, which is located 80 km South of Addis 

Ababa. Modjo tannery is a medium sized leather industry in Ethiopia with annual processing 

capacity of 844,000 sheepskins and 1,656,000 goat skins (EPA, 2003). The plant is installed 

near the Modjo River and discharges volumetric effluents which varies between 450 cubic 

meters per day directly into the river course (Seyoum Leta, 2004).  

 
                    Fig. 18 During tannery waste water sample collection (Modjo) 

The composite sample were collected in acidfied 2 L polyethylene plastic bottle  from the 

general waste water line which carry effluent to the pilot scale agro-industrial waste water 

treatment plant developed by Bio-innovative program of East Africa in partnership with 

Addis Ababa University. Then the samples were taken to Addis Ababa University Center for 

Environmental Science laboratory and stored at 4°C before analysis and other experimental 

works. 
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3.3.1.2 Tannery solid wastes (TSW) 
 
Limed and sulfide fleshing solid wastes are formed in plenty in tannery which results in 

environmental hazard because of their high putrid and biodegradable nature. Pre-tanning 

processes (during flashing, unhairing, and splitting) are those in which most of the solid 

waste is produced. The viable substrate for biogas production produced in tannery industry is 

flesh waste which is composed mostly of lipids and fats. They originate from the process of 

animal skin preparation for the tanning process. Since solid waste obtained after pre tanning 

process is rich in chrome which makes difficult to degrade and causes inhibitory effect on 

microorganism in the anaerobic digester the present research only took solid waste from pre 

tanning. Tannery solid waste samples collected from pre tanning processes of Modjo tannery 

industry  in poletylene basket  were dried, ground to particle size <0.5mm and stored in 

dissector  prior to use.  

 
Fig.19 Tannery solid waste sample (modjo) 

3.2.1. 3 Dairy waste water (DWW) 
 

Dairy factories in Ethiopia are increasing in number and among these: Ada, Mama, Lame, 

Family are some of the known dairy factories in Ethiopia. Nowadays, in Ethiopia, the 

production of milk has been transformed from local scale to industrial scale, discharging huge 

amount of wastewater to the surrounding environment without any treatment causing serious 

health problems to animals and human beings.  Since dairy waste streams contain high 

concentrations of organic matter, these effluents may cause serious problems, in terms of 

organic load on the local municipal sewage treatment systems (Perle et al., 1995).  
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Most of the wastewater volume generated in the dairy industry results from cleaning of 

transport lines and equipment between production cycles, cleaning of tank trucks, washing of 

milk silos and equipment malfunctions or operational errors (Baskaran,  et al., 2003).  As the 

result composite waste water samples used in this study were collected from the above 

effluent sources of Lame dairy factory. Then the samples were taken to Addis Ababa 

University Center for Environmental Science laboratory and stored at 4°C prior to use for 

experimental works. 

 
Fig. Dairy waste water sample (Lame milk processing factory, Addis Ababa) 

3.2.2 Sampling site 
 

3.2.2.1 Description of tannery waste sampling site 
 

 

Modjo is a town in the central rift valley of Ethiopia, named after the nearby Modjo River. It 

is located in East Shewa Zone of the Oromia Regional State, this town has a latitude and of 

longitude of 8°39′N 39°5′E / 8.65°N 39.083°E / 8.65; 39.083 with climatic condition of 

tropical rainfall. Modjo tannery is a medium sized leather industry in Ethiopia with annual 

processing capacity of 844,000 sheepskins and 1,656,000 goat skins. The plant is installed 

near the Modjo river and discharges 450 cubic meters of waste water per day directly into the 

river course (Seyoum Leta, 2004). Leather industry waste streams utilized in this research 

work were tannery waste water and tannery solid wastes collected from Modjo Tannery 

Industry. 
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Fig. 20 Map Modjo Tannery at Modjo district 
 

3.2.2.1 Description of dairy waste sampling site 
 

 

Lame dairy PLC one of agroprocessing industry in Ethiopia and processing raw milk into 

products such as yogurt, cream, cheese and various types of desserts by means of different 

processes. The industry has daily milk processing capacity of 60,000 liter discharging 150m3 

waste water without any treatment to nearby municipal sewerage.  Composite sample of dairy 

waste water for the present research work was collected from lame dairy PLC. 

 
Fig. 21 Map of Lame Dairy PLC at Addis Ababa 
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3.3 Laboratory Analysis 

 

Physical and chemical characteristic of each substrate, different mixture ratios of the 

substrates, influents and effluents from the reactors were evaluated in terms of the following 

parameters. Total and soluble chemical oxygen demand (TCOD, SCOD), total and volatile 

suspended solids (TS, VS), pH, total kjeldahl nitrogen (TKN), total ammonia nitrogen (TAN) 

were analyzed using the standard method (APHA, 2012). Protein content was estimated by 

multiplying the organic nitrogen value (TKN subtracted by total ammonia nitrogen) by 6.25 

(Ahn et al., 2006).  Samples for soluble chemical oxygen demand (SCOD) and total volatile 

fatty acid (TVFA) were filtered through glass fiber filter paper (0.45 µm whatman GF/C).  

Total alkalinity and total volatile acid (TVFA) were determined by titration method as 

described at standard method (APHA, 2012). Fat in the samples were analysed by soxhlet 

extraction method (APHA, 2012). 
 

 The elemental composition of tannery solid waste sample in terms of carbon, nitrogen, sulfur 

and hydrogen were analyzed by Elemental analyzer (EA1112 flash CHNS analyzer) and its 

C/N was calculated mathematically dividing the value of total carbon to total nitrogen. Some 

selected heavy and light metals Cr, Na, K, Ca and Mg in the feedstock were determined after 

nitric acid/hydrogen peroxide microwave digestion by atomic absorption spectrometer 

(nonAA, 400P). 
 

 Reactors‘ process performance were evaluated in terms of biogas volume, biogas 

composition, methane yield and TCOD removal efficiency and process stability throughout 

the experimental study were determined in terms of total alkalinity, total volatile fatty acid 

(TVFA) and pH.  The volume of biogas produced was measured daily by air tight syringe and 

its composition was analyzed gas analyzer (Geotechnical instruments UK Ltd). 
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3.4 Operational Parameters Calculations  
 

3.4.1 Organic loading rate (OLR) 
 

 

It is the amount of organic matter enters into the anaerobic reactor in a specified time period 

and described in Kg COD/m3 reactor per day. In this study the OLR was calculated according 

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

                                                  
   

        
                                                                                         

 
 
 

 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. 

3.4.2 Hydraulic retention time (HRT) 
 

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

associated 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). 

                                                                            
 

 
                                                                            

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

 

3.5 Process Stability Parameters Calculations  
 

In the first part of this study, optimal working conditions for the hydrolytic–acidogenic stage 

of the two phase AD system were determined by comparing process performance of the 

reactors feed with four different mixing ratios of TWW and TSW (100:0, 75:25, 50:50, 

25:75) operatd at HRTs of 5, 3 and 1 days and equivalent OLR. The performance of 

acidogenic reactors during anaerobic co-digestion of TWW with TSW and DWW were 

evaluated in terms of degree of hydrolysis and acidification. 
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 3.5.1 Degree of hydrolysis  
 

 

The degree of hydrolysis defines the degree of solubilisation of organic matter. It is 

calculated according (Demirel, 2004). 
 

      
                                                 

  

  
                                                                                                                                

 

 

SS is the effluent sCOD measured and Si represents the initial total COD (tCODi) 
 

3.5.2 Degree of acidification 
 

Degree of acidification is a way to measure the degree of success of acid fermentation, 

representing the amount of solubilized matter converted to VFAs and was calculated as 

shown below for each of acidogenic reactors in order to express the acidification efficiency 

(Amulya et al., 2014). 

                                          
  

  
                                                                     (17) 

 
Where; Si: Initial soluble COD (SCOD), Sf: Produced net VFAs (final - initial), expressed as 

theoretical equivalents of COD concentrations as mg/L. The COD equivalents of each VFA: 

Acetic acid, 1.066; Propionic acid, 1.512; Butyric acid, 1.816; Valeric, 2.036; Caproic acid, 

2.204 (Yilmaz., 2007). 
 

3.6 Process Performance Parameters Calculations  
 

3.6.1 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/gCOD removed (Angelidakia et 

al., 2008). 
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Where SMY is specific methane yield (ml/gCOD), 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.          
 

3.6.2 Percent removal Efficiency (%) 
 

The percent removal efficiency (%) for each parameter such COD, SCOD, TCOD etc in this 

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

                           
                      

   
                                                                                     

 

Where Cin the inlet concentration of influent and Cout is the outlet concentration of effluent 

(mg/L) 
 

3.7 Statistical Analysis 
 

In this research work; all sample analyses were carried out at least in triplicates to ensure 

reproducibility and all the experimental data were statistically evaluated using Origin 6.0 

oftware in order to design graphs, perform the statistical analysis. 
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CHAPTER FOUR 

4. RESULTS AND DISCUSSION 
 

4.1 Anaerobic Co-digestion of Tannery and Dairy Waste Water 

4.1.1 Substrate characterization before mixing 
 

 

The composition and the nutrient content of the feed stocks used in the study are given in 

Table 5. Raw dairy waste water had higher organic content (10,056+54.89mgCOD/L) which 

were nearly two folds higher than tannery waste water (4473+30.8mgCOD/L).  The lactose 

and fat contents can be considered as the main responsible for higher COD value in dairy 

waste water (Janczukowicz et al., 2008). Similar COD values: 10251.2, 10450 and 9200 

mgCOD/L in dairy industry waste water were reported by Onet (2010), Ali et al.(2007) and 

Demirel (2003) respectively. Furthermore Solomon and Tasissa (2013) characterized dairy 

waste water and reported lower COD value (2520.8±189mgCOD/L) as compared to the 

present result. This variation in characteristics of dairy waste water is likely due to different 

volume of milk processed and seasonal virations (Vidal et al., 2000). Andualem et al.(2016) 

had reported comparable COD value (4546.5±667.5mgCOD/L) in tannery waste water. 

 

Similarly the result of substrate characterization  as shown in Table 5 indicates  that the 

tannery waste water contained 2481.7+0.22mg/L TS, 1120.3+0.31mg/LVS which were lower 

than  dairy waste water;  3840.5+0.45mg/L TS, 1819.6+0.60mg/LVS.  The volatile solids to 

total solids ratio (VS/TS) in the dairy waste water was higher (47%) than tannery waste water 

and this may be due to the high biodegradability of the dairy wastewater. Tannery waste 

water had higher pH (8.35+0.34) than dairy waste water (6.3+0.52). The higher pH 

(8.35+0.34) value in tannery waste water was due to addition of lime during liming process in 

order to swell the skins or hides to remove hair with root. Higher pH values (8.38±0.27, 

10.08±0.08) of tannery waste water were reported by Andualem et al.(2016) and Seyoum 

(2004) respectively.  
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The result in Table 5 also shows that tannery waste water can contribute to the buffering 

capacity due to its high alkalinity (380+0.17mg/L).  As shown from Table 5, dairy waste 

water characterized by low alkalinity (40+0.70mg/L). The low buffering capacity and rapid 

acidification leading to decrease in pH, increase volatile fatty acids (VFA) accumulation and 

subsequent reactor failure may be the challenges during anaerobic digestion of dairy waste 

water alone. 
 

The C/N ratio of dairy waste water was 39.83+ 0.73 which was higher than that of the 

tannery waste water 4.9+0.73. Higher C/N ratio (36.2) of dairy waste water was stated by 

Toumi et al.(2015) which is similar to the present result. In addition the C/N ratio of 3.6 for 

tannery waste water was reported by Bonoli et al.(2014) which may be considered as deficit 

in terms of carbon component for anaerobic process. An optimum C/N ratio is needed for 

anaerobic digestion process because an appropriate nutrient balance is required by anaerobic 

bacteria for their growth as well as for maintaining a stable environment. Generally, the 

optimal C/N ratio in range of 20–30 has been reported to be the optimum condition for 

bacterial growth in anaerobic digestion systems (Puyuelo et al., 2011). As shown in Table 5, 

the C/N ratios of the wastes were out of optimal C/N ratio (20 to 30) required for bacterial 

growth in anaerobic digestion systems but increasing the inclusion level of dairy waster 

mixed with tannery waste water during anaerobic co-digestion process may have synergetic 

effect on biogas production due to better C/N ratio balance. The sulfate and sulfide 

concentration in the tannery wastewater were higher compared to their concentration in dairy 

waste water. This high level of sulfide and sulfate in tannery waste water might be due the 

use of chemicals and the breakdown of hair in the unhairing process. Andualem et al.(2016)  

and Seyoum (2004)  reported sulfate and sulfide concentrations  which are comparable  with 

this finding. 
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Table 5 Characteristics of wastes used for the investigation (before mixing the feedstock) 
Parameters Tannery Waste 

Water(TWW) 
Dairy Waste 
Water(DWW) 

 Inoculum 

pH 8.35+0.34 6.3+0.52 8.22+0.34 

Total Alkalinity(mg/L,CaCO3) 380+0.17 40+0.70 166+0.46 

Total Solid (mg/L) 2481.7+0.22 3840.5+0.45 2426+0.79 

Volatile Solid(mg/L) 1120.3+0.31 1819.6+0.60 733.4+0.45 

Total COD(mg/L) 4470+0.83 10,056+0.89 6119+0.20 

TKN(mg/L) 915+0.61 252.5+0.49 450+0.65 

Protein (mg/L) 3956+0.31 1318+0.84 375+0.21 

Fat(mg/g) 6.5+0.44 89.4+0.47       -  

Ammonia Nitrogen(mg /L) 282+0.39 41.7+0.35 390+0.16 

C/N(COD/TKN) 4.9+0.73 39.83+ 0.73 13.6+0.57 

Sulfide ,S-2 (mg/L) 196+0.29 65+0.56 2.1+0.37 

Sulfate, SO4-2 (mg/l) 450+0.57 250+0.448 18.0+0.26 

Chromium, Cr(mg/L) 0.26+0.20   Nd 0.08+0.03 

Sodium, Na(mg/L) 798.2+0.31 213+0.41 43.5+0.52 

Potassium, K(mg/l) 26.9+0.58 29+0.32 13.0+0.16 

Calcium , Ca(mg/l) 58.3+0.46 64.8+0.18 27.8+0.45 

Magnesium , Mg(mg/l) 13.4+0.13 5.4+ 0.26 2.2+0.33 
Note: Nd = not detected, all the results are average values (mean + SD, n=3). 
 

Metal elements such as  light metal ions (Na, K, Mg, Ca) and heavy metal ions (Cr, Co, Cu, 

Zn, Ni, etc.) are also required by anaerobic bacteria since  these cations play an important 

role in enzyme synthesis as well as maintaining enzyme activities of anaerobic 

microorganism (Zhang et al., 2011a). However, inhibition could be caused by both of light 

and heavy metal elements when their concentrations are exceed the permissible limit (Apples 

et al., 2011).  As the result; light metal ions (Na, K, Mg, Ca) and heavy metal ion (Cr) 

composition of the two substrate were analyzed and the results were depicted in Table 5. 

According to the results in Table 5, the light and heavy metal ion concentrations are below 

the inhibition level reported in different literature except the sodium concentration  in tannery 

waste water which exceeds the beneficial limit (Chen  et al., 2008,  Yu  et al., 2001,  Liu et al 

., 2011).   
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The high concentration of sodium in the tannery waste water was due to large amount sodium 

chloride used for skin preservation during pickling process. Therefore the two wastes are 

antagonistic in their characteristics but complementary for enhanced biogas production. 

Therefore dairy waste water can be used as competitive co substrate during anaerobic 

digestion of tannery waste water. 

4.1.2 Inoculum characterization  
 

The fresh cow manure collected from commercial dairy farm and sludge from full scale 

anaerobic digester treating tannery waste water at modjo mixed in equal proportion as 

inoculum for the semi- continuous laboratory-scale experiment was characterized and the 

results are shown in Table 5. As shown in Table 3; the inoculum had a pH of 8.22+0.34, total 

alkalinity of 166+0.46mg/lCaCO3. The content of total solids (TS) and volatile solids (VS) of 

the inoculum used in the study were: 2426+0.79 and 733.4+0.45 respectively. Results for 

other characteristics of the inoculum are given in Table 5. 
 

4.1.3 Substrate characterization after mixing 
 
 

The physico - chemical characteristics of four different mixing ratios of TWW: DWW 

(100:0, 75:25, 50:50, 25:75) are shown in Table 6. As shown from the result in Table 6, the 

pH values of the wastes mixed with different proportion were 8.35+0.34, 7.5+0.32, 7.2+0.62, 

7.1+0.16 and the three values are in favourable pH range (6.5 to 8.0) recommended by Liu et 

al.(2008) for the growth of methanogenic bacteria in anaerobic digestion system. 

Furthermore, the increasing concentration of TS, VS, and COD in a mixture as the mixed 

amount of dairy waste water increases might be due to the highest organic matter content of 

dairy waste water than tannery waste water.  The C/N of dairy waste water was 39.8, which 

was higher than that of the tannery waste water (4.9) and contributes to a better C/N ratio in 

the feed mixture as the DWW fraction increases. As the result combining TWW with DWW 

in different mixing proportion improved the C:N ratio to values between 13 and 34. 
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The C:N ratio for each mixing ratio of the two substrate were 4.9+0.73, 12.9+0.66,  

21.2+0.59,  34.3+0.54 respectively. Improved C/N ratio was reported by Rico et al.(2015) 

during anaerobic co-digestion dairy waste water with manure. Lee et al.(2016) conducted a 

study on continuous anaerobic co-digestion of Ulva biomass(C/N = 7) and cheese whey (C/N 

= 23.7) at varying substrate mixing ratio of 0:100, 75:25, 50:50, 75:25, 10:0 showed 

improvement in C/N ratios with increased proportion of cheese whey in the feed stock. The 

optimal C:N ratio for anaerobic digestion has been reported to be  in the range of 20-30 

(Puyuelo et al., 2011).   
 

As shown Table 6; the C/N of 100%TWW and 75:25 (TWW and DWW) was below the 

optimum value. This is due low organic content and highest nitrogen content of tannery waste 

water. As shown in Table 6 the C/N ratio of 50:50 (TWW and DWW) was in agreement with 

the optimum value reported in different literature. The C/N ratio of 25:75 (TWW and DWW) 

exceeds the recommended range required for the growth anaerobic bacteria. This indicates 

that dairy waste water had high organic content and low nitrogen content. According the data, 

it is clearly shown that even though 100%TWW is high in nitrogen and alkalinity, increasing 

the DWW mixing ratio had synergetic effect in balancing C/N ratio for enhanced biogas 

production and methane yield.  
 

During anaerobic co-digestion TWW together with DWW, the TWW increased nitrogen 

content while the DWW contributed high carbon in the substrate. Furthermore increasing 

mixing proportions of dairy waste water in the feedstock also contributed dilution of high 

concentration of sodium which exceeds the beneficial limit in 100% tannery. The small 

concentration of chromium in range of 0.06-0.26mg/l detected in tannery waste water sample 

(Table 6) is below the inhibition level since up to 20 mg/L of chromium was reported to have 

no adverse effect on biogas production of tannery wastewater (Shin et al., 1997). 
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Table 6 Characteristics of Agro -industrial wastes used for the investigation (after mixing the 
feedstock) 
Parameters Mixing proportions of TWW and DWW) 

100:0  75:25  50:50 25:75 

pH 8.35+0.34 7.5+0.32 7.2+0.62 6.55+0.16 

Total Alkalinity(mg/Ll,CaCO3) 380+0.17 240+0.60 170+0.41 105+0.28 

Total Solid (mg/L) 2481.7+0.22 2675.4+0.73 2975.6+0.54 3496+0.98 

Volatile Solid(mg/L) 1210+0.31 1275+0.37 1427+0.90 1686+0.86 

Total COD(mg/L) 4463+1.83 6014+1.6 7990+2.28 9670+1.45 

TKN(mg/L) 915+0.61 468+0.56 376.5+0.37 282+0.42 

Protein (mg/L) 3956+0.31 2069+0.13 1744+0.50 1449+0.22 

Fat(mg/g ) 6.5+0.44 24.6+0.39 43.1+0.73 62.4+0.42 

Ammonia Nitrogen(mg NH3-N/L) 282+0.39 136.9+0.50 97.5+0.66 50.4+0.23 

C/N(COD/TKN) 4.9+0.73 12.9+0.66  21.2+0.59 34.3+0.54 

Sulfide ,S-2 (mg/L) 196+0.29 155+0.07 134+0.23 87+0.03 

Sulfate, SO4-2 (mg/L) 450+0.57 384.6+0.67 328.9+0.33 266+0.28 

Chromium, Cr(mg/L) 0.26+0.02 0.19+0.03 0.13+0.05 0.06+0.02 

Sodium, Na(mg/L) 798.2+0.31 586.8+0.51 436.3+0.18 298.1+0.4 

Potassium, K(mg/L) 26.9+0.58 27.6+0.12 28.2+09 28.7+0.04 

Calcium , Ca(mg/L) 58.3+0.46 59.5+0.20 61.8+0.16 62.6+0.08 

Magnesium , Mg(mg/L) 13.4+0.13 11.4+0.05 8.8+0.06   6.9+0.17 
Note: all the results are average values (mean + SD, n=3). 

4.1.4 Process performance of hydrolytic- acidogenic step  
 

4.1.4.1 Effect of substrate mixing ratio and HRT on pH 
 

The change in pH values of hydrolytic-acidogenic reactors during anaerobic co-digestion of 

tannery and dairy wastewater at different operating conditions are shown in Table 7 and 

Fig.23.  The initial pH values of the four mixing ratios of the wastes (100:0, 75:25, 50:50 and 

25:75) were in range of 8.35 - 6.55, respectively (Table 6).  After acidification process, the 

pH patterns of the reactors were influenced by the operational conditions such as mixing 

ratios of TWW and DWW, OLR and HRT. As shown from Fig.23 the pH values of all 

hydrolytic-acidogenic reactors fed with four mixing ratios of the wastes operated at HRT of 

5, 3 and 1days and equivalent OLR  decreased until the system reach steady state.   
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This was likely due to increased amount of acid products obtained during acidogenesis which 

lead to low operational pH.   
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Fig.23 Variation in pH of acidogenic reactors during co digestion of TWW and DWW at different 

operating conditions
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For the same mixing ratio of TWW and DWW, 1 and 3 days of HRT led to lower pH values 

than 5 days. The noticeable differences between the operational pHs of hydrolytic-acidogenic 

reactors were mainly due to the differences of the methanogenic activities in the reactors. 

Since, growth rates of methanogenic microorganisms are lower than the other members of 

anaerobic consortia; they require more time to survive in anaerobic systems (Speece, 1996). 

Therefore, 5 days of HRT served as a better growing condition for methanogens than 1 and 3 

days.  As a result, methanogenic microorganisms led to VFA consumption and corresponding 

buffering effect that prevented further pH drops at 5 day HRT. This situation was the reason 

of higher pH values achieved in hydrolytic-acidogenic reactor feed with the same mixing 

ratio of TWW and DWW operated at HRT of 5 day as compared to HRT of 1 and 3 days.  As 

shown in Table 7, the steady state average pH values of acidogenic reactors of 100:0, 75:25, 

50:50 and 25:75 were ranged in 7.98 -7.60, 7.05 - 6.91, 6.46 - 5.86 and 5.42 - 4.90 

respectively.  
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Additionally, pH patterns of the hydrolytic-acidogenic reactors differed from each other when 

they are compared in terms of mixing ratios of TWW and DWW. For the same HRT, 

increased OLRs, resulting from increased addition of DWW in the feed stock, increased the 

amount of acidification products (VFAs) which lead to low operational pHs (4.90 - 5.42) 

during acidification phase. It was reported that high OLRs result in higher VFA 

accumulations and related pH decreases (Jiwei et al., 2014). Similar trend was also observed 

by Demirer and Alkaya (2011) during anaerobic acidification of sugar-beet processing 

wastes. In general the pH values (6.46 - 5.86) observed in acidogenic reactor of 50:50 

(TWW: DWW) operated at HRT of 5, 3 and 1 day and equivalent OLR(1.57, 2.63, 

7.50gCOD/L/day) were suitable for the growth of acidogenic microorganisms since the 

optimum pH for hydrolysis and acidogenesis are in the range of 5.5-6.5 (Dobre et al., 2014). 

Therefore proper pH conditions were established in the acidogenic reactor fed with equal 

mixing proportion DWW and TWW. 
 

4.1.4.2 Effect of substrate mixing ratio and HRT on SCOD  
 

The process of anaerobic digestion of organic matter mainly involves three steps: hydrolysis-

fermentation, acetogenesis, and methanogenesis (Jianguo et al., 2013). The performance of 

the hydrolysis and fermentation in acidogenic reactors were evaluated by the released SCOD, 

TVFA as well as released NH3–N and average steady state results are shown in Table 7.   

Fig.24 presents the SCOD concentrations in influents and effluents of acidogenic reactors of 

100:0, 75:25, 50:50 and 25:75 after 15 days of operation. The SCOD concentration in 

acidogenic reactors increased with increasing proportion of DWW from 0% to 75% (Table 6 

and Fig.24).  The average SCOD concentrations of acidogenic reactors obtained during 

steady state were 2.21, 2.28 and 2.12gCOD/L (100%TWW at HRT of 5, 3, 1 days); 3.40, 

3.51 and 3.21gCOD/L(75:25 at HRT of 5, 3 and 1 days); 4.20, 4.35 and 3.91gCOD/L (50:50 

at HRT of 5, 3, 1 days) and 5.27, 5.38 and 4.92gCOD/L (25:75 at HRT of  5, 3, 1 days). 
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Accordingly the highest SCOD concentration was achieved in acidogenic reactor of 25:75 for 

each HRT as compared to results obtained during mono digestion of TWW.  This was 

probably due the degradation of organic matter with in dairy wastewater and accumulation of 

small molecule organic acids. According to different literature, feed stocks with high 

concentration of SCOD have high biogas potential (Zhang et al., 2011b). Furthermore 

reactors fed with same mixture ratio of the wastes show variation in SCOD concentration 

when operated at HRT of 5, 3 and 1 day and equivalent OLR. As depicted in Fig.24 SCOD 

concentration increases with increasing OLR and decreasing HRT. The best result was 

obtained in acidogenic reactor of 75:25 which was operated at HRT of 3 days and equivalent 

OLR (3.22gCOD/L/day). The value slightly reduced when the reactor operated at HRT of 5 

days and OLR (1.93gCOD/L/day). This might be resulted from the consumption of VFAs by 

methanogenic bacteria which contribute to SCOD concentration..  
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Fig.24 Change in SCOD during anaerobic co digestion of TWW and  DWW with different operating conditions
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In addition to this, the obtained result illustrated in Fig.24 show that SCOD concentrations in 

acidogenic reactors were much higher than the COD converted into corresponding TVFA 

concentrations indicating that large unknown soluble organic matter was released from 

hydrolysis and the hydrolysis was likely faster than fermentation.  
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Related research work was done by Demirer and Alkaya (2011) conclude that SCOD of 

acidogenic step was affected by HRT and substrate mixing ration. 
 

4.1.4.3 Effect of substrate mixing ratio and HRT on TVFA production 
 

 

Determination of TVFA concentration and composition in hydrolytic–acidogenic reactors 

during two stage anaerobic digestion process provides information on suitability of the 

effluent for methanogenic step (Ucisik, 2008). The average concentration of TVFA in 

reactors fed with four different proportion of dairy wastewater and tannery wastewater during 

acidification phase at steady state period of each HRT and OLR are presented in Table 7. As 

shown in Table 7 and Fig.25, when 100% TWW was used as a feed in acidogenic reactor and 

operating at HRT of 5, 3 and 1 day and equivalent OLR of 0.906, 1.49 and 4.46gCOD/L/day; 

the TVFA concentrations of 0.98, 1.06 and 0.66gCH3COOH/L respectively were achieved. 

 

The concentration of TVFA of the reactor with substrate mixture ratio of 

75:25(TWW:DWW) performed at same HRT as above and corresponding OLR (1.19, 2.0, 

6.01gCOD/L/day) were 2.56, 2.7 and 1.53gCH3COOH/L respectively. For acidogenic reactor 

of 50:50 operated at HRT of 5, 3 and 1 day and OLR of 1.57, 2.63 and 7.87gCOD/L.day; the 

TVFA concentrations were 3.74, 3.99 and 2.40gCH3COOH/L. Furthermore the TVFA 

concentrations of 4.80, 4.90 2.79gCH3COOH/L were achieved in the reactor of 25:75 at the 

same HRT as above and OLR of 1.93, 3.22, and 9.67gCOD/L/day. These data suggested that 

TVFA concentrations were increased with the increase of dairy wastewater (DWW) ratios in 

feedstock and this is may be due to the large amount of degradable organic matters contained 

in dairy wastewater compared to tannery waste water. The experimental result apparently 

showed that there existed synergistic effect between TWW and DWW when they were 

fermented together and maximum TVFA production was achieved in hydrolytic-acidogenic 

reactor feed with 50:50 mixing ratio of the two wastes. 



131 
 

 Feng et al. (2009) reported maximum VFAs production of 9521mg COD/L for 520.1 mg 

COD/g VSS by offering co-digestion of thermal p retreated rice straw and WAS (50:50, 

based on VSS) during 8 day fermentation time.   
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 Rughoonundun et al. (2012) reported that anaerobic co-digestion of mixture sludge 

(comprising of primary sludge and waste activated sludge) and lime pretreated sugarcane 

bagasse (40:60) produced the highest carboxylic acid concentration (15.1g/L) from day 8 on 

ward. It can be seen from Fig.26 that the relative concentration of TVFA was affected by 

both HRT and OLR. With the same substrate mixture ration, the TVFA increased with 

increasing OLR(decreasing HRT) and highest TVFA concentration i.e 4.90gCH3COOH/L 

was achieved in acidogenic reactor of 25:75 which was operated  at OLR of 3.22 

gCOD/L/day and HRT of 3 days (Fig.25 and Fig.26). Similar trend was observed regarding 

SCOD (Fig.26). As illustrated in Fig.25 and Fig.26; significant decrease in VFA 

concentration was observed when HRT decreased from 3 to 1 days and this is probably due to 

the wash out of part of the hydrolytic-acidogenic consortium during the experimental study 

(Jianguo et al., 2013). 
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The observed phenomena for decreasing concentration of TVFA with increasing the  OLR in 

the present study is in agreement with the finding obtained by Lim et al.(2008). Although a 

higher concentration of VFAs was achieved in acidogenic reactor 25:75 at an OLR of 

3.22gCOD/L/day; the high OLR leads to the rapid decrease of VFAs concentration after 10 

days of operation and diminished the performance of the reactor.  The pH values recorded in 

this reactor at HRT of 5, 3 and 1 day and OLR of 1.93, 3.22 and 9.67gCOD/L/day were 

ranged in 5.42-4.90 which are below the optimum pH value (5.5-6.5) required for acidogenic 

microorganism (Dobre et al., 2014). Therefore substrate mixture ratio of 50:50 at OLR 2.63 

gCOD/L/day and equivalent HRT of 3 days are suitable for optimum VFA production. 

Similar study was carried out by Béline and Rajagopal (2011) to evaluate hydrolytic-potential 

of different organic substrates and based on the results (generation of CODs, pH and VFA) 

optimal fermentation time of 0.5 day (for pig slurry) and 2 days (for cattle slurries) were 

achieved  in batch reactors to prevent the growth of methanogens. 
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4.1.4.4 Effect of substrate mixing ratio and HRT on release of NH3–N 
 

The ammonia produced during anaerobic hydrolysis of nitrogenous compounds mostly in the 

form of proteins, which were hydrolyzed into amino acids and further degraded into 

ammonia. It has significant role in microbial growth and increasing the buffering capacity of 

anaerobic digestion process (Garcia-Peña et al., 2011). The steady state average NH3–N 

concentration during two stage anaerobic co-digestion of TWW and DWW at various 

operating conditions is presented in Table 7.  
 

The highest steady state average NH3–N concentration (369.8mg/L) was obtained in 

acidogenic  rectors fed with 100%TWW which was operated at HRT of 3 day whereas lowest 

value i.e 66.3 mg/L was recorded in the reactor of 25:75 (TWW:DWW) performed at HRT of 

1 day. The reason for high concentration of NH3-N in the reactor with 100%TWW and this is 

likely due to the low nitrogen content in dairy wastewater as compared to in tannery 

wastewater. It can be conclude that the obtained concentrations of ammonia in the present 

study were never in a range that could adversely affect the performance and stability of the 

anaerobic acidogenic reactors of 75:25, 50:50, 25:75 throughout the experimental study 

except the value achieved in the reactor feed with 100%TWW which is in moderately 

inhibitory range (300-1000mg/L) (Chen et al., 2008). Generally, mixing proportion of 

substrates has an effect on production and accumulation of hydrolysis and acidification 

products (TVFA, SCOD and NH3–N) during acidification phase. 
 

4.1.4.5 Degree of acidification 
 

The degree of acidification represents the amount of solubilized matter converted to VFA as 

end products and measured using previously defined relation in Eq. (17). Degree of 

acidification in acidogenic reactors fed with substrate mixture ratios of 100:0, 75:25, 50:50 

and 25:75 which were operated at HRT of 5, 3 and 1 day and equivalent OLR are presented 

in Table 7. These results are also illustrated in Fig.27.   
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As illustrated in Fig.27 the degree of acidification achieved in reactor fed with 100%TWW 

performed at HRT of 5, 3 and 1 days and OLR of 0.91, 1.49 and 4.46gCOD/L/day were 

9.75%, 14%, 2% respectively. When 75:25 substrate mixture ratio was used as a fed in the 

reactor and operated at HRT of 5, 3 and 1 days, the degree of acidification obtained were 

42.3%, 45.2% and 5.9% respectively. Degree of acidification of 46.3%, 55.5%, and 11.5% 

were achieved in acidogenic reactor with substrate mixture ratio of 50:50 operated at HRT of 

5, 3 and 1 days and equivalent OLR. In acidogenic reactor fed with substrate mixture ratio of 

25:75; the highest degree of acidification i.e 59.9% was obtained for 9 days of experimental 

operation at HRT of 3 days which leads to low operational pH value 5.11. In this average pH 

value; acidogenic bacteria were inhibited and the lowest degree of acidification (17.9%) was 

achieved after the 10th day of operational period. In general, it can be concluded from Fig. 27 

the degree of acidification increased with increasing mixing proportions of DWW in the 

reactor and the best result was obtained in the reactor 50:50. Further increase in DWW 

addition beyond 50% caused a decrease in acidification degree which was accepted as the 

direct result of increasing OLR. Similar conclusion was made by Demirer and Alkaya (2011) 

during anaerobic acidification of sugar-beet processing wastes and 46.9% degree of 

acidification for 1:1 mixing ratio of waste water and pulp. Furthermore reactors with the 

same substrate mixture ratio also showed variation in degree of acidification at different 

HRT. As shown in Table 7, degree of acidification increased with increasing OLR up to 

2.63gCOD/L.day (decreasing HRT from 5 day to 3 days) for the substrate mixture ratio of 

TWW and DWW.  The best result (55.5%) was achieved in the reactor which was feed with 

50:50 mixing ratio of TWW and DWW and operated at HRT of 3 days (OLR 2.63 

gCOD/L/day). However, higher OLR provokes a decrease in degree of acidification. This 

was probably due to the fact that the acidogenic bacteria could have been affected and 

inhibited at high organic loading rate (De La Rubia et al., 2009).   
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Table 7 Steady state average performance of acidogenic reactors at different substrate mixing ratios and organic loading rates as well at different 
HRTs 

Parameters 
 

            Mixture ratios of Tannery wastewater and Dairy wastewater(TWW:DWW) 

100:0 75:25 50:50 25:75 100:0 75:25 50:50 25:75 100:0 75:25 50:50 25:75 

Inlet TCOD(gCOD/L) 4.46 6.01 7.99 9.67 4.46 6.01 7.99 9.67 4.46 6.01 7.99 9.67 
Inlet SCOD(gCOD/L) 1.64 2.52 2.88 3.24 1.64 2.52 2.88 3.24 1.64 2.52 2.88 3.24 
Inlet VFA(gCH3COOH/L) 0.83 1.56 2.49 3.16 0.83 1.56 2.49 3.16 0.83 1.56 2.49 3.16 
Inlet NH3–N(mg/L) 282 136.9 97.5 50.4 282 136.9 97.5 50.4 282 136.9 97.5 50.4 
Inlet  pH 8.35 7.50 7.20 6.55 8.35 7.50 7.20 6.55 8.35 7.50 7.20 6.55 
OLR (gCOD/L/day) 0.906 1.19 1.57 1.93 1.49 2.00 2.63 3.22 4.46 6.01 7.87 9.67 
HRT(days) 5 5 5 5 3 3 3 3 1 1 1 1 
Outlet TCOD(gCOD/L) 4.24 5.74 7.64 9.32 4.29 5.82 7.74 9.53 4.38 5.92 7.83 9.60 
Outlet SCOD (gCOD/L) 2.21 3.40 4.20 5.27 2.28 3.51 4.35 5.38 2.12 3.21 3.91 4.92 
Outlet TVFA(gCH3COOH/L) 0.98 2.56 3.74 4.82 1.06 2.70 3.99 4.98 0.86 1.70 2.80 3.39 
Outlet NH3 –N(mg/L) 345 175.6 134 76.5 369.8 195 148 89.4 312 153 114 66.3 
Outlet  pH 7.60 7.05 6.46 5.42 7.78 6.91 6.05 5.31 7.98 6.95 5.86 4.90 
Degree of Acidification (%) 9.75 42.3 46.3 54.6 14.0 45.2 55.5 59.9 2.0 5.9 11.5 7.57 

Note: All the values presented in the above table are average values (mean+SD) (n=7 for outlet and n=3 for inlet) The values in bracket are SD. The highest 
degree of acidification achieved at acidogenic reactor of 25:75 (TWW:DWW) operated at HRT of 5, 3 days during  9 days operation but the value decreased 
to 11.8% and 17.9% after 10days of operation respectively with decreasing TVFA production from 4.82 to 3.54 and 4.98 to 3.74gCH3COOH/L respectively 
which might be due to lower buffering capacity.  
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In general, result of the present study revealed that co-digestion of  DWW  up to 50%  and  

TWW enhanced degree of acidification  remarkably, with about a 82.4%  increase over 

digestion with TWW alone  (P<0.05) during the stable operational period.  Furthermore, it is 

generally assumed that a degree of acidification should be in the range of 40 - 50% to 

maintain the process stability of anerobic digestion (Alexiou and Anderson, 1997). This 

suggests that optimum conditions in the hydrolytic-acidogenic reactor should aim for the 

maximum acid production rate in such conditions that assure acidification efficiency higher 

than the minimum required 
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Demirel and Yenigun (2004) reported that at optimum OLR of 9gVS/L/day; 56% 

acidification was achieved in the two-phase anaerobic digestion of liquid effluents which is 

comparable with the present study. Other study conducted by De La Rubia (2009) on two-

stage mesophilic anaerobic digestion process of sunflower oil cake reported 83.8% of degree 

of acidification at an HRT of 10 days and an OLR of 6gVS/L.day which higher than the value 

achieved in the present study.  Furthemore Oktem, et al.(2006) carried out the study to 

determine optimum operating conditions of a lab-scale completely stirred acidogenic reactor 
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treating a chemical synthesis-based pharmaceutical wastewater and reported  44% degree 

acidification at an OLR of 13kgCOD/m3 day at pH of 5.5  with an HRT of 12h which lower 

than result of the present study. 
 

4.1.5 Process stability and performance of methanogenic step 
 

Semi continuous two - stage anaerobic digestion study was carried out to investigate the 

effect of various ratios of TWW:DWW(100:0, 75:25, 50:50, 75:25) on process stability and 

process performance of  methanogenic  digesters  operated with outlet from acidogenic 

reactors as feed under different operating condition. The effluents from acidogenic reactors 

containing four ratios of the feedstock and operating with optimized HRT of 3 and equivalent 

OLR of 1.50, 2.01, 2.67, 3.23gCOD/L.day for TWW:DWW (100:0, 75:25, 50:50, 75:25 

respectively) were used as feed for respective methanogenic reactors. The process stability 

(pH, volatile fatty acids, alkalinity and the VFA/Alkalinity ) and process performances (Daily 

biogas production, biogas composition, methane yield, COD removal efficiency) of 

methanogenic reactors receiving effluents from acidogenic reactors as a feed during 

methanogensis operated with decreasing HRT of 20, 15, 10 days and equivalent increasing 

OLR for each TWW:DWW ratios (0.429, 0.286, 0.215gCOD/L) 100:0, (0.498, 0.332, 0.249 

gCOD/L) 75:25, (0.524, 0.349, 0.262gCOD/L) 50:50, (0.755, 0.503, 0.378gCOD/L)25:75 

were evaluated.  Each experiment was carried out for 25 days. Results for process stability 

and process performances of methanogenic reactors feed with different mixing ratios of 

TWW and DWW and operated at various working condition are presented in Table 8. 

4.1.5.1 Process stability of methanogenic step 
 
In order to investigate the stability of the methanogenic reactors containing four different 

mixing ratios of TWW:DWW (100:0, 75:25, 50:50, 75:25); process stability parameters such 

as pH, volatile fatty acids, and the VFA/Alkalinity  were determined during the steady state 

for samples taken seven consecutive days  and the mean values were presented in Table 8.  
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The pH value in the anaerobic digester during acidogensis as well as methanogensis is one of 

an essential parameter to show the process stability.  Change in pH values of the anaerobic 

digesters during methanogesis are shown in Table 8 and Fig.28.  The pH values of the 

methanogenic reactors were ranged between 7.99-5.43 for all mixing ratios of TWW and 

DWW with HRT of 20, 15, 10 days. The pH values decreased along with the increasing the 

mixing proportion of DWW, and the lowest pH value was recorded in methanogenic reactors 

operated with 25:75WW:DWW ratio. This decrease in pH was due to the low alkalinity 

content, high content of biodegradable organic matter and the rapid acidification of dairy 

waste water that can exhaust the buffering capacity, leading to volatile fatty acids (VFA) 

accumulation(Erguder et al., 2001). As shown in Table 8 and Fig.28 the increase in pH value 

was observed with increasing the proportion of TWW during anaerobic co-digestion with 

DWW. This might be due to high alkaline nature, high nitrogen content, slow production of 

VFAs and presence of less proportion of readily degradable tannery waste water (TWW). 

However, the decrease or increase in pH was not as much as to affect the methanogenic 

activity and the pH values for all reactors with three feedstock mixing ratios (100:0, 75:25, 

50:50) were maintained in optimum range (6.5-8.0) for methanogenic system throughout 

digestion period (Liu et al., 2008) except methanogenic reactors feed with 25:75TWW:DWW 

ratios where the pH ranged in 5.83-5.43. 
 

Generally pH values for all methanogenic digesters during start-up period of the experimental 

assay were below 7 except reactors feed with 100%TWW. This is due to hydrolysis and 

acidification of the organic matter was not coupled with the utilization of VFAs by 

methanogenic microorganisms.  Therefore, the experimental result illustrated in Fig.28 

indicates that anaerobic co-digestion of TWW and DWW with optimized mixing proportion 

improve pH buffering capacity in digester and subsequently leads stable operation anaerobic 

digester during methanogensis. 
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TVFAs (i.e. the weighted sum of the individual VFAs concentrations considering the 

molecular weight of each VFA, expressed as acetic acid) are important intermediates of 

carbohydrate, lipids, and protein degradation in AD process to produce methane.  The 

production of VFAs can also lower the pH of the digester and inhibit the methanogenesis 

process depending on the alkalinity of the solution. Therefore, the balance between VFA 

generation and conversion to biogas is critical to the stable operation of an AD (Franke-

Whittle et al., 2014). Table 8 and Fig.28 show that change in TVFA and TVFA/alkalinity 

during the entire fermentation period (25 days) of anaerobic co-digestion under different 

TWW and DWW mixing proportion. The average TVFA concentration in methanogenic 

reactors feed with four mixing ratios of TWW:DWW and operated in HRT of 20, 15 and 20 

days during steady state were  (0.824, 1.07, 1.11) 100:0;  (1.01, 1.16, 1.40) 75:25; ( 1.07, 

1.22, 1.71)50:50; (1.28, 1.46, 1.97) 25:75gCH3COOH/L. As can be seen from Table 8; the 

TVFA concentration in all reactors increases along with the increasing proportion of DWW 

and the highest value was recorded in the digester containing 75% DWW and 25% TWW 

compared to other mixture containing reactors.   
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This might be related to the lower buffer capacity of the reactors compared with reactors with 

high content of TWW. During the experimental work, reactors with high content TWW 

shows lower VFA concentration due to high nitrogen content and alkaline nature of TWW 

which leads for high buffering capacity.  Small increment of TVFA concentration was also 

observed at as OLR turned to the next step at each feedstock ratio containing reactors. 

Furthermore VFA concentration in the three reactors (100:0, 75:25, and 50:50) were below 

the maximum threshold (1500mgCH3COOH/L) required for healthy AD process in both lab-

scale and full-scale (Boe et al., 2010). However the reactor fed with 75:25(TWW:DWW) 

ratio showed the TVFA concentrations which were above the upper limit  necessary to 

establish  stable  methanogenic process when operated at HRT of 10 days and equivalent 

OLR. Furthermore as shown in Fig.28, higher values of TVFA were observed in all reactors 

during the start-up period of methanogensis, which was related with the adaptation stage of 

the microorganisms to the feedstock mixtures.  
 

The other process stability parameter considered in this study was TVFA/alkalinity ratio. The 

buffering capacity inside the digester is necessary to neutralize the possible VFAs 

accumulation in the reactors and hence to maintain the required pH for stable anaerobic 

digestion operation and its enhanced performance. Accordingly, the ratio between acidity and 

alkalinity (TVFA/alkalinity) is largely considered as an earlier indicator of the system 

stability (Kafle, 2013). As shown in Table 8 VFA/Alkalinity ratios of all the reactors varied 

depending on mixing proportion of the feedstock and OLRs used during the experimental 

work and the results were ranged between 0.218-0.901. Steady state results in Table 8 

indicates that VFA/Alkalinity ratio of the reactors with TWW and DWW ratios of 100:0 at 

HRT of 20, 15, 10 days;  25:75 at HRT of 20, 15 days; 50:50 at HRT of 20, 15 days were less 

than 0.4 considered optimum for anaerobic digestion to be operated favourably without 

acidification risk (Kafle, 2013).   
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As the result no acidification and system deterioration were experienced in these reactors.  

However the ratios in other reactors working with feedstock ratios of 25:75 and 50:50 at HRT 

of 10 days; 75:25 at HRT of 20, 15, 10 days were substantially greater than the suggested 

digester stability limits. Table 8 also illustrates that the VFA/Alkalinity ratios  increases along 

with increasing the proportion of DWW and this was due to significant increase in TVFA 

concentration simultaneously decreasing alkalinity.  In addition to this, Fig. 28 and 29 

revealed that VFA/Alkalinity ratios were higher during start up and at mid of anaerobic 

digestion than the steady state value which were due to production of TVFA by acetogenic 

bacteria was faster than consumption by methannogenic bacteria which leads to TVFA 

accumulation and decrease in pH subsequently to reactor failure 
 

Similar behaviour was reported by Razaviarani et al. (2013), who observed signs of 

instability in the BWG co-digestion with MWS under mesophilic conditions due to the 

accumulation of VFA and a reduction in the pH values as consequences of the BWG 

overloading. The same authors reported that the increase in BWG from 1.1% to 1.8% (v/v) in 

the feed reduced the buffer capacity and resulted signs of instability in the system.  

Fountoulakis et al. (2010) also observed an accelerated increase in VFA when the addition of 

BWG to the sewage sludge increased from 1% to 3% (v/v) and resulted process instability. In 

the other study conducted by Razaviarani and Buchanan (2015); the signs of reactors‘ 

instability were observed when the BWG of 2.72% (v/v) of the feed was introduced to the 

reactor. Aboudi et al.(2016) evaluated methane generation and process stability from 

anaerobic co-digestion of sugar beet by-product and cow manure and showeds that for the 

reactors 0:100 and 25:75 the acidity/alkalinity ratio was in the optimum range however 

increased proportions of ESBC-DP added to the mixtures, and especially for reactor 100:0, 

the acidity/alkalinity ratio value was above the limit and caused system instability for a long 

time.  Furthermore Aboudi et al. (2015) have studied the batch anaerobic co-digestion of 
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ESBC-DP with PM by testing different mixture ratios and comparing results with the mono-

digestion of each substrate. They observed the high VFAs production for the individual 

digestion of ESBC-DP. However, for the co-digestion of ESBC and PM mixtures, the VFAs 

were stabilized by the buffering capacity provided to the medium by the livestock manure. 
 

Alkalinity is the other commonly used parameters to indicate the process stability anaerobic 

digestion (Ren, 2004). According the results illustrated in Fig.29 the total alkalinity for 

methanogenic reactors with feedstock ratios of 100:0, 75:25, 50:50, 25:75  increases from 

3330 to 3660 (on day 0-12), 2850 to 3340 (on day 0-19), 2480  to 2860 (on day 0-19), 1720 

to 2090 mg CaCO3/L (on day 0-17) at HRT of 20 days; 3220 to 3890 (on day 0-17), 2740 to 

3590 ( on day 0-19), 2360 to 3250 (on day 0-19), 1580 to 2260(on day 0-19) mg CaCO3/L at 

HRT of 15days; 3280 to 3540 (on day 0-14), 2800 to 3200 (on day 0-15), 2340 to 2650 (on 

day 0-11), 1350 to 2160 mg CaCO3/L(on day 0-16) at HRT of 10 days.  The results indicates 

that the total alkalinity of all reactors were within the optimum range (1000-5000 

mgCaCO3/L) required for healthy anaerobic digester (Ren, 2004). 
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After the start up operational period specified above; alkalinity steadily increased to the peak 

values of 3730, 3430, 2995, 2150 mg CaCO3/L  at HRT of 20 days; 4170, 3730, 3350, 2360 

mg CaCO3/L at HRT of 15 days; 3640, 3260, 2720, 2220 mg CaCO3/L at HRT 10 days 

which were in suitable range for anaerobic digestion. The reason for noticeable increase of 

alkalinity was normally due to the activity of the methanogenic bacteria, which could produce 

alkalinity in the form of carbon dioxide, ammonia and bicarbonate which resulted in an 

increased digester buffering capacity and hence stability of the digesters (Li-Hong et al., 

2012).  This is a cost effective and economically feasible approach since no external buffer 

sources were added during the experimental study for all methanogenic reactors.  

 

The inhibitory effect of ammonia on process stability of anaerobic digester during co 

digesting various proportions of TWW and DWW at different operating conditions was 

investigated.  As depict in Fig.30; the ammonia concentration during start up  increased from 

294 to 412, 330 to 411, 359 to 430 mg/L on days 0-9  and then decreased to 363, 377, 401 

mg/L on days 10-25 for methanogenic reactors contained with 100:0 (TWW:DWW) operated 

at HRT of 20, 15 and 10 days respectively. As shown from Fig.30, methanogenic reactors of 

75:25, working at HRT of 20, 15, 10 days  the ammonia concentration also increased on days 

0- 6, 0-8, 0-7  from 238 to 292, 258 to 316, 298 to 360 respectively and steadily decreased on 

days 6-25, 8-25, 7-25  in to  251, 274, 334 mg/L respectively. Similarly Fig.30 showed that in 

methanogenic reactors fed with 50:50 and operated with the same HRTs as the above 

reactors; the concentration of ammonia increased on days 0-8, 0-10, 0-10 from 154 to 220, 

168 to 258, 179 to 278 and subsequently decreased to 182, 230.7 and 246 mg/L respectively. 

 Furthermore Fig.30 shown that methanogenic reactors with feed ratio of 25:75 on days 0-9 

went up from 60 to 129, 79 to 175,  114 to 169 and finally decreased in to  89.4, 140, 

147mg/L.  Ammonia is produced during the degradation of nitrogenous matter, mainly 

proteins and urea. 



144 
 

 According to evidences from different literature ammonium (NH4
+-N) and free ammonia 

(NH3) are the two most predominant forms of inorganic nitrogen present. It has been 

indicated that it (free ammonia) is the most toxic of both, due to the fact that it can pass 

through the cell membrane and into the cell, causing proton imbalance and potassium 

deficiency (Chen et al., 2008). However, free ammonia concentrations below 200 mg/L are 

beneficial to anaerobic digestion because nitrogen is an essential nutrient for the micro-

organisms. It is moderately inhibitory when its concentration lies in the range between 300-

1000mg/L (Dong et al., 2010). Free ammonia of 560–568mg NH3–N/L can cause a 50% 

inhibition of methanogenesis, but the acclimated methanogens could tolerate concentrations 

up to 2000 mg NH3–N/L without inhibition (Sung and Liu, 2003).  
 

When anaerobic microorganisms are gradually exposed to high concentrations of ammonia, 

they can adapt and perform normal activities (Calli et al., 2005). Research work done by Calli 

et al. (2005) showed that gradual increase of ammonia concentration, 80% of COD removal 

was maintained until 800 mg NH3–N/L). As can be seen from Fig.30 the concentration of 

ammonia decreased along with increasing proportion of DWW in feedstock and this is due to 

low ammonia content as well as high C/N ratios of DWW. But ammonia concentration 

increased with increasing the inclusion level of TWW in the digester during co-digestion 

study and this is likely related with the lower C/N ratio (4.9) of TWW as compared to DWW 

(39.8). It can be explained by the fact that TWW characterized by low C/N ratio released 

more ammonia than DWW in the digester during biodegradation, consequently the 

concentration of ammonia increased but the ammonia concentrations in all reactors except the 

reactor fed with 100%TWW were lower than 300mg/L. Moderate ammonia inhibition was 

observed when 100%TWW was used as feed in the reactor.  In general the present finding 

revealed that adjusting C:N ratio of waste streams during  co-digestion with carbon rich 

wastes could regulate the total ammonia concentration of AD  process. 



145 
 

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85

60

80

100

120

140

160

180

200

220

240

260

280

300

320

340

360

380

400

420

440 HRT=10
HRT=15HRT=20

Fig.30 Variation in ammonia concentration during anaerobic digestion of TWW and DWW 

    at different operating conditions

A
m

m
on

ia
(m

g/
L)

Time(days)

 100:0

 75:25

 50:50

 25:75

 

This is in agreement with the following authors. The study carried out by De Vries et al. 

(2012) showed that co-digestion of pig slurry with maize silage, beet tails, and wheat yeast 

concentrate (competing with animal feed), and glycerin increased bio-energy production (up 

to 568%).  Hejnfelt and Angelidaki (2009) carried out the study on co-digestion of 5% pork 

by-products mixed with pig manure at 370C and showed 40% higher methane production 

than that of mono-digestion of manure. Shanmugam and Horan (2009) demonstrated the 

effect of C:N ratios between 3.2 and 30 on ammonia reduction, in particular for leather 

fleshing waste. They concluded that AD of leather fleshing waste with C:N ratio of 15 

produced more cumulative biogas and less free ammonia concentration (817 mg/L) at pH 6.5; 

which reduced the concentration of NH3 released during digestion by 80%, compared to 

unblended leather fleshing wastes with a pH rising to as high as 11.4.  In an another study, 

Resch et al. (2011) observed that the reduction from TKN 7.5 to 4.0 g/kg leads to an increase 

of COD degradation by 55% and improves the VFA digestion.  However, deterioration of 

performance and stability of the reactor could takes place at higher C/N ratio, due to the lack 

of NH4
+–N for microbial growth.  
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Sulphate reduction and methane formation can take place simultaneously during anaerobic 

digestion. Both sulphate reducer bacteria (SRB) and methane producing bacteria (MPB) can 

use hydrogen and acetate produced in the process as electron donors. Therefore, a 

competition for organic substrate exists between SRB and MPB. This competition is strongly 

dependant on the COD/SO4
-2 ratio (McCartney and Oleszkiewics, 1993).  The importance of 

this ratio increases with the decrease of COD/SO4
-2 ratio in the waste stream for enhanced 

performace of methanogenic bacteria subsequently to increase the biogas production during 

anerobic digestion.  In the present study the ratio of COD/SO4
-2 for the reactors feed with 

four mixing ratios of TWW and DWW were in the range of 4.7 - 25.3. The COD/SO4
-2 in 

digester increases with increasing proportion of DWW and the highest value was achieved in 

methanogenic recator feed 25% TWW and 75% DWW.  As shown Table 8 the lowest 

COD/SO4
-2 ratios was observed in the reactor contained with 100% TWW.  Choi and Rim 

(1991) have reported that SRB out-compete MPB at COD/SO4
-2 ratios less than 1.7 (sulphate 

rich condition). They observed an active competition between them at COD/SO4
-2 ratios 

between 1.7 and 2.7. With a COD/SO4
-2 ratio of more than 2.7 (sulphate limiting condition), 

it was observed that MPB out-competed SRB. This finding was supported by Freese and 

Stuckey (2004) who have reported a possible shift towards sulphate reduction when the 

COD/SO4
-2 ratio was decreased from 2 to 1. As shown in Table 8, COD/SO4

-2 ratios for all 

methanogenic reactors feed with four mixing ratios of TWW and DWW were above four 

which is suitable for effective process performance methanogenic bacteria interms of COD 

removal efficiency and biogas production. Colleran et al. (1995) have reported that an 

increase in sulphidogenic activity from 38% to 52% when the COD/SO4
-2 ratio was decreased 

from 1.9 to 1.2. It is also noteworthy; though the sulphate removal rate or sulphidogenic 

activity is higher with lower COD/SO4
-2 ratio, the degree of sulphate reduction improves with 

increasing COD/SO4
-2  ratios (Erdirencelebi et al., 2007).  
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4.1.5.2. Process performance of methanogenic step  

4.1.5.2.1 Daily biogas production 
 

 

Semi continuous two -stage anaerobic digestion study was carried out to investigate the 

impact of  various mixing ratios of TWW:DWW(100:0, 75:25, 50:50, 75:25) on process 

performance of  the second- stage digesters (methanogenic  phases) operated with outlet from 

acidogenic reactors as feed under different operating condition. The effluents from 

acidogenic reactors contained four ratios of the feedstock and operating with optimized HRT 

of 3 days and equivalent OLR of 1.50, 2.01, 2.67, 3.23gCOD/L.day (for TWW:DWW;100:0, 

75:25, 50:50, 75:25 respectively) were used as feed for respective methanogenic reactors. 

Then each of methanogenic digesters feed with acidogenic effluents containing four mixing 

ratios of TWW:DWW (100:0, 75:25, 50:50, 25:75) were operated at HRT of 20, 15 and 10 

days and equivalent OLR.  
 

The performances of each methanogenic digesters in terms of daily biogas production, 

methane production, methane content and COD removal efficiency during anaerobic 

digestion of TWW alone and mixtures of TWW and DWW at steady state are shown in Table 

8. As shown from Fig.31; during start up some fluctuations in daily biogas production of 

anaerobic digester containing four ratios of TWW and DWW(100:0, 75:25, 50:50, 25:75) 

were observed due to the biomass adaptation to new co substrate (DWW) added.  As 

illustrated in Fig.31 the highest daily biogas production during steady state (after 17, 18, 19 

days of operational period) for the digester containing feedstock ratio of 100:0 TWW and 

DWW operated at HRT of 20, 15, 20 days and equivalent OLR (0.215, 0.287, 0.429 

gCOD/L/day) were 329, 348, 162ml/day with average steady state biogas production of 323, 

343, 156 ml/day respectively. The daily biogas production for the digester with TWW and 

DWW mixtures of 75:25 went up to 423, 490, 250 ml/day respectively. After 16, 17, 18 days 

of experimental operation, the performance of anaerobic digester (75:25) operated at HRT of 
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20, 15 and 10 days reach at steady state with average daily biogas production of 411, 486, 

246ml/day respectively. Fig.31 also showed that,  daily biogas production of  anaerobic 

digester containing feedstock mixtures of 50:50 and operated at the same HRT as above after 

15, 14, 16 days of operation were  570, 651, 370ml/day with average steady state biogas 

production of 561, 647 and 367ml/day respectively. Furthermore when the anaerobic digester 

feed with 75:25(TWW:DWW) at HRT of 20, 15 and 10 days ; the highest daily biogas 

production achieved were 477, 540, 283 ml/day with average daily biogas production of 472, 

541 and 28ml/day (after 16, 16, 17 days of operation) respectively.  The values are 

statistically significant (p<0.05) for each mixing ratios of TWW and DWW.  As apparent 

from Fig. 31 co-digestion of TWW and DWW enhanced the daily biogas production 

compared to mono digestion of the TWW. The daily biogas production increased with 

increasing mixing proportion of DWW in the digester and highest daily biogas production 

was achieved when anaerobic digester feed with 50%TWW and 50% DWW as compared to 

other feedstock mixture containing digesters. This is due  to an appropriate carbon to nitrogen 

ratio resulted by  mixing nitrogen rich TWW and carbon-rich DWW as stated in Wang and 

co-workers study (Wang et al., 2012).  Low daily biogas production was resulted from mono 

digestion of 100%TWW at different HRT (20, 15, 10days) and corresponding OLR. The 

reason for low biogas production might be attributed from low C/N ratios of TWW. The C:N 

characteristics of the four mixing ratios are shown in Table 6. As shown in Table 8 daily 

biogas production of each ratio was influenced by operational parameters such as OLR and 

HRT. With in optimized mixture of TWW and DWW (50:50) daily biogas production 

increased with increasing the OLR or decreasing HRT from 20 to 15 days.  As the result a 

digester with feedstock mixture of 50:50 operated at HRT of 15 days characterized by its 

highest daily biogas production and lowest daily biogas production was achieved when the 

digester operated at HRT of 10 days and equivalent OLR. 
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 The reason of  having low daily biogas production at lowest HRT (10 days) might be due 

shorter HRT of the system contributed to more active  methanogens were washed out during 

removal of effluent. On the other hand, since the OLR was increased along with decreasing 

HRT; the methanogenic digester (50:50) studied at HRT of 10 days, the pH of its outlet 

effluent dropped below 6.0 and TVFA concentration increased from1.07gCH3COOH/L at 

HRT of 20 days to 1.71gCH3COOH/L at HRT of 10 days. This accumulation of TVFA in the 

effluent of methanogenic digester was mainly due to the fact that methanogens could not 

convert all the acetic acid in the outlet of acidogenic reactor to methane. The excess of VFA 

built up in the digester caused a drop in pH and inhibition of the methanogenesis process 

subsequently leads to low biogas production. As illustrated in Fig. 31 during start up or first 

several days of the experimental study; daily biogas production in all methanogenic digesters 

feed with four mixing ratios of TWW and DWW was low. This might be due to the 

predominant acidogenic activity, and the subsequent steady value indicated that a delicate 

balance was achieved between the rates of hydrolysis/acidogenesis and methanogenesis.  
 

Maragkaki et al.(2016) investigated the effect of agro-industrial by products in biogas 

production as co substrate during anaerobic digestion of sewage sludge and the experimental 

result showed that a 5% (v/v) addition of olive mill wastewater (OMW), cheese whey (CW) 

and crude glycerol (CG) to sewage sludge(SS) significantly increased biogas production by 

nearly 220%, 350% and 86% as values of 34.8±3.2 L/day, 185.7±15.3 L/day and 45.9±3.6 

L/day respectively, compared to that with sewage sludge alone (375 ml daily, 5% v/v in the 

feed). Athanasoulia et al.(2012) studied the  co-digestion of sewage sludge (SS with olive 

mill wastewater (OMW) at a ratio 70:30 (v/v)) at different HRTs and  have been reported the 

highest biogas production rate of 0.73L/LR d at HRT of 12.3 days. Another study conducted 

by Zhikai et al.(2016)  on co-digestion of sorghum stem and cow manure showed biogas 

yield of 413 ml/g VS, 26% higher than that of raw sorghum stem alone . 
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Fig.31 Daily biogas production during semi continous anaerobic co digestion of TWW and DWW using 

    two stage ASBR at various operating conditions
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Several authors reported that feeding of organic waste solutions or wastes as co-substrates 

can improve the biogas productivity of anaerobic digestion (Ioannis et al., 2015; Barrantes et 

al., 2014). 
 

4.1.5.2.2 Biogas composition  
 

Table 8 and Fig.32 shows the methane content of biogas produced during mono digestion and 

co-digestion of TWW and DWW using mesophilic two stage ASBR at different operating 

condition.  According to the result depicted in Table 8 and Fig.32 CH4 content in biogas 

produced varied with various mixture ratios of TWW and DWW from 36.3-71.2%.  The low 

CH4 contents were obtained when methanogenic reactors feed with 100%TWW acidogenic 

outlet and achieved result was 36.3% at HRT of 10 days. The best CH4 content (71.2%) was 

recorded in a reactor of 50:50 performed at HRT of 15 day (total HRT of 18 days). As stated 

in different literature; biogas is composed of 55-80% CH4 and 20-45% CO2 depending on the 

composition of the feed substrate (Pipatmanomai et al., 2009). Similar results with the 

present study were reported in different literature.  
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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. As compared 

the present study; Jiwei et al.(2014) reported  slightly lower CH4 content (68.5%) during two-

phase anaerobic co-digestion of cassava dregs (CD) with pig manure (PM).  Furthermore 

Dinsdale et al.(2000) also obtained to some extent lower CH4 content (68%) than the present 

finding during two-stage anaerobic co-digestion of waste activated sludge and fruit/vegetable 

waste.  Maragkaki et al.(2016) had also found CH4 content (70.8%) during anaerobic co-

digestion of sewage sludge (SS) with olive mill wastewater (OMW), cheese whey (CW) and 

crude glycerol (CG)  which is in agreement with the present result. 
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Fig.32 Methane content from anaerobic digestion of TWW alone and mxtures of

    TWW and DWW during methanogensis
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4.1.5.2.3 Methane production and methane yield 
 

The steady state average methane production and methane yield of  the biogas produced 

during anaerobic digestion of TWW alone and mixtures of TWW and DWW using semi 

continuous two stage ASBR are presented in Table 8.  
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According to the obtained result, the steady state average methane productions for digester 

100:0 (TWW: DWW) operated at HRT of 20, 15, 10 days and equivalent OLR were 141, 

166, 43ml/day with average specific methane yield of 54.9, 60, 27.4mlCH4/gCODconsumed 

respectively. As shown in Table 8 and Fig.33, the methane productions and specific methane 

yields achieved from the reactor 75:25 operated at the same HRT as above were 224, 282, 

76.4 ml/day and 58, 67, 29.6 mlCH4/gCODconsumed respectively. As can be observed from 

Table 8 and Fig.33, the methane production of the digester with respect to mixture ratio of 

50:50 at HRT of 20,15, 10 days were 374, 461, 146.7ml/day with specific methane yield of 

56, 67.5, 33.6mlCH4/gCODconsumed respectively. When 25:75 mixing ratio of TWW and 

DWW was used as feed in digester and run at the same HRT as other digesters; 271, 337, 

98.4 ml/day methane production and 38, 46, 26.2mlCH4/gCODconsumed specific methane 

yields were obtained.  As given in Table 8 and Fig.33, the methane productions of different 

mixture ratios of TWW and DWW were higher than the results obtained during mono 

digestion of TWW.  The highest methane production were achieved for the reactor 50:50 

operated at HRT of 15 and the value increased by three folds as compared mono digestion of 

TWW. It is also clearly shown from Table 8 that specific methane yield increased in line with 

increasing the mixture ratios of DWW up to 50% and digesters with mixture ratios of 75:25 

and 50:50 operated at HRT of 15 improved the specific methane yield 20.6% and 31% as 

compared to TWW alone. Increasing the ratio of DWW more than 50% during co-digestion 

study negatively affected specific methane yield compared to anaerobic digestion of TWW 

alone. Generally it can be conclude that digesters operated with different proportions TWW 

and DWW showed better performance in terms of methane production than digesters 

contained 100%TWW. Hailin et al.(2015) carried out investigation anaerobic co-digestion of 

kitchen waste (KW) and pig manure (PM) with seven different PM to KW total TS ratios at 

mesophilic temperature (35±10C) to investigate the feasibility and process performance. 
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The co-digestion of PM and KW was found to be an available way to enhance methane 

production compared with mono-digestion of PM or KW. For PM to KW mixing ratio of 1:1, 

the highest methane yield of 409.5mL/gVS was achieved which is lower than the result of the 

present study. 
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Fig.33 steady state methane production during anaerobic co digestion tannery waste water

 with dairy waste water at different HRT
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Sedat and Joseph (2015) evaluated the performance of anaerobic co-digestion of municipal 

wastewater sludge and un-dewatered grease trap waste using laboratory scale, semi-

continuous feed reactors under mesophilic conditions (350C) and highest methane achieved 

during the study was 641mlCH4 /gVSadded of 46% grease trap waste feed ratios which is 

comparable with result of the present study. Furthermore Aylin et al.(2015) carried out  a 

study on anaerobic co-digestion of olive pomace and wastewater sludges and found that co-

digestion of wastewater sludge with olive pomace yielded around 0.21LCH4/g VSadded, 

which increased by 17–31% compared to mono-digestion of these substrates.   
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Another study was also conducted by O-Thong et al.(2012) on anaerobic co-digestion of 

palm mill effluent and empty fruit bunches and observed a higher methane production of 25–

32% than mono digestion of the substrate. Aboudi et al. (2015) studying the anaerobic 

mesophilic co-digestion of ESBC-DP and PM in batch reactors with feed mixing ratio of  

68% PM and 32% ESBC reported that SMP was 494 mLCH4/gVSfed. Ohuchi et al. (18) 

studied the thermophilic anaerobic codigestion of sugar beet tops silage (SBT) with dairy 

manure (DM) at four SBT silage proportions. The highest methane yield of 422 mL/gVS and 

VS reduction of 57%, were obtained when the mixture contained the lowest SBT proportion 

(40%) while the system failure was observed for the highest SBT proportion.  
 

4.1.5.2.4 COD removal efficiency of methanogenic step 
 

The TCOD removal efficiency in anaerobic reactor is essential stabilization indicators as it is 

related to the amount of destroyed organic material. Table 8 and Fig.34 shows steady state 

TCOD removal efficiency during anaerobic digestion of TWW alone and mixture ratios of 

TWW and DWW using semi continuous two stage ASBR at different operational conditions. 

As apparent from Fig.34; steady state TCOD removal efficiency of the reactor 100:0 operated 

at HRT of 20, 15, 10 days were 59.84%, 63.83%, 36.60% respectively. As depicted in Fig.34, 

the percentage reduction of TCOD in the reactor 75:25(HRT of 20, 15, 10 days) were 

69.31%, 70.37%, 44.27% respectively for each HRT and equivalent OLR. The highest TCOD 

removal efficiency of 86.10%, 85.58%, 56.64% were achieved in the reactor 50:50 (HRT of 

20, 15, 10 days).  
 

When mixture ratios of DWW increased to 75%; the TCOD reduction efficiency in the 

digester performed at HRT of 20, 15, 10 days decreased to 74.59%, 76.60%, 38.69%. 

Therefore according to the results shown in Table 8; high TCOD removal efficiency was 

obtained for the digester 50:50 operated at HRT of 20, 15 days and TCOD reduction in the 

digester increased with increasing mixture ratio of DWW up to 50%.   
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This was apparently due to easily degradable carbohydrates mainly lactose which are found 

in large content in DWW during milk processing (Rico et al., 2015). Further increased DWW 

proportion beyond 50% in the digester caused to decrease the TCOD removal efficiency and 

this was due to increased C/N, low alkalinity content, and the rapid acidification of DWW 

that can exhaust the buffering capacity, leading to a drop in pH, volatile fatty acids (VFA) 

accumulation and subsequent reduced reactor performance  (Ergüder et al., 2001). 
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As shown in table 8 and Fig.34 methanogenic reactors show best TCOD removal efficiency 

and negligible result was obtained in acidogenic reactors. The reason was due to  acidogenic 

effluents used as feed in methanogenic reactors are simple short chain compounds which 

could be easily converted in to methanogensis products mainly biogas and similar conclusion 

was made by Bouallagui et al.(2004). Comparable TCOD removal efficiency (92.7%) in final 

effluent of methanogenic reactor was obtained by Bouallagui et al.(2004) during anaerobic 

co-digestion of a mixture of fruit and vegetable wastes (FVW) at different OLR  using two 

phase anaerobic sequencing batch reactors (ASBR) operated at mesophilic temperature.  
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On the other hand, Hublin et al. (2012) found TCOD removal efficiency of 56.3% during co-

digestion of whey and cow manure which is very low as compared to the result of this study.  

Azaizeh and Jadoun (2010) have also studied the co-digestion of olive mill wastewater with 

swine manure using UASB reactor. They obtained high COD removal efficiency (85-95%) at 

a mixture containing 33% olive mill wastewater and 67% swine manure which is comparable 

with COD removal efficiency(85.6%) obtained in the present study.  Furthermore Andualem 

et al.(2016) carried out a study on anaerobic co-treatment of tannery wastewater and cattle 

dung for biogas production using a pilot scale anaerobic sequencing batch reactor (ASBR) 

and Slightly lower COD removal efficiency (82%) than result of the present study(85.6%)   

was obtained with the mixture proportion of 80% tannery waste water and 20% .  
 

According to the study done by Riaño et al.(2011), maximum TCOD  and SCOD removal 

efficiency of 44%,  86%  were obtained respectively during co-digestion of 40% Winery 

waste water to gather with 60% swine manure.  The results showed that co-digestion 

improved the efficiencies up to 52% (TCOD) and 132% (SCOD) as compared to swine 

manure alone.  This \increase was apparently due to the increased amount of easily 

degradable compound in the feed, as it was reported by Panichnumsin et al. (2010), who co-

digested cassava pulp with various concentrations of pig manure. 

4.1.5.2.5 The Overall Process Performance in the Two- stage system 
 

The overall performance efficiencies in terms TCOD reduction in the two phases 

(acidogensis and methanogensis) of semi continuous two stage ASBR during anaerobic 

digestion of TWW alone and mixture ratios of TWW and DWW at different HRT as well as 

OLR are presented in Table 8. During the experimental study in the first phase; acidogenic 

reactors feed with different mixture ratios of TWW and DWW(100:0, 75:25, 50:50, 25:75) 

were operated at HRT of  5, 3, 1 days and equivalent OLR (0.906, 1.19, 1.57, 1.93 ; 1.49, 2.0, 

2.63, 3.22; 4.46, 6.01, 7.87, 9.67gCOD/L/day) respectively.  
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Operational parameters (HRT and OLR) were optimized for enhanced acidification products 

and best result was obtained when the reactor performed at HRT of 3 days and equivalent 

OLR (1.50, 2.01, 2.63, 3.22 gCOD/L/day) for each ratios of TWW and DWW respectively.  

As the result; outlet from acidogenic reactors 100:0, 75:25, 50:50, 25:75 operated at HRT of 

3 day were used as a feed for corresponding methanogenic reactors run at a HRT of 20, 15, 

10 days.  In acidogenic phase low TCOD removal efficiency was achieved. This is likely due 

to negligible biogas production attained in acidogenic reactor which is in agreement with 

research finding of Elefsiniotis and Oldham (2012).  
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Fig.35 Steady sate average TCOD removal efficiency of overall process (acidogensis-methanogensis)

during mono digestion and co digestion of TWW and DWW 

 Over all TCD removal(HRT=23)

 Over all TCD removal(HRT=18)

 Over all TCD removal(HRT=13)

 

According to these results shown in Table 8 and Fig.35,  the TCOD removal efficiency of the 

total process (acidogensis-methanogensis) were barely increased compared with 

methanogenic reactors‘ COD removal efficiency. During the experimental study; highest 

TCOD removal efficiency (88.8%) were achieved for the system feed with 50:50 (TWW: 

DWW) and operated at HRT of 3 days for acidogenic reactor and 15 days for methanogenic 

reactor (at total HRT of 18 days).   
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Bouallagui et al.(2004) have studied anaerobic co-digestion of a mixture of fruit and 

vegetable wastes (FVW) at different OLR  using two phase anaerobic sequencing batch 

reactors (ASBR) operated at mesophilic temperature. The TCOD removal efficiency of 

overall process (two phases) achieved during the study was 96% respectively which is 

slightly higher than the present research finding. In addition to this, result obtained in present 

study was also higher than some other experimental findings from literature (Marques, 2001; 

Angelidaki et al., 2002).  
 

The SCOD removal efficiencies of methanogenic reactors and over all process during 

anaerobic digestion of various proportion of TWW and DWW (100:0, 75:25, 50:50, 25:75) 

by using meseophilic semi continuous   two-stage ASBR system operated at different  HRT 

as well as equivalent OLRs are summarised in Table 8. The highest SCOD removal 

efficiency for methanogenic reactor as well as overall process achieved at HRT of 15 days 

(methanogenic reactor) and at total HRT of 18 days (3 days for acidogenic reactors and 15 

days for methanogenic reactors) were 91.90%, 87.80% respectively (See Fig.36). 
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Generally;  during  anaerobic digestion  of TWW alone and mixture ratios of TWW and 

DWW using  mesophilic two stage anaerobic system operated at different HRT and OLR, 

acidogenic reactors  did not show any reduction in SCOD rather the  SCOD of its outlet  were 

increased. The increase of soluble COD of acidifier outlet was due to the hydrolysis of 

biodegradable organic compounds in the feedstock.  
 

Hidalgo et al.(2015) applied Two-phase anaerobic co-digestion system to treat vegetable oily 

wastes  and pig manure  at optimum mixing ratio of 1:5  and obtained maximum overall 

SCOD removal efficiency of 86.4 % which  is comparable with the finding of this study. 

Boubaker and Ridha (2010) also studied two-phase anaerobic digestion for treating a mixture 

of olive mill wastewater (OMW) and olive mill solid waste (OMSW) using two sequencing 

semi-continuous digesters operated at mesophilic temperature (37±20C) and 82% SCOD 

removal efficiency for over all process(two phases) were achieved. 
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Table 8 Steady state average performance of methanogenic reactors at different substrate mixing ratios and OLR 
Parameters 
 

Mixing proportions of  Tannery and  Dairy waste water(TWW:DWW) 
100:0 75:25 50:50 25:75 100:0 75:25 50:50 25:75 100:0 75:25 50:50 25:75 

Inlet TCOD(gCOD/L) 4.29 5.82 7.74 9.53 4.29 5.82 7.74 9.53 4.29 5.82 7.74 9.53 
Inlet SCOD(gCOD/L) 2.28 3.51 4.35 5.38 2.28 3.51 4.35 5.38 2.28 3.51 4.35 5.38 
Inlet VFA(gCH3COOH/L) 1.06 2.70 3.99 4.98 1.06 2.70 3.99 4.98 1.06 2.70 3.99 4.98 
Inlet NH3 –N(mg/L) 369.8 195 148 89.4 369.8 195 148 89.4 369.8 195 148 89.4 
Inlet  pH 7.78 6.91 6.05 5.31 7.78 6.91 6.05 5.31 7.78 6.91 6.05 5.31 
OLR (gCOD/L/day) 0.215 0.291 0.401 0.477 0.287 0.389 0.517 0.635 0.429 0.582 0.776 0.953 
HRT(days) 20 20 20 20 15 15 15 15 10 10 10 10 
Outlet TCOD(gCOD/L) 1.72 1.79 1.08 2.42 1.62 1.63 0.892 2.23 2.72 3.24 3.37 5.82 

Outlet SCOD (gCOD/L) 0.775 0.883 0.488 0.968 0.677 0.718 0.352 0.913 1.49 1.99 2.36 3.17 

TCOD-removal efficiency (%) 59.84 69.31 86.10 74.59 63.83 70.37 85.58 76.60 36.60 44.27 56.64 38.69 

TCOD removal-total Process (%) 61.37 70.27 86.50 74.95 72.00 72.50 88.84 76.94 38.29 45.41 57.47 39.42 
SCOD removal efficiency (%) 
SCOD removal-total Process (%) 

66.00 
52.74 

74.80 
64.96 

88.78 
83.06 

82.01 
70.12 

70.31 
58.72 

79.54 
71.51 

91.90 
87.80 

83.03 
71.82 

27.43 
9.15 

43.30 
21.00 

45.75 
18.06 

41.08 
2.16 

Ammonium(mgNH3 –N /L) 363 251 182 89 377 273 231 140 401 334 246 147 

Alkalinity(gCaCO3/L) 3.73 3.43 3.00 2.15 4.17 3.73 3.35 2.36 3.64 3.26 2.72 2.22 

Outlet TVFA(gCH3COOH/L) 0.824 1.01 1.07 1.28 1.07 1.16 1.22 1.46 1.11 1.40 1.71 1.97 

Outlet  pH 7.90 7.10 6.54 5.74 7.99 7.23 6.66 5.83 7.89 7.04 6.14 5.43 

TVFA/Alkalinity ratio 0.218 0.290 0.357 0.584 0.256 0.307 0.363 0.607 0.312 0.440 0.583 0.901 

SO4-2(mg/L) 345 284 200 165 316 264 183 145 389 324 275 230 

COD/SO4-2 4.7 6.3 5.4 14.7 5.1 6.17 4.9 15.4 6.7 10 12.3 25.3 

Biogas(L /days) 0.313 0.411 0.561 0.470 0.333 0.486 0.647 0.540 0.156 0.246 0.367 0.279 

CH4 yield(ml/gCOD consumed) 54.86 56 56.2 38 60 67 67.5 46 27.4 29.6 33.57 26.17 

CH4 GPR(ml/days) 141 224 374 271 166 282 461 337 43 76.4 146.7 98.4 
CH4 %  45 54.52 66.70 57.67 48.35 57.97 71.22 62.30 36.3 38.9 45.3 39.0 
CO2 %     48 35.46 28.2 36.3 43.5 32.0 24.7 30.5 51.0 49.5 52.0 54.2 

Note: The values showed are the mean values ± SD of seven duplicate samples after steady state conditions were reached. For SD refer the appendix part. 
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4.2. Anaerobic Co - Digestion of Tannery Waste Water and Tannery Solid Waste 

4.2.1 Characteristics of tannery waste streams before mixing 
 

The physico- chemical characteristics of two agro-industrial wastes used in this study are 

shown in Table 9. Characteristics of the inoculum also presented in Table 9. As shown in 

Table 9 the pH values of the two agro industrial wastes and inoculum were in the range of 

8.22-10.30. The high pH value was obtained for tannery solid waste and this is likely due to 

the added lime content during liming process in order to swell the hides to remove hair with 

root. Kameswari et al.(2014) reported similar  pH value (11.67) during co-digestion of 

tannery solid wastes. Another study conducted by Thangamani et al.(2010) reported the pH 

value of 12.10 during co-digestion of hazardous tannery solid waste and primary sludge. 

Table 9 also shows that 61.8% of total solid (TS) in TSW and 48.7% of TS in TWW were 

organic in nature or volatile solid (VS). Due to its higher organic content, TSW can be 

utilized as potential substrate for biogas production. As the result the biogas production 

potential of TWW can be enhanced by co digesting with TSW.  Kanchinadham et al.(2015)  

reported the similar VS value (73% ) of tannery solid waste during chacterization for 

anerobic co-digestion with primary and secondary sludge in semi-continuous mode of 

operation.  

As apparent from Table 9, the fat contents of the two wastes were in range of 6.5-48.6mg/g 

dry weight basis which is moderately lower than the value (60 mg/g dry weight basis) 

reported by Kanchinadham et al.(2015)  for tannery solid waste. Tannery solid wastes 

orignated from process of animal skin preparation for the tanning process and composed 

mostly of lipids and fats, with water content of approximately 50% and also viable substrates 

for biogas production (Zupancic and Jemec, 2010). The higher fat content in TSW could 

contribute to balance the lower C/N ratio in TWW during co-digestion process. The 

elemental analysis results presented in Table 8 indicated that the C/N ratio of TSW was 

9.7+0.19 which was higher than that of the tannery waste water 4.9+0.73.  
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The C/N ratio of TWW was low as compared to TSW and this was likely due to high 

ammonia concentration in TWW. The C/N ratio of 8.5 (tannery solid waste) was reported by 

Kameswari et al.(2014) which is comparable to result of the present study.  Lower C/N ratio 

(3.5) of tannery solid waste as compared to the present result was reported by Kameswari 

(2015). An optimum C/N ratio is needed for anaerobic digestion process because an 

appropriate nutrient balance is required by anaerobic bacteria for their growth as well as for 

maintaining a stable environment. Generally, the optimal C/N ratio in range of 20–30 has 

been reported to be the optimum condition for bacterial growth in anaerobic digestion 

systems (Puyuelo et al., 2011). For nitrogen-rich waste, lower values of C/N ratio in the 

range of 6–9 is suitable for anaerobic digestion, as reported by Mshandete et al. (2004). 

Table 9 Characteristics of tannery waste streams and inoculum used in the study 
Parameters  Tannery waste water(TWW) Tannery solid waste (TSW) Inoculum 

pH 8.35+0.34 10.3+0.54 8.22+0.34 
Total Alkalinity (mg/L,CaCO3) 380+0.17 - 166+0.46 
Total Solid (mg/L) 2481.7+0.22 9820+0.32 24.26+0.79 
Volatile Solid(mg/L) 1210+0.31 6070.6+0.15 733.4+0.45 
Total COD(mg/L) 4473+1.83 - 6119+0.20 
TKN(mg/L) 915+0.61 - 450+0.65 
Protein (mg/L) 5718.8+0.31 - 2812.5+0.21 
Fat(mg/g dry weight basis) 6.5+0.44 48.6+0.43 - 
Ammonia Nitrogen, (mg /L) 282+0.39 - 490+0.16 
C (%) - 59.90+0.001 - 
N (%) - 6.21+0.405 - 
H (%) - 5.50+0.032 - 
C/N 4.9+0.73 9.7+0.19 13.6+0.57 
Sulfide ,S-2 (mg/L) 196+0.29 - 2.1+0.37 
Sulfate, SO4

-2 (mg/L) 450+0.57 - 18.0+0.26 
Chromium, Cr(mg/L) 0.26+0.02 0.43+0.12 0.12+0.03 
Sodium, Na(mg/L) 798.2+0.31 368.8+0.35 43.5+0.52 
Potassium, K(mg/L) 26.9+0.58 138.3+0.29 13.0+0.16 
Calcium , Ca(mg/L) 58.3+0.46 323.4+0.18 27.8+0.45 
Magnesium , Mg(mg/L) 13.4+0.13 11.5+0.37 2.2+0.33 

Note: values showed are the mean values ± SD of duplicate samples (n=3) 

Therefore using the TSW as co substrate during co-digestion study of TWW may have 

synergetic effect on balancing the C/N ratio for enhanced biogas production and waste 

treatability.  Furthermore the concentrations of light metal ions (Na, K, Mg, Ca) and heavy 

metal ion (Cr) in each substrate and inoculum were determined and presented in Table 9.  
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Accordingly high concentration of calcium was obtained in TSW sample and this was due to 

high content of lime added during liming operations. This is in agreement with the conclusion 

made by Thangamani et al.(2010) and Kanchinadham et al.(2015). According to the result in 

Table 2 the light and heavy metal ion concentrations are below the inhibition level reported in 

different literature except the sodium concentration  in TWW and calcium concentration in 

TSW which exceeds the stimulating limit (Chen  et al., 2008,  Yu  et al., 2001,  Liu et al ., 

2011).  Generally physico-chemical results revealed that both TWW and TSW are 

antagonistic in their characteristics but complementary for biogas production. Therefore TSW 

can be used as competitive co substrate during anaerobic co-digestion with tannery 

wastewater for enhanced biogas production. 

4.2.2 Inoculum characterization  
 

The cow manure and activated sludge used as inoculum for the semi- continuous laboratory-

scale experiment was characterized and the results shown in Table 2. As shown in Table 2; 

the inoculum had a pH of 8.22+0.34, total alkalinity of 166+0.46 mg/LCaCO3. The content of 

total solids (TS) and volatile solids (VS) of the inoculum used in the study were: 2426+0.79 

and 733.4+0.45 mg/L respectively. Other characteristics of the inoculum are given in Table 2. 
 

4.2.3 Characteristics of waste streams after mixing 
 

The physico-chemical characteristics of four different mixing ratios of TWW:TSW 

(100%TWW, 75/25%, 50/50%, 25/75%) are summarized in Table 10. As shown from the 

result in Table 10, the pH values of four different mixing proportions of TWW and TSW 

(100%TWW, 75/25%, 50/50%, 25/75%) were 8.35+0.34, 8.50+0.30, 8.83+0.45 and 

9.36+0.12 respectively and most of the values are above favourable pH range suitable for the 

growth of fermentive and methanogenic bacteria in anaerobic digestion system. Total 

Alkalinity of the feedstock increased with increasing inclusion level of TSW and the values 

were 380+0.17, 393.4+0.55, 430+0.76, 475.6+0.38 mg/LCaCO3. 
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Experimental results shown in Table 10 revealed that the organic matter content in the 

feedstock increased as the mixing ratios of TSW increased and reached at the value of 

59.03% of TS when 25%TWW and 75%TSW mixed together. 
 

 

As summarized in Table 10; the C/N ratio of each mixing ratio of the two substrates 

(100%TWW, 75/25%, 50/50%, 25/75%) were 4.9+0.73, 4.9+0.73, 6.2+0.44, 7.8+0.38, 

9.51+0.51 respectively and lower C/N ratio was achieved for 100%TWW. This is due high 

nitrogen content of TWW.  According the data, it is clearly shown that even though 

100%TWW is high in nitrogen and alkalinity, increasing the mixing ratio TSW in the 

feedstock had synergetic effect in balancing C/N ratio for enhanced biogas production and 

methane yield. Improved C/N ratio was reported by Rico et al.(2015) during anaerobic co-

digestion dairy waste water with manure. Although most researchers recommend operating 

within a C/N ratio range of 20–30 for anaerobic bacterial growth in anaerobic digestion 

systems (Li et al., 2011), the optimal C/N ratio varies with the type of feedstock to be 

digested. For nitrogen-rich waste, lower values of C/N ratio in the range of 6–9 is suitable for 

anaerobic digestion, as reported by Mshandete et al. (2004). 
 

Furthermore the concentrations of metal ions were determined for each mixing ratios of the 

feedstock (100:0, 75:25, 50:50, 25:75) and presented in Table 10. Higher concentration of 

Na+ (798.2+0.31mg/L) and Ca+2 (260+0.19mg/L ) in 100%TWW and 75% TSW respectively.  

These metal ions are essential elements for the growth of both acidogenic and methanogenic 

microorganisms but their inhibitory concentrations for microorganism or enzyme are 

different, such as 3500–5500 mg/L for Na+ and 2500–4000 mg/L for Ca2+, while the 

stimulating concentrations are different, such as 100–200 mg/L for Ca2+
 and 100–350 mg/L 

for Na+ (Appels et al., 2008). According to results of the present study; the concentrations of 

the two cations were above stimulating concentrations in the feedstock. The concentrations of 

other metal ions were within beneficial range for each ratio 
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Table 10 Characteristics of different mixing ratios of waste streams used for the investigation 
Parameters                     Mixture ratios of  TWW:TSW 

100:0 75:25         50:50  25:75 

Note: all the results are average values (mean + SD). 
 

4.2.4 Optimization and process performance of hydrolytic- acidogenic step. 

In this study some operating parameters such as substrate mixing ratios, OLR and HRT were 

optimized for enhanced acidification products. The process performance of the hydrolytic- 

acidogenic step was evaluated in terms of the reduction in COD, production of SCOD, TVFA 

and NH3-N. 

 The obtained results are presented in Table 11 and details on optimization and process 

performance of hydrolytic- acidogenic step is given below. 
 

4.2.4.1 pH  
 

Literatures supports that pH value is a very important indicator for evaluating the stability of 

anaerobic digestion systems and it has a serious impact on the methanogenic and acidogenic 

microorganisms (Shi et al., 2014).  According to the results shown in Table 11 the pH values 

of acidogenic reactors fed with various mixing proportions of TWW and TSW (100:0, 75:25, 

50:50, 25:75) operated at HRT of 5, 3, 1day  and equivalent OLR were  in the range 6.2-7.9 

during the experimental study at acidogenic step of the two phase AD system.  

pH 8.35+0.34 8.50+0.30 8.83+0.45 9.36+0.12 

Total Alkalinity(mg/L, CaCO3) 380+0.17 393.4+0.55 430+0.76 475.6+0.38 

Total Solid (mg/L) 2481.7+0.22 3721+0.62 5436+0.44 6730.2+0.3 

Volatile Solid(mg/L) 1120.3+0.31 1950+0.50 3054+0.34 3973+0.41 

Total COD(mg/L) 4473+1.83 5265+0.63 5985+0.78 6731+0.25 

TKN(mg/L) 915+0.61 850+0.95 769+0.58 708+0.66 

Protein (mg/L) 3956+0.31 3843+0.64 3781+0.19 3706+0.87 

Fat(mg/g) 6.5+0.44  18.4+0.28  26.5+0.53 37.4+0.16 

Ammonia Nitrogen, (mg /L) 282+0.39 235+0.57 164.5+0.32 115+0.22 

C/N(COD/TKN) 4.9+0.73 6.2+0.44 7.8+0.38 9.51+0.51 

Sulfide ,S-2 (mg/L) 196+0.29 132.4+0.22 136.1+0.04 145.5+0.07 

Sulfate, SO4
-2 (mg/L) 450+0.57 489+0.57 516+0.05 550+0.31 

Chromium, Cr(mg/L) 0.26+0.02 0.23+0.02 0.19+0.03 0.14+0.04 

Sodium, Na(mg/L) 798.2+0.31 654.5+0.22  563+0.36 438.6+0.42 

Potassium, K(mg/L) 26.9+0.58 36+0.46  43.6+55 39+0.18 

Calcium , Ca(mg/L) 58.3+0.46 86+0.58 158+0.32 260.4+0.19 

Magnesium , Mg(mg/L) 13.4+0.13 12.6+0.48 11.8+0.63 12.2+0.39 
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The high pH values observed at the beginning of the experiment fell moderately in each 

acidogenic reactor and then reached at steady state. The reason for pH drop was due to more 

biodegradable organic fraction being hydrolyzed and converted into volatile fatty acids 

(VFAs).  This is in agreement with conclusion made by Demirer and Alkaya (2011) during 

anaerobic acidification of sugar-beet processing wastes. As shown from Table 11, pH value 

in acidogenic reactor fed with 50% TWW and 50% TSW was with in the optimum pH value 

(5.5-6.5) recommended for hydrolysis and acidogenesis (Dobre et al., 2014) whereas the pH 

values in the other reactors are higher than the optimum value. Variations in higher pH levels 

from 6.5 to 8.0 were reported to be affecting the dominant microbial populations in the 

acidogenic reactor (Horiuchi et al., 1999).  Furthermore during hydrolytic-acidogenic phase, 

insoluble organic polymers such as carbohydrates, proteins, and fats are broken into simple 

sugars, fatty acids, and amino acids. The solubilisation of the solid organic fraction in the 

feedstock especially in TSW can cause to increase soluble COD in the acidogenic reactors. 

According to results depicted at Fig.37, SCOD increased gradually with increasing HRT and 

increasing inclusion level of TSW up to 50%. 
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Fig.37 Effect of pH on SCOD concentration of acidogenic step of two phase AD system during 

anaerobic co digestion of TWW and TSW at different HRTs
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The maximum SCOD concentration was achieved at a pH of 6.2 in acidogenic reactor of 

50:50 operated at HRT of 5 days and OLR of (1.2 gCOD/l/day). This was in agreement with 

the reports made by Lim et al. (2008). 

4.2.4.2 Total Volatile Fatty Acid (TVFA) production 
 
As one of the most important parameters for the process control of anaerobic digestion, the 

TVFA concentrations have direct correlation with the digester performance and provide 

information on the hydrolytic–acidogenic effluent to determine its suitability for the 

methanogenic step (Ucisik, 2008). The average concentrations of TVFA in acidogenic 

reactors during anaerobic co-digestion of TWW and TSW at different HRT and 

corresponding OLR are presented in Table 11. The results illustrated in Fig.38 indicated that 

the TVFA concentrations increased gradually along with increasing the proportions of TSW 

and the highest TVFA concentrations were achieved when the mixing proportion of TSW in 

acidogenic reactor increased by 50%. Further increase in mixing proportion of TSW beyond 

50% caused to decrease the production of TVFA. This was likely due to for the fact that 

solids of the substrate (TSW) were accumulated within the reactors, hindering the agitation of 

the reactor contents and making mass transfer difficult (De La Rubia et al., 2009). 

 

 Fig.38 also shows that as the HRT increased (OLR decreased), the production of TVFA in 

the reactor increased and highest values were achieved when the reactor operated at HRT of 5 

days and equivalent OLR (0.894, 1.05, 1.20, 1.35gCOD/L/day) for each feedstock proportion 

respectively. Low TVFA concentrations of were obtained when the reactors of 100:0, 75:25, 

50:50 and 25:75  performed at HRT of 1 days and corresponding OLR (4.46, 5.27, 5.99, 6.73 

gCOD/L/day) respectively. The reason for decreasing the TVFA concentration when HRT 

decreased from 5 days to 1 day was probably due to the wash out of part of the hydrolytic-

acidogenic consortium during the experimental study.   
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 The observed phenomena for decreasing concentration of TVFA with decreasing HRT 

(increasing OLR) in the present study is in agreement with the finding of Jianguo et al.( 

2013). It was reported that acidogenesis process was slightly inhibited when the VFAs 

concentration was above 4g/L.  The concentrations of TVFA achieved in the present study 

are not in the level which could inhibit the fermentation process.  Therefore, the present result 

demonstrated that co-digestion with TSW in a proper mixing proportion could improve the 

characteristic of TWW digestion  and enhanced TVFA production was achieved as compared 

to TWW alone.  Demirer and Alkaya (2011) during anaerobic acidification of sugar-beet 

processing wastes reported higher TVFA concentrations (2159-3635mg/L as CH3COOH) 

which is moderately higher than results of the present study (see Table 11). 
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Fig.38 Change in TVFA concentration at acidogenic step of two phase AD system during anaerobic 

co digestion of TWW and TSW operating under different working conditions
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4.2.4.3 SCOD concentration 
 
 

In order evaluate the performance of the hydrolysis and acidogensis during anaerobic co-

digestion of the two agro industrial wastes (TWW and TSW) the release of SCOD and 

reduction of COD were determined. Average steady state results are shown in Table 11.  
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As clearly shown from Table 11 and Fig.39 the SCOD concentration increased with 

increasing the proportion of TSW as compared to TWW alone.  The experimental results 

shown in Table 11 indicated that high SCOD concentrations (3.28gCOD/L) were achieved 

when the reactor used equal (50:50) mixing ratio of TWW and TSW as feedstock.  This value 

was 48.4% greater than SCOD concentration obtained when TWW was used alone. Results 

depicted in Fig.38 and Fig.39 also revealed that there is a direct relationship between VFA 

and SCOD concentrations. The reason for increasing SCOD concentration with increasing 

mixing proportions of TSW might be due to the increased readily degradable fraction and 

improved C/N ratio in the feedstock of the reactor. The reason for obtaining low 

concentration of SCOD and TVFA when the ratio of TSW exceeds 50% was likely that the 

hydrolysis of protein was inhibited by the high concentration of Ca+2 in TSW due to re-

flocculation (Gaoqiang et al., 2013).  
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The other reason may be due to due to for the fact that solids of the substrate (TSW) were 

accumulated within the reactors, hindering the agitation of the reactor contents and making 

mass transfer difficult (De La Rubia et al.,2009).  
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Furthermore the influence of OLR and HRT on release of SCOD was evaluated in this study. 

As the result, reactors fed with same mixture ratio of the wastes show variation in SCOD 

concentration at different HRT and OLR. As depicted in Fig.39 SCOD concentration 

increased with increasing HRT from 1 to 5 days and decreasing corresponding OLR for 

substrate mixing ratio. Maximum SCOD concentration was obtained in acidogenic reactor of 

50:50 operated at HRT of 5 days and equivalent OLR (1.20 gCOD/L/day) while lowest value 

(2.12gCOD/L/day) was achieved when 100%TWW used as a fed in the reactor and operated 

at HRT of 1 days and corresponding OLR (4.46gCOD/L/day).  Generally, from Fig.39 and 

Fig.40 it can be conclude that performance of hydrolysis and acidification step of the two 

phase ASBR system during anaerobic co-digestion of TWW and TSW was influenced by the 

proportion and nature of the substrate, HRT and OLR. . 
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4.2.4.4 Ammonia Concentration 

 
Ammonia nitrogen serves as a powerful inhibitor in anaerobic processes and can easily cause 

process instability. The NH4
+–N produced during anaerobic hydrolysis of nitrogenous 

compounds mostly in the form of protein, which was hydrolyzed into amino acids and further 

degraded into ammonia. It has significant role in microbial growth and increasing the 

buffering capacity of anaerobic digestion process (Garcia-Peña et al., 2011).   
 

In this study the average steady state NH3–N concentrations during anaerobic acidification 

with different mixing ratios of TWW and TSW were determined at HRT of 5, 3, 1day and 

corresponding OLR. The results are presented in Table 11. It can be observed from Table 11, 

the concentration of NH3–N decreased with increasing proportion of TSW and lowest value 

(118mg/L) was achieved in the reactor 25:75 operated at HRT of 5 days while the highest 

NH3–N concentration (345 mg/L) was obtained in the reactor fed with TWW alone and 

performed at HRT of 5 days. This was likely due to the high nitrogen content in TWW as 

compared to TSW.  In addition to this, the high concentration of Ca+2 in TSW can the other 

reason since Ca+2 re-flocculated with proteins and inhibit hydrolysis which decreased NH3–N 

concentration in the fermentation systems (Krylova et al., 1997).  The high concentration of 

Na+ in TWW can also contribute to increase the NH4
+–N concentration since Na+ could 

exchange with the ions of extracellular polymeric substances in the waste and loosened its 

structure, which facilitated the dissolution of protein and polysaccharide consequently to 

increase NH4
+–N during hydrolysis (Krylova et al., 1997). Table 11 also showed that NH3–N 

concentration for all mixing ratios of TWW and TSW during hydrolysis- acidification 

increased with increasing HRT and decreasing OLR. This is due to biodegradation of organic 

nitrogen by microorganisms during acidification process.  Generally, the highest NH3–N 

concentration (345 mg/L) obtained in the present study was above stimulating concentration 

(50-200 mg/L) but below inhibitory range (1500-3500 mg/L) (Chen et al., 2008). 
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4.2.4.5 Degree of hydrolysis 
 

 

Degree of solubilisation or hydrolysis can be expressed degree of solubilisation of organic 

matter. Table 11 and Fig.41 shows the performance characteristics in terms of degree of 

hydrolysis (%) of hydrolytic-acidogenic step during anaerobic co-digestion of TWW and TS 

at different HRT and OLR. Initially the effect substrate mixing proportion solubilisation of 

organic matter or degree of hydrolysis was evaluated and results are illustrated in Fig.41 and 

Table 11. According the experimental results shown in Table 11 the degree of hydrolysis (%) 

achieved for each mixing ratios TWW and TSW (100:0, 75:25, 50:50, 75:25) were 49.6%, 

51.8%, 54.8%, 46.5% (HRT = 5 days), 51.1%, 47.8%, 49.4%, 42.5% (HRT = 3 days), 47.4%, 

34.2%, 38.7%, 31.9% (HRT = 1 days) respectively. From four mixing ratio of TWW and 

TSW studied; best result was obtained when 50:50 of TWW and TSW used as a feed whereas 

lowest value was obtained in the reactor fed with 75% TSW. The reason for decreasing 

degree of hydrolysis (%) with increasing mixing proportion beyond 50% was due to for the 

fact that solids of the substrate (TSW) were accumulated within the reactors, hindering the 

agitation of the reactor contents and making mass transfer difficult consequently reducing 

degree of solubilisation (De La Rubia et al.,2009). 

 

Results shown in Table 11 indicated that hydrolytic potential of the first stage of two stage 

system was also affected by HRT and corresponding OLR. As can be seen from Fig.41; the 

degree of solubilisation of organic matter increased with increasing HRT from 1 to 5 days 

and decreasing OLR. The highest degree of hydrolysis (54.8%) was achieved in reactor 50:50 

operated at HRT of 5 days and OLR of 1.20gCOD/l.day. The degree of hydrolysis obtained 

in present study was as high as the result (53%) reported by Bouallagui et al. (2004) during 

two-phase anaerobic digestion of fruits and vegetable wastes. This is also higher than values 

obtained by Voelklein et al.(2016), De La Rubia et al. (2009) and Orozco et al. (2013) who 

reported values of food waste,  sunflower oil cake and grass respectively. 
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4.2.4.6 Degree of acidification  

In this study degree of acidification (%) in acidogenic reactors during anaerobic co-digestion 

of different mixing rations the two agro industrial wastes (TWW and TSW) using semi 

continuous two phase ASBR under mesophilic temperature (38+20C) operated at HRT of 5, 3 

and 1days and corresponding OLR were calculated from the obtained TVFA and COD input. 

As shown from Table 11 the degree of acidification (%) for acidogenic reactors of 100:0, 

75:25, 50:50 and 25:75 during steady state were 9.7%, 17.0%, 36.5%, 22.8% (HRT = 5 

days); 15.0%, 16.5%, 29.3%, 14.9% (HRT = 3 days) and 2.0%, 8.0%, 13.2%, 4.4% (HRT = 1 

days). As shown from Fig. 42, the degree of acidification increased with increasing mixing 

proportions of TSW in the reactor and best result was obtained in the reactor 50:50. This was 

likely to due to the increased readily degradable fraction and improved C/N ratio in the 

feedstock. The reason for decreasing degree of acidification (%) when the ratio of TSW 

exceeds 50%  was due to for the fact that solids of the substrate (TSW) were accumulated 

within the reactors, hindering the agitation of the reactor contents and making mass transfer 

difficult (De La Rubia et al.,2009).  



174 
 

 The other reason might be due to inhibition of hydrolysis of protein by the high 

concentration of Ca+2 in TSW through re-flocculation resulting (Gaoqiang et al., 2013). 
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After determining the optimum mixing ratios of TSW and TWW; the effect of HRT and 

corresponding OLR on acidification process were investigated by varying these parameters. 

The influence of HRT on acidogenic conversion efficiency was studied by gradual decreasing 

from 5 to 1days.  As can be seen from Table 11 and Fig.42 highest degree of acidification 

(36.5%) was obtained at acidogenic reactor 50:50 which was operated at HRT of 5 days. 

Therefore HRT of 5 days and corresponding OLR (1.20gCOD/L/day) was considered to be 

best working condition for optimum acidification of the two agro industrial wastes (TWW 

and TSW) mixed equally during co-digestion study.  Similar study was carried out by Yu and 

Fang (2000) and showed that the acidification of dairy waste water was affected by HRT. The 

maximum acidification value obtained in the present study is in line with Chen et al. (2015) 

who reported acidification yields between 29% and 36% for food waste and rice straw 

fermentation. Comparable degree of acidifications (34.3% and 40.8%) were reported by 

Voelklein et al.(2016) for food waste.   
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Moderetly higher acidification yields (38.9–44.4%) as compared to the present result were 

reported by Bouallagui et al. (2004) for food and vegetable waste. Furthermore, in all 

reactors it was observed that the degree of acidification in initial stage was low due to the 

high COD leaching rate and low TVFA production decreasing the ratio of TVFA/COD in 

which the highest value (36.55% ) being achieved in acidogenic reactor of 50:50 performed 

at HRT of 5 days. As reported in literature degree of acidification about 20 – 40% is reported 

to stimulate significantly the activity of a methanogenic reactor placed in series with the 

hydrolysis-acidogenic reactor (Guerrero et al., 1999); suggesting that the optimum conditions 

in the first reactor should aim for the maximum TVFA production rate.  Accordingly; the 

results obtained in acidogenic reactor of 50:50 which was operated at HRT of 5 days was in 

the range which can stimulate methanogenic activity.  Orozco et al. (2013) reported 

maximum acidification yields for grass silage of 35% which is comparable results of the 

present study. 
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Table 11Steady state average performance of acidogenic step of two phase ASBR system operated at different substrate mixing ratios, OLR and 
HRTs 

Parameters 
 

            Mixture ratios of tannery waste water and tannery solid waste(TWW:TSW) 

100:0 75:25 50:50 25:75 100:0 75:25 50:50 25:75 100:0 75:25 50:50 25:75 

Inlet TCOD(gCOD/L) 4.47 5.27 5.99 6.73 4.47 5.27 5.99 6.73 4.47 5.27 5.99 6.73 
Inlet SCOD(gCOD/L) 1.64 2.26 2.51 2.43 1.64 2.26 2.51 2.43 1.64 2.26 2.51 2.43 
Inlet VFA(gCH3COOH/L) 0.83 1.28 1.59 2.06 0.83 1.28 1.59 2.06 0.83 1.28 1.59 2.06 
Inlet NH3 –N(mg/L) 282 235 164.5 115 282 235 164.5 115 282 235 164.5 115 
Inlet  pH 8.4 8.5 8.8 9.4 8.4 8.5 8.8 9.4 8.4 8.5 8.8 9.4 
OLR (gCOD/l/day) 0.894 1.05 1.20 1.35 1.50 1.75 1.99 2.24 4.46 5.27 5.99 6.73 
HRT(days) 5 5 5 5 3 3 3 3 1 1 1 1 
Outlet TCOD(gCOD/L) 4.24 4.90 5.51 6.33 4.29 5.04 5.63 6.44 4.38 5.12 5.80 6.60 
Outlet SCOD (gCOD/L) 2.21 2.73 3.28 3.13 2.28 2.52 2.96 2.88 2.12 1.80 2.32 2.15 
Outlet TVFA(gCH3COOH/L) 0.98 1.84 2.45 2.28 1.06 1.63 2.28 2.20 0.86 1.45 1.90 1.76 
Outlet NH3 –N(mg/L) 345 276 195 118 369.8 310 214 129 287 179 154 93 
Outlet  pH 7.6 7.1 6.2 6.8 7.8 7.4 7.10 7.3 7.9 7.5 7.5 7.8 
Degree of hydrolysis (%) 49.6 51.8 54.8 46.5 51.1 47.8 49.4 42.5 47.4 34.2 38.7 31.9 
Degree of Acidification (%) 9.7 17.0 36.5 22.8 15.0 16.5 29.3 14.9 2.0 8.0 13.2 4.4 

Note: All the values presented in the above table are average values (mean+SD)(n=7 for outlet and n=3 for inlet parameters. See appendix part for detail information. 
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4.2.5 Evaluation of process performance and stability of methanogenic step 

 
The two -stage anaerobic co-digestion study was carried out to investigate the effect of 

various ratios of TWW:DWW(100:0, 75:25, 50:50, 75:25), HRT and OLR on process 

stability and process performance of  methanogenic  step under mesophilic temperature 

(38+20C). The outlet of the acidogenic reactor was fed directly to the methanogenic stage 

without any pH adjustment. Process stability was evaluated in terms of pH, volatile fatty 

acids, alkalinity and the VFA/Alkalinity whereas process performance at each methanogenic 

reactors was determined in terms of daily biogas production, biogas composition, methane 

yield and COD removal efficiency. Each experiment in methanogenic step was carried out for 

30 days. The obtained results for process stability and performances of methanogenic reactors 

are shown in Table 12 and discussed at each sub sections below.  

4.2.5.1 Process stability 
 

 

According to different literature, pH value is a very important indicator for evaluating the 

stability of anaerobic digestion systems and it has a serious impact on the methanogenic and 

acidogenic microorganisms (Kumar et al., 2015). The pH affects significantly the growth rate 

of the microorganisms capable to transform the organic matter into biogas. For 

biomethanization processes, pH values should be in the range of 6.8-8.5 (Nyns et al., 1985). 

In the present work, changes of pH values in all methanogenic reactors operated at different 

working condition during anaerobic co-digestion of TWW and TSW are shown in Fig.43.  

The initial pH values for all reactors ranged from 7.6-6.8 which was believed to be acceptable 

for biomethanization processes. As shown from Fig.43 the pH drop in all methanogenic 

reactors had observed for the first six or eight days. This is due to hydrolysis and acidification 

of the organic matter was not coupled with the utilization of VFAs by methanogenic 

microorganisms. After eight or ten days their pH slowly increased and the system was 

stabilized.  
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The pH value of the system self maintained above 6.8 for all methanogenic reactors of 100:0, 

75:25, 50:50 and  25:75  when operated at HRT of 20, 15 and 10 days and corresponding 

OLR.  This pH stability of the system indicated that the digesters were working within 

optimum conditions for biogas production and was not under inhibitory conditions. This was 

likely due to the initial alkalinity concentrations of the two substrates that were high enough 

to act as buffer. High initial buffering capacity available in the substrate did not let the pH 

decrease during VFA production rather there was no need to provide external buffering 

addition to the methanogenic reactors, which could actually save huge amount of chemical 

use in a full-scale process, increasing operation costs significantly.  
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Fig.43 Change in pH of methanogenic step during anaerobic co digestion of TWW and
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 In the study conducted by Aboudi et al.(2015) during co-digestion of sugar beet byproduct 

and pig manure; the pH value in the systeme was self maintained above 7 for the whole 

experimental assay. Akyol et al.(2015) reported that the  pH remained within the range of 

7.4–7.8 in all methanogenic reactors, during anerobic co-digestion tanney solid wastes with 

inculum.  
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The accumulation of VFAs in most situations reflects an imbalance between acid producers 

(mostly bacteria) and consumers, and is usually associated with a drop in pH and a 

breakdown of the buffering capacity of the reactor sludge (Akuzawa et al., 2011). As the 

result the process stability of methanogenic reactors feed with various mixing ratios of TWW 

and TSW(100:0, 75:25, 50:50, and 25:75) operated at HRT of 20, 15, 10 days and 

corresponding OLR were studied and steady state results are presented in Table 12.  Fig. 44 

also illustrates the change in TVFA in methanogenic step during two phase anaerobic co-

digestion of the two agro industrial wastes under different working conditions.  It can be seen 

from Table 12 and Fig.44, the change in TVFA concentration was in agreement with 

behaviour of pH variation.   
 

During start-up period the high concentrations of TVFA were achieved.  The increase in 

VFAs concentration was observed because their production rate by acidogenic 

microorganisms was not coupled with their degradation rate by the activity of acetogenic and 

methanogenic microorganisms (Demirel et al., 2008). This is also supported by the study 

carried out on anaerobic co-digestion of sugar beet by product and pig manure (Kaoutar et 

al., 2015).  However the concentration of TVFA in all reactors gradually decreased and 

reached at steady state values of 0.790, 0.828, 0.8300gCH3COOH/L for 100:0; 0.886, 1.08, 

1.29 gCH3COOH/L for 75:25; 0.978, 1.14, 1.45 gCH3COOH/L for 50:50 and 0.905, 1.32, 

1.64gCH3COOH/L for 25:75 substrate mixture ratios. Since aceticlastic methanogens were in 

exponential growth from days 5-22; high TVFA consumption was observed as compared to it 

generation rate. From days 23-30, the balance between hydrolysis-acidogenesis and 

methanogenesis was established. As the result TVFAs produced were immediately consumed 

to generate methane and then steady state variation of TVFA concentrations were observed in 

all methanogenic reactors feed with corresponding mixture ratios of TWW and TSW. 

Furthermore Fig.44 revealed that the TVFA consumption by methanogenic consortium  
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increased with increasing HRT from 10 to 20 days or decreasing corresponding OLR and best 

result was achieved in reactor of 50:50 which was operated at HRT of 20 days or OLR of 

0.280gCOD/L/day. It was reported that the VFA concentrations higher than 2000 mg/L 

caused inhibition in batch anaerobic digestion tests (Siegert and Banks, 2005). In present 

study, the highest VFA concentration was measured in in methanogenic reactor of 

25:75(1640 mg/L) which is blow the inhibitory concenctration. 
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The ratio between acidity and alkalinity (TVFA/alkalinity) is largely considered as an earlier 

indicator of the system stability (Kleybocker et al., 2012). VFA/alkalinity ratio commonly 

used as early warning indicator in which the process being stable when this ratio is less than 

0.3–0.4 (Rincon et al., 2008).  Table 12 shows that the TVFA/alkalinity of methanogenic 

reactors during steady state ranged in between 0.210 - 0.586. In this study, the buffering 

capacity of the system was good enough to maintain the stable conditions in the digester 

excepting the start-up period and OLR of 0.424, 0.490, 0.551, 0.633 gCOD/L.day (HRT of 10 

days) respectively for each feedstock mixture ratios.  The TVFA/alkalinity ratio of in the 

range of 0.206–0.714 were reported by Kanchinadham et al.(2015) and stable conditions 

prevailed during co-digestion of tannery wastes.  
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Furthermore Aboudi et al. (2015) have studied the batch anaerobic co-digestion of ESBC-DP 

with PM by testing different mixture ratios and comparing results with the mono-digestion of 

each substrate. They observed the high VFAs production for the individual digestion of 

ESBC-DP. However, for the co-digestion of ESBC and PM mixtures, the VFAs were 

stabilized by the buffering capacity provided to the medium by the livestock manure. 
 

 

Ammonia is produced during the degradation of proteins, nitrogenous fats and nucleic acid 

(Chen et al., 2008). Ammonium (NH4
+) and free ammonia (NH3) are the two most 

predominant forms of inorganic nitrogen present. It has been indicated that free ammonia is 

the most toxic of both, due to the fact that it can pass through the cell membrane and into the 

cell, causing proton imbalance and potassium deficiency (Chen et al., 2008). The pH is the 

parameter which determines the speciation of unionized and ionized form of ammonia and 

unionized form is toxic to methanogens and usually unionized form occurs at pH 9.0. When 

ammonia concentration increases, due to its toxicity to methanogens, VFA accumulation 

takes place and results in decrease in pH. Once pH is reduced, the formation of free ammonia 

can be eliminated (Angelidaki and Ahring, 1993). It was reported that acclimated 

methanogens could tolerate concentrations up to 2000 mg NH3–N/L without inhibition (Sung 

and Liu, 2003).  In the present study the effect of ammonia concentration on process stability 

of methanogenic step during two phase anaerobic co-digestion of TWW and TSW under 

different working conditions was investigated and the results are shown in Table 4 and 

Fig.45. As shown from Fig. 45 the concentration of free ammonia nitrogen in this study 

ranged from 363mg/L to 130 mg/L. The concentration of free ammonia nitrogen in all 

methanogenic reactors were within the acceptable range required for stable anaerobic 

digestion process except the reactor fed with 100%TWW which exceeds the beneficial limit 

(50-200mg/L) as reported by Chen et al.(2008). Furthermore in the present study, 

methanogenic reactors with higher pH showed high concentration of free ammonia. 
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The pH value cannot be an effective to indicate process stability of anaerobic digestion 

system when there is a high buffering capacity.  Small changes in pH occur when there are 

large changes in process performance (Bjornsson et al., 2000). As illustrated at Fig. 46, the 

total alkalinity at all methanogenic reactors increased with increased digestion time and 

finally peaked to steady state value of 3.60, 3.51, 3.21, 2.83gCaCO3/L at HRT of 20 days; 

3.93, 3.65, 3.46, 2.89gCaCO3/L at HRT of 15 days; 3.44, 3.10, 2.94, 2.80gCaCO3/L at HRT 

10 days for each mixture ratios respectively.  Fig.46 also revealed that highest alkalinity was 

achieved in methanogenic reactor feed with 100% TWW whereas lowest value was obtained 

when the mixing proportion of TSW increased to 75%. The reason for general increased 

alkalinity in all methanogenic reactors with digestion time as compared to their initial was 

due to the activity of the methanogenic bacteria, which could produce alkalinity in the form 

of carbon dioxide, ammonia and bicarbonate (Turovskiy, 2006). Anaerobic process to be 

stable or steady system; alkalinity should be between 1 and 5gCaCO3/L (Ren, 2004).  In the 

present research work the alkalinity was in the range of 2.8 - 3.9gCaCO3/L, which was 

suitable for anaerobic digestion for enhanced biogas production.   
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 Alkalinity in the range of 2.2–4.5g/L was reported by Kanchinadham et al.(2015) during co-

digestion of tannery solid waste in semi-continuous mode of operation. 
 

Light metal ions including sodium, potassium, calcium, and magnesium are needed to 

stimulate microbial growth at moderate concentration but they could cause toxicity at higher 

concentrations (Chen et al., 2008).  The concentration of sodium in methanogenic reactors at 

the end of anaerobic digestion was measured. The obtained concentrations sodium in the 

present study varied between 282 and 580mg/L, which are lower than inhibition level 

reported in the literature (Feijoo et al., 1995). 
  

Sulphate reduction and methane formation can take place simultaneously during anaerobic 

digestion. Both sulphate reducer bacteria (SRB) and methane producing bacteria (MPB) can 

use hydrogen and acetate produced in the process as electron donors. Therefore, a 

competition for organic substrate exists between SRB and MPB. This competition is strongly 

dependant on the COD/SO4
-2 ratio (McCartney and Oleszkiewics, 1993).  The importance of 

this ratio increases with the decrease of COD/SO4
-2 ratio in the waste stream for enhanced 

performance of methanogenic bacteria during anaerobic digestion.  
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Choi and Rim (1991) have reported that SRB out-compete MPB at COD/SO4
-2 ratios less 

than 1.7 (sulphate rich condition). They observed an active competition between them at 

COD/SO4
-2 ratios between 1.7 and 2.7. With a COD/SO4

-2 ratio of more than 2.7 (sulphate 

limiting condition), it was observed that MPB out-competed SRB. This finding was 

supported by Freese and Stuckey (2004) who have reported a possible shift towards sulphate 

reduction when the COD/SO4
-2 ratio was decreased from 2 to 1. Therefore in this study the 

COD/SO4
-2 ratios for all methanogenic reactors were in the range of 5.25-14.5 which are 

suitable for effective process performance methanogenic bacteria in terms of COD removal 

efficiency and biogas production 

4.2.5.2 Process performance  
 

Anaerobic mono and co-digestion of TWW and TSW using two phase ASBR system was 

carried out to evaluate the process performance of methanogenic step under various HRT and 

OLR. The effect of different mixture ratios of TWW and TSW on process performances also 

investigated. The main process performance parameters considered in the present study are 

shown in Table 12. Figs. 47, 48 and 49 shows the evolution of daily biogas production, 

methane production and COD removal efficiency obtained from two phase anaerobic co-

digestion of four mixture ratios of TWW and TSW (100:0, 75:25, 50:50 and 25:75) at HRT 

of 20, 15 and 10 days. It is noticeable from Fig.47 that the daily biogas production for four 

mixture ratios of the two agro industrial wastes during mono and co-digestion gradually 

increased for 3-5 days and then slightly decreased for few days.  Thereafter, daily biogas 

production rapidly increased until it became stable on around day 23 excepting the reactor 

feed with 100%TWW in which it‘s steady was established at day 17. The daily biogas 

production  was maintained at average steady values of 308, 318, 140 ml/day when 

100%TWW was used as feed and operated at HRT of 20, 15 and 10 days respectively (Table 

12).   As shown in Table 12 the daily biogas production achieved in methanogenic reactor of  
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75:25 performed at the same HRT as above and OLR of 0.245, 0.317 and 0.490gCOD/L/day  

were 351, 336 and 205ml/day.  For methanogenic reactor of 50:50 operated at HRT of 20, 15 

and 10 days and equivalent OLR (0.280, 0.367 and 0.551gCOD/L/day); the daily biogas 

production achieved were 415, 365 and 238ml/day. When the mixing proportion of TSW 

increased to 75% in the digester; daily biogas production of 367, 340 and 190ml/day at HRT 

of 20, 15 and 10 days and corresponding OLR were achieved. Results of this experimental 

study revealed that the co-digestion of TWW and TSW improved daily biogas production as 

compared to mono digestion of TWW. This was likely due to improved C/N ratio when high 

nitrogen containing TWW mixed with carbon rich TSW as stated in Wang and co-workers 

study (Wang et al., 2012). 
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Fig.47 Variation in daily biogas production rate during two phase anaerobic co digestion of TWW and

TSW at different operating conditions
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The reason for achieving low daily biogas production during mono digestion of TWW was 

probably due to the ammonia accumulation, encountered during the anaerobic degradation of 

proteinaceous materials which is strong inhibitor of biogas production (Rajagopal et al., 

2013).  
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This indicates that the composition of substrate determines the efficacy of the microbiological 

population (Palatsi et al., 2011), which in turn largely affects the process stability and 

performances of methanogenic step. Consequently, co-digestion of the two agro industrial 

wastes as carried out in this study is suggested to increase the biomethanisation process and 

the highest biogas production was achieved when 50% TSW and 50%TWW co digested 

together. Fig.47 also show that enhancement of biogas production was observed with 

increasing HRT from 10 to 20 days (decreasing corresponding OLR). The highest daily 

biogas production was achieved in methanogenic reactor of 50:50 operated at HRT of 20 

days and corresponding OLR of 0.280gCOD/L.day. The reason of  having low daily biogas 

production at lowest HRT (10 days) might be due shorter HRT of the system contributed to 

more active  methanogens were washed out during removal of effluent (Wang et al., 2012).  
 

Athanasoulia et al.(2012) studied the  co-digestion of sewage sludge (SS with olive mill 

wastewater(OMW) at a ratio 70:30 (v/v)) at different HRTs and  have been reported the 

highest biogas production rate of 0.73L/LR d at HRT of 12.3 days. Another study conducted 

by Zhikai et al.(2016)  on co-digestion of sorghum stem and cow manure showed biogas 

yield of 413mL/g VS, 26% higher than that of raw sorghum stem alone and comparable to 

the present result. Andualem et al.(2016) conducted the study on anaerobic co-digestion of 

tannery waste water and cow dung using 100m3 pilot scale anaerobic sequencing batch 

reactor (ASBR) under mesophilic condition (31±1.50c)  and reported average biogas 

productions  in the ranges of 18.67 to 24.4m3 per day for five mixing ratios (70:30, 40:60, 

20:80 and 5:95).  Kameswari et al.(2014) carried out the study to enhance biogas production 

from tannery wastes (fleshings, F) and the primary sludge (PS) and secondary sludge (SS)) 

through co-digestion approach and observed that maximum biogas generation of 38mL/g of 

VSadded  for mix proportion of F:PS:SS::1.00:2.70:0.30 and a residence time of 45 days 

which is lower than the result of  the present study .  
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The results of  the present study are consistent with the studies conducted by Gelegenis et al. 

(2007) co digesting olive mill wastewater and whey with chicken manure respectively in a 

mesophilic one stage system at 20 days of HRT (0.4-0.7L/g VSfeed). Sami and Sari et al 

(2010) studied anaerobic co-digestion of a mixture of animal by-products (ABP) from meat-

processing industry and of sewage sludge at 350C for co-digesting such by-products in 

digesters at wastewater treatment plants.  The three reactors were fed with ABP mixture and 

sewage sludge (1) in a ratio of 1:7 (v/v), (2) in the same ratio but with hygienization (70 0C, 

60 min) and (3) in a ratio of 1:3 (v/v). Hydraulic retention time (HRT) was decreased from 25 

to 20 days and finally to 14 days, while organic loading rates (OLR) ranged from 1.8 to 4.0 

kg VS/m3 day.The feasibility of co-digesting olive mill waste water (OMW) with some agro-

industrial residue streams such as cheese whey and laying hen litter in order to transfer their 

nitrogen content into OMW was also investigated using BMP method (Azbar et al., 2008). It 

was demonstrated that co-digestion of OMW with laying hen litter significantly enhanced 

biogas production resulting in 2.56, 2.06 and 1.93-fold higher total biogas productions for 

COD concentrations of 3, 10 and 30 g/L.  
 

In this study by applying the analysis of variance there was significant difference (P<0,05) in 

biogas production between methanogenic reactors feed with four mixing ratios of TWW and  

TSW. The biogas production in methanogenic reactor feed with equal (50:50) mixing ratios 

of TWW and TSW operated at HRT of 20 days increased by 25.8% as compared to result 

achived during mono-digestion TWW. Furthermore, in this study the effect of substrate 

mixing ratios, HRT and OLR on methane production from co-digestion of TWW and TSW 

were investigated and experimental results are shown in Fig.48 and Table 12. Fig.48 shows 

that the steady state average methane productions of methanogenic digester when 

100%TWW was used as a feed and  performed at HRT of 20, 15, 10 days and equivalent 

OLR were 139, 129 and 34 ml/day with average  specific methane yield of 656, 486 and 80  
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mlCH4/gCOD added respectively. When the 75% TWW and 25%TSW added to the digester 

the methane production obtained at the same HRT as above were 177, 150 and 6ml/day. 

Correspondingly the specific methane yields were 780, 473 and 13mlCH4/gCOD. The 

average methane production of 251, 202,  8ml/day and specific methane yields of 896, 550 

and 15mlCH4/gCOD were obtained in methanogenic digester of 50:50 which was operated at 

HRT of 20, 15 and 10 days and corresponding OLR. When the mixing proportion TSW in the 

digester peaked up to 75%; the average steady methane production achieved were 195, 167, 

5.5ml/day with specific methane yield of 615, 396 and 9mlCH4/gCOD.  As shows from Table 

12, methane production increased with increasing the mixing proportions of TSW being the 

highest value achieved when the ratios of TSW peaked up to 50% at HRT of 20 days.   
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Fig.48 Seady state Biogas and methane production during two phase anaerobic

 co digestion of TWW and TSW at different operating conditions
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Mata-Alvarez et al. (2000) stated that the positive synergistic effects observed in co-

digestion, due to the balancing of C/N ratio and several parameters in the co-substrate 

mixture, may offer potential for higher methane yields which is in agreement with the present 

study.    
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Caixia et al.(2011) carried out a study on co-digestion of thickened waste activated sludge 

(TWAS) and fat, oil and grease (FOG) under mesophilic conditions.   The results showed that 

daily methane yield at the steady state was 598 L/kg VS added when TWAS and FOG (64% 

of total VS) were co-digested, which was 137% higher than that obtained from digestion of 

TWAS alone. This result is moderately lower than the results of the present study. 

Furthermore Sedat and Joseph (2015) evaluated the performance of anaerobic co-digestion of 

municipal wastewater sludge and un-dewatered grease trap waste using laboratory scale, 

semi-continuous feed reactors under mesophilic conditions (350C) and highest methane yield 

achieved during the study was 641ml CH4/gVS added of 46% grease trap waste feed ratios 

which is comparable to the present findings. In the co-digestion of 50% cattle slurry and 

cheese whey waste water, Comino et al. (2012) was achieved high methane yield (0.343-0.43 

CH4/kg-VS) at OLR of 2.65 kgCODm3/day and HRT of 42 day. 
 

 

The composition of biogas produced during mono and co-digestion of TWW and TSW using 

mesophilic two stage ASBR under mesophilic temperature was determined and results are 

presented in Table 12. According to the results shown in Table 12; CH4 content in produced 

biogas varied from 24%-60.5% for four mixing ratios of TWW and TSW and the highest CH4 

content (60.5%) was recorded in a reactor of 50:50 performed at HRT of 20 day.  As stated in 

different literature; biogas is composed of 55-80% CH4 and 20-45% CO2 depending on the 

composition of the feed substrate (Pipatmanomai et al., 2009). Maragkaki et al.(2016) had 

found CH4 content(70.8%) during anaerobic co-digestion of sewage sludge(SS) with OMW, 

cheese whey (CW) and crude glycerol (CG)  which is slightly higher than the results of the 

present study. 
 

The performance of methanogenic step was also evaluated in terms of TCOD removal 

efficiency and experimental results are shown in Fig.49 and Table 12. It can be seen from 

Fig.49 the TCOD removal efficiency increased with increasing proportion of TSW in the 
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feedstock being highest value (75.3%) achieved in methanogenic digester of 50:50 operated 

at HRT of 20 days and OLR of  0.280 gCOD/L/day.   
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The TCOD removal efficiency in methanogenic reactor of 50:50 (TWW and TSW) was 

significantly (p<0.05) higher than the value achieved during mono digestion TWW alone. 

The reduction in COD removal efficiency with increased amount of TWW might be due to 

slow acclimatization of the anaerobic bacteria for the change in composition of the substrate 

resulted from the addition of tannery wastewater. This is in agreement with cconclusion given 

by Andualemet al.(2016) during co-digestion of tannery waste water with cow dung.  Ganesh 

et al. (2013) reported that, at higher organic loading, solids hydrolysis and methanogenic 

performance was affected due to the presence of poorly-degraded organic material which is 

in agreement with the present study when the mixing proportion of TSW in the feedstock 

increased by 75%. Moderatly higher TCOD removal efficiency (82%) as compared to TCOD 

removal efficiency of this study (75.3%) was reported by Andualem et al.(2016) during 

anaerobic co-treatment of tannery wastewater and cattle using(80:20) a pilot scale anaerobic 

sequencing batch reactor (ASBR).  
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Comparable TCOD removal efficiency (78-91%) with result of the present study was 

achieved by Martinez - Garcia et al. (2009) during co-digestion of olive mill wastewater 

mixed with piggery waste.  Marques (2001) reported the anaerobic digestion of undiluted 

OMW mixed with piggery effluents. In their study, OMW was treated successfully, 

increasing the influent COD from 25 to 66gCOD/L at a HRT of 6–7 days and achieving total 

COD removal between 70% and 83%. Another study showed that co-digestion improved the 

efficiencies up to 52% (TCOD) and 132% (SCOD) as compared to swine manure alone.  This 

increase was apparently due to the increased amount of easily degradable compound in the 

feed, as it was reported by Panichnumsin et al. (2010), who co-digested cassava pulp with 

various concentrations of pig manure. According to the study done by Riaño et al.(2011), 

maximum TCOD  and SCOD removal efficiency of 44%,  86%  were  also reported 

respectively during co-digestion of 40% winery waste water to gather with 60% swine 

manure.  
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In addition; the overall performance efficiencies in terms of TCOD reduction in the two 

phases (acidogensis and methanogensis) of semi continuous two stage ASBR during 

anaerobic mono and co- digestion of TWW and DWW under different working conditions 

are summarized in Table 12 and illustrated at Fig.50.  As show from Table 12 and Fig.50 the 

highest overall TCOD removal efficiency of 77.3% was achieved when acidogenic reactor 

operated at HRT of 5 days (OLR  of 1.20gCOD/L/day) and  with an HRT of 20 days (total 

HRT of 25 days) and OLR of 0.280g COD/L/d in the methanogenic reactor. This result was 

higher than the TCOD removal reported by Marques (2001) and Angelidaki et al.(2002) 

using conventional one phase digester. As shown, in Table 11, very small COD reduction in 

acidogenic stage was observed but the total and soluble COD of all acidifier effluents were 

increased. The increase of soluble COD of acidifier effluents was due to the hydrolysis of 

particulate organic compounds of the substrates used in this study.   This is in agreement with 

the findings of Fezzani and Cheikh (2010) during two-phase anaerobic co-digestion of olive 

mill wastes in semi-continuous digesters at mesophilic temperature.   
 

Therefore compared with previous study phase separation between two groups 

microorganism in AD system is necessary to enhance process performance and stability of 

the reactors. Further more the total COD in the final effulent from methanogenic reactor feed 

with 50:50 of TWW and TSW was 1360mg/l, which is above the discharging limit of the 

country i.e 500 mg/L (EPA, 2005). As the result another integrated post treatment system is 

required to remove the remaining COD from the effulent of methanogenic reactor. 
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Table 12 Steady state performance of methanogenic step during anaerobic co-digestion process for tested mixture ratios 
   Parameters 
 

                                         Tannery wastewater: Tannery Solid waste(TWW:TSW) 

100:0 75:25 50:50 25:75 100:0 75:25 50:50 25:75 100:0 75:25 50:50 25:75 

Inlet TCOD(gCOD/L) 4.24 4.90 5.51 6.33 4.24 4.90 5.51 6.33 4.24 4.90 5.51 6.33 

Inlet SCOD(gCOD/L) 2.21 2.73 3.28 3.13 2.21 2.73 3.28 3.13 2.21 2.73 3.28 3.13 

Inlet VFA(gCH3COOH/L) 0.98 1.84 2.45 2.28 0.98 1.84 2.45 2.28 0.98 1.84 2.45 2.28 
Inlet NH3 –N(mg/L) 345 276 195 118 345 276 195 118 345 276 195 118 
Inlet  pH 7.6 7.1 6.2 6.8 7.6 7.1 6.2 6.8 7.6 7.1 6.2 6.8 
OLR (gCOD/L/day) 0.212 0.245 0.280 0.317 0.283 0.317 0.367 0.422 0.424 0.490 0.551 0.63 
HRT(days) 20 20 20 20 15 15 15 15 10 10 10  10 
Outlet TCOD(gCOD/L) 1.81 1.84 1.36 2.18 2.00 2.23 2.09 2.80 2.38 2.65 2.86 3.52 

Outlet SCOD (gCOD/L) 0.71 0.83 0.85 0.90 0.90 1.03 1.10 1.25 1.27 1.45 1.64 1.78 

TCOD-removal efficiency (%)       56.37 62.45 75.32 65.56 50.94 54.50 62.07 55.80 43.85 45.92 48.09 44.39 

TCOD removal-total Process (%) 58.61 65.08 77.30 67.61 53.47 57.69 65.11 58.40 46.76 49.72 52.25 47.70 
SCOD  removal efficiency 
SCOD removal-total Process (%)                                                      

67.70 
56.83 

69.60 
63.27 

74.09 
66.14 

71.25 
62.96                              

59.28 
45.12 

62.27 
54.42 

66.46 
56.18 

60.06 
48.56 

42.53 
22.56 

46.89 
35.84 

50.00 
34.66 

43.13 
26.75 

Ammonium(mgNH3 –N /L) 354 306 246 130 363 320 255 154 389 336 266 168 

Alkalinity(gCaCO3/L) 3.60 3.51 3.21 2.83 3.93 3.65 3.46 2.89 3.44 3.10 2.94 2.80 

Outlet TVFA(gCH3COOH/L) 0.790 0.886 0.978 0.905 0.828 1.08 1.14 1.32 0.830 1.29 1.45 1.64 

Outlet  pH 7.80 7.5 6.8 7.1 7.9 7.7 7.05 7.3 7.7 7.4 6.6 6.9 

TVFA/Alkalinity ratio 
Outlet SO4-2(mg/L)                                                   
COD/SO4-2                                                        

0.220 
345 
5.25 

0.252 
328 
5.61 

0.305 
254 
5.4 

0.322 
215 
10.2 

0.210 
316 
6.3 

0.296 
274 
8.2 

0.330 
229 
9.1 

0.457 
193 
14.50 

0.233 
389 
6.1 

0.416 
352 
7.5 

0.493 
322 
8.8 

0.586 
286 
12.3 
 

Biogas(L /day) 0.308 0.351 0.415 0.367 0.318 0.336 0.365 0.340 0.140 0.205 0.238 0.190 
CH4 yield(ml/gCOD consumed)   57   58   61   47   58  56  59 47 18  2.7    3.1 2.1 
CH4 GPR(ml/day)  139   177    251    195   129   150   202 167 34    6.1    8.09 5.80 
CH4 % 45.0 50.4 60.5 53.0 40.5 44.6 55.3 49.0 24.0 29.8 34.0 30.5 
CO2 % 53 45.6 36.2 43.8 55.9 51.3 40.0 47.8  43.0 47.5 45.0 49.4 

Note: all the results are average values (mean + SD) and results shown in this table are only for methanogenic reactors which were received effluent as feed from acidogenic reactors operated at 
optimized HRT of 5days and corresponding OLR. The reactors were fed every day.   
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CHAPTER FIVE 
 

5. CONCLUSIONS AND RECOMMENDATIONS 
5.1 Conclsusions   
 

Waste management in agro- processing industry is the major concern from environmental 

point of view. In this study anaerobic co-digestion of TWW with TSW and DWW as co 

substrates was investigated using two phase ASBR for energy recovery and to provide 

suitable management options for the three agro industrial wastes.  
 

Operational parameters such as mixing ratios of substrates, hydraulic retention time (HRT) 

and organic loading rate (OLR) of both hydrolytic-acidogenic and methanogenic step were 

optimized for enhanced process performance and stability. Four mixing ratios of substrate 

(100:0, 75:25, 50:50 and 25:75) at HRT of 5, 3 and 1 days and equivalent OLR were 

examined to assess the effect of each operating parameter on process performance of 

hydrolytic- acidogenic step of two stage ASBR  system. Best result was achieved when 

acidogenic reactor feed with 50:50 (TWW:DWW) and; operated at HRT of 3 days and 

equivalent OLR. The degree of acidification obtained was 55.5%. Whereas the optimized 

operating conditions obtained during anaerobic co-digestion of TWW with TSW for 

enhanced performance of hydrolytic-acidogenic step were substrate mixing ratio of 50:50, 

HRT of 5days and OLR of 1.20gCOD/L/day. The degree of acidification and hydrolysis (%) 

achieved in the reactor operated at those optimized parameters were 36.55% and 54.8% 

respectively 

 

The performance of the hydrolysis and fermentation in acidogenic reactors were evaluated by 

the released SCOD, TVFA as well as released NH3–N and average steady state results these 

parameters were affected by both mixing ratos of the substrates and HRTs or corresponding 

OLRs. 
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Furthermore, applying of optimum acidification conditions; the performance of the methane 

producing reactors or methanogenic step was evaluated by examining the process stability 

and performance parameters. Results of this study indicated that the challenges in mono 

digestion of TWW such as ammonification and alkalinity were solved by co digesting TWW 

with DWW. As the result methanogenic reactor fed with 50:50 (TWW:DWW) and operated 

at HRT of 15 days exhibited improved process stability in terms of pH (6.70), VFA 

accumulation i.e VFA/Alkalinity (0.363), alkalinity (3350mgCaCO3/L) and ammonia (231 

mg/L) in which all values were with in optimum operating range. The rector also exhibited 

best process performances in terms of daily biogas (647ml/day), methane production (461 

ml/day), methane content (71.2%) and COD removal efficiency (85.6%) when operated at 

HRT of 15 days and equivalent OLR (0.517gCOD/L.day). The biogas production, methane 

content and COD removal efficiency during anaerobic co-digestion of TWW and DWW 

(50:50) were enhanced by 94.3%,  47.4% and 22.5% ,respectively, as compared to mono 

digestion of TWW.  The best overall process performance efficiency (acidogenesis and 

methanogensis) for TCOD reduction (88.8%) was achieved when methanogenic reactor (50% 

TWW and 50% DWW) operated at HRT of 18 days (3 days for acidogenesis + 15 days for 

methanogensis). 

 

Similarly, methanogenic reactor fed with substrate mixing ratio of 50%TWW and 50%TSW 

at HRT of 20 days  (OLR =0.280gCOD/L.day)  exhibited pH of 6.8, VFA/Alkalinity of 

0.305, alkalinity of 3210mgCaCO3/L  and ammonia of 246mg/L which were found within 

optimum operating range. In this methanogenic reactor (50:50 of TWW and TSW) best 

process performances in terms of daily biogas (415ml/day), methane production (251 

ml/day), methane content (60.5%) and COD removal efficiency (75%) were achieved when 

operated at HRT of 20 days and OLR of 0.280gCOD/L.day.   
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The highest overall TCOD reduction (77.3%) was obtained when 50% TWW and 50%TSW 

in the two phase anaerobic system operated at HRT of 25 days (5 days for acidogenesis + 20 

days for methanogenensis).  In general improved process stabilities as well as performances 

were achieved during anaerobic co-digestion of TWW with DWW and TSW as compared to 

mono digestion of TWW 
 

The C/N value of the tannery waste water is too low which is unsuitable for anaerobic 

digestion. But without adding any external chemicals the C/N value is increased by mixing 

TWW with DWW and the high pH of the tannery waste water is also maintained by the 

process itself. 
 

In general it can be conclude that although anaerobic digestion of TWW alone did not seen to 

produce high biogas production and methane yiled, co-digestion of TWW with DWW and 

TSW could provide higher biogas as a source of renewable energy that could further be used 

as fuel in different unit opertions of the industry.  The biogas production and methane yield 

during co-digestion of TWW with DWW was enhanced by 55.9% and 11.6% as compared to 

results achived during co-digestion TWW with TSW. This is because of the better positive 

synergistic effects of DWW in terms of well-balanced nutrients, an appropriate C:N ratio, 

toxicity dilution effect, easily biodegradable oganic fractions(lactose)  and a stable buffering 

capacity as compared to TSW. 

It can also be conclude that anaerobic co-digestion of TWW with DWW and TSW is an 

economical and environmentally sound option especially for developing country like Ethiopia 

in which waste management in agro processing industrial sector is critical and environmental 

concern because these wastes can be treated in the same facility, decreasing the greenhouse 

gas emissions according to the Kyoto protocol and recovering bio energy simultaneously 

promoting cleaner production in these agro processing industries. 
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In this study, waste water was used for dilution of TSW instead of fresh water. Therefore 

resource is conserved. 

External alkalinity addition which is a common practice in pilot scale biogas plant could be 

avoided due inherent alkalinity of TWW and TSW. 

The COD concentration in the final effluents of all methanogenic reactors were above the 

industrial waste water discharging limit (500 mg/L) of the country. 
 

5.2 Recommendations 

 

 Anaerobic co-digestion of tannery waste water with other complimentary wastes should 

be investigated. For example, co-digestion of tannery waste water with wastes high in 

soluble sugars, could be a method of reducing the high pH of tannery wastes and hence 

reduce effects of ammonia inhibition of methanogenesis. 
 

 The effect of co-digestion on the composting of digestate remained at the end of anerobic 

digestion should be investigated.  
 

 The quality and biosafety of digestate with a view to use as a fertiliser need to be 

evaluated and recommended for further study.  

 Since the COD value of the effulent from methanogenic reactor was above the industrial 

waste water discharging limit of the country. Therefore constructed wetland as post 

treatment method should be integrated with AD system to furtherly reduce the effulent 

COD. 

 The structure of the bacterial community in the anaerobic digesters should be analyzed 

using molecular techniques to better understand linkages between process stability and 

community structure in the AD system during anaerobic co-digestion of the three agro 

processing industrial wastes. 
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 The TWW:DWW ratio of 50:50 (interms of COD) was recommended for commercial 

application because of its high methane production potential, short effective biogas 

production period. 
 

 

 Furthermore the proposed common effluent treatment (CETP) to treat tannery waste 

water in the country should consider the benefits of co-digestion approach.  

 Pilot scale study should be carried out for its feasibility. 
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7. APPENDIXES 
Appendix-I: Tables 
 

Table 7- Steady state average performance of acidogenic step of two phase ASBR system operated at different substrate mixing ratios, 
OLR and HRTs 

Parameters 
 

            Mixture ratios of Tannery waste water and Dairy wastewater(TWW:DWW) 

100:0 75:25 50:50 25:75 100:0 75:25 50:50 25:75 100:0 75:25 50:50 25:75 

Inlet TCOD(gCOD/L) 4.46(0.18) 6.01(0.16) 7.99(0.228) 9.67(0.145) 4.46(0.18) 6.01(0.16) 7.99(0.22) 9.67(0.14) 4.46(0.18) 6.01(0.16) 7.99(0.28) 9.67(0.145) 

Inlet SCOD(gCOD/L) 1.64(0.04) 2.52(0.07) 2.88(0.03) 3.24(0.06) 1.64(0.04) 2.52(0.07) 2.88(0.03) 3.24(0.06) 1.64(0.04) 2.52(0.07) 2.88(0.03) 3.24(0.06) 

Inlet VFA(gCH3COOH/L) 0.83(0.02) 1.56(0.01) 2.49(0.12) 3.16(0.10) 0.83(0.02) 1.56(0.01) 2.49(0.12) 3.16(0.10) 0.83(0.02) 1.56(0.01) 2.49(0.12) 3.16(0.10) 
Inlet NH3–N(mg/L) 282(0.39) 136.9(0.5) 97.5(0.66) 50.4(0.23) 282(0.39) 136.9(0.5) 97.5(0.66) 50.4(0.23) 282(0.39) 136.9(0.5) 97.5(0.66) 50.4(0.23) 
Inlet  pH 8.35(0.03) 7.50(0.03) 7.20(0.06) 6.55(0.016) 8.35(0.03) 7.50(0.03) 7.20(0.06) 6.55(0.02) 8.35(0.03) 7.50(0.03) 7.20(0.06) 6.55(0.016) 
OLR (gCOD/l/day) 0.906 1.19 1.57 1.93 1.49 2.00 2.63 3.22 4.46 6.01 7.87 9.67 
HRT(days) 5 5 5 5 3 3 3 3 1 1 1 1 
Outlet TCOD(gCOD/L) 4.24(0.03) 5.74(0.01) 7.64(0.06) 9.32(0.09) 4.29(0.05) 5.82(0.02) 7.74(0.04) 9.53(0.11) 4.38(0.01) 5.92(0.07) 7.83(0.04) 9.60)0.12) 

Outlet SCOD (gCOD/L) 2.21(0.01) 3.40(0.15) 4.20(0.11) 5.27(0.21) 2.28(0.09) 3.51(0.05) 4.35(0.18) 5.38(0.12) 2.12(0.01) 3.21(0.03) 3.91(0.08) 4.92(0.16) 

Outlet TVFA(gCH3COOH/L) 0.98(0.06) 2.56(0.02) 3.74(0.01) 4.82(0.07) 1.06(0.02) 2.70(0.04) 3.99(0.01) 4.98(0.08) 0.86(0.10) 1.70(0.05) 2.80(0.12) 3.39(0.10) 

Outlet NH3 –N(mg/L) 345(0.16) 175.6(0.2) 134(0.24) 76.5(0.32) 369.8(0.1) 195(0.09) 148(0.26) 89.4(0.31) 312(0.18) 153(0.04) 114(0.16) 66.3(0.05) 

Outlet  pH 7.60(0.04) 7.05(0.06) 6.46(0.01) 5.42(0.09) 7.78(0.10) 6.91(0.12) 6.05(0.05) 5.31(0.14) 7.98(0.10) 6.95(0.35) 5.86(0.20) 4.90(0.11) 

Degree of Acidification (%) 9.75(0.18) 42.3(0.10) 46.3(0.23) 54.6(0.30) 14.0(0.15) 45.2(0.10) 55.5(0.38) 59.9(0.29) 2.0(0.05) 5.9(0.10) 11.5(0.06) 7.57(0.04) 

Note: All the values presented in the above table are average values (mean+SD) (n=7 for outlet, n=3 for inlet). The values in bracket are SD. The highest degree of acidification achieved at 
acidogenic reactor of 25:75(TWW:DWW) operated at HRT of 5, 3 day during  9 days operation but the value decreased to 11.8% and 7.9% after 10 days of operation respectively with 
decreasing TVFA production..  

 

 

 

 

 

 



231 
 

 

Table 8-Steady state average performance of methanogenic reactors at different substrate mixing ratios and OLR 
Parameters 
 

Tannery waste water: Dairy waste water(TWW:DWW) 

100:0 75:25 50:50 25:75 100:0 75:25 50:50 25:75 100:0 75:25 50:50 25:75 

Inlet TCOD(gCOD/L) 4.29(0.05) 5.82(0.02) 7.74(0.04) 9.53(0.11) 4.38(0.01) 5.92(0.07) 7.83(0.04) 9.60)0.12) 4.29(0.05) 5.82(0.02) 7.74(0.04) 9.53(0.11) 
Inlet SCOD(gCOD/L) 2.28(0.09) 3.51(0.05) 4.35(0.18) 5.38(0.12) 2.12(0.01) 3.21(0.03) 3.91(0.08) 4.92(0.16) 2.28(0.09) 3.51(0.05) 4.35(0.18) 5.38(0.12) 

Inlet VFA(gCH3COOH/L) 1.06(0.02) 2.70(0.04) 3.99(0.01) 4.98(0.08) 0.86(0.10) 1.70(0.05) 2.80(0.12) 3.39(0.10) 1.06(0.02) 2.70(0.04) 3.99(0.01) 4.98(0.08) 
Inlet NH3 –N(mg/L) 369.8(0.1) 195(0.09) 148(0.26) 89.4(0.31) 312(0.18) 153(0.04) 114(0.16) 66.3(0.05) 369.8(0.1) 195(0.09) 148(0.26) 89.4(0.31) 
Inlet  pH 7.78(0.10) 6.91(0.12) 6.05(0.05) 5.31(0.14) 7.98(0.10) 6.95(0.35) 5.86(0.20) 4.90(0.11) 7.78(0.10) 6.91(0.12) 6.05(0.05)    5.31(0.14) 
OLR (gCOD/l/day) 0.215 0.291 0.401     0.477 0.287 0.389     0.517   0.635 0.429 0.582 0.776 0.953 
HRT(days) 20 20 20 20 15 15 15 15  10 10 10 10 
Outlet TCOD(gCOD/L) 1.72(0.42)  1.79(0.15)         1.08(0.08) 2.42(0.10) 1.62(0.06) 1.63(0.05) 0.892(0.01) 2.23(0.1 2.72(0.06) 3.24(0.18) 3.37(0.07) 5.82(0.12) 
Outlet SCOD (gCOD/L) 0.775(0.03)  0..883(0.01)   0.488(0.03) 0.97(0.05) 0.677(0.04) 0..72(0.03) 0.352(0.01 0.913(0.06  1.49(0.03) 1.99(0.08) 2.36(0.02) 3.17(0.07) 
TCOD-removal efficiency (%) 59.8(0.60)  69.3(0.11)     86.1(1.4)    4.6(0.46)     63.8(0.55) 70.4(1.1)) 85.6(2.2) 76.60(1.9) 36.6(0.89) 44.27(0.29) 56.64(0.40) 38.69(1.0) 

TCOD removal-total Process (%) 61.4(1.03)  70.3(0.56)     6.5(1.24)   75(0.64)   72.0(0.50) 72.5(0.44) 88.8(0.23) 76.9(0.19) 38.3(0.62) 45.4(0.75) 57.5(0.29) 39.4(0.86) 
SCOD removal efficiency (%) 
SCOD removal-total Process (%) 

66.0(0.14) 
52.7(0.05) 

74.80(0.28) 
65(0.11) 

88.8(0.07) 
83(0.07) 

82.0(0.09) 
70.1(0.42) 

70.3(0.89) 
58.7(0.16) 

79.5(0.71) 
71.51(0.05 

91.9(0.44) 
87.8(0.33) 

83.0(0.36) 
71 8(0.31) 

27.4(0.15) 
9.15(0.61) 

43.3(0.21) 
21.0(0.39) 

45.75(0.30) 
18.06(0.47) 

41.1(0.11 
2.2(0. 51) 

Ammonium(mgNH3–N /L) 363(0.26) 251(0.34) 182(0.09) 89(0.22) 377(0.18) 273(0.08) 231(0.56) 140(0.63) 401(0.38) 334(0.06) 246(0.19) 147(0.48) 
Alkalinity(gCaCO3/L) 3.73(0.01) 3.43(0.12) 3.00(0.04) 2.15(0.03) 4.17(0.07) 3.73(0.10) 3.35(0.02) 2.36(0.22) 3.64(0.14) 3.26(0.09) 2.72(0.11) 2.22(0.16) 
Outlet TVFA(gCH3COOH/L) 0.824(0.12) 1.01(0.01) 1.07(0.06) 1.28(0.04) 1.07(0.09) 1.16(0.02) 1.22(0.10) 1.46(0.05) 1.11(0.04) 1.40(0.03) 1.71(0.02) 1.97(0.09) 
Outlet  pH 7.90(0.02) 7.10(0.05) 6.54(0.10) 5.74(0.12) 7.99(0.08) 7.23(0.14) 6.66(0.04) 5.83(0.03) 7.89(0.17) 7.04(0.08) 6.14(0.13) 5.43(0.04) 

TVFA/Alkalinity ratio 0.22(0.01) 0.29(0.008) 0.36(0.05) 0.58(0.01) 0.27(0.03) 0.31(0.01) 0.36(0.02) 0.61(0.06) 0.31(0.02) 0.44(0.09) 0.583(0.01) 0.901(0.04) 
SO4-2(mg/l) 345(0.5) 284(0.07) 200(0.17) 165(0.09) 316(0.25) 264(0.11) 183(0.9) 145(0.38) 389(0.53) 324(0.15) 275(0.64) 230(0.07) 
COD/SO4-2 4.7(0.38) 6.3(0.25) 5.4(0.45) 14.7(0.18) 5.1(0.10) 6.17(0.21) 4.9(0.43) 15.4(0.11) 6.7(0.09) 10(0.06) 12.3(0.13) 25.3(0.17) 
Biogas(ml/days) 313(0.01) 411(0.007) 561(0.005) 470(0.03) 333(0.002) 486(0.03) 647(0.02) 540(0.004) 156(0.01) 246(0.01) 367(0.03) 279(0.04) 
CH4 yield(ml/gCOD consumed) 54.9(0.8)) 56(1.0) 56.2(0.54) 38(0.99) 60(1.4) 67(1.05) 67.5(0.86) 46(0.66) 27.4(0.19) 29.6(0.96) 33.57(1.05) 26.17(0.49) 
CH4 GPR(ml/days) 141(2.20) 224(3.63) 374(3.89) 271(2.14) 166(2.40) 282(2.5) 461(3.06) 337(2.98) 43(3.09) 76.4(1.58) 146.7(1.70) 98.4(2.60) 

CH4 % 45(1.12) 54.5(2.52) 66.7(1.5) 57.7(3.1) 48.4(2.3) 57.9(2.1) 71.2(1.7) 62.3(1.98) 36.3(0.69) 38.9(0.77) 45.3(0.8) 39.0(0.68) 

CO2 %  55(0.83) 45.46(1.13) 33.2(2.1) 42.3((0.9) 51.5(0.56) 42.0(1.10) 28.7(.0.54) 37.5(0.96) 58.00(2.3) 56.5(1.0)  49.0(0.85) 54.2(0.19) 

Note: all the values in the bracket are SD. The number of repilicates for outlet and oulet parameters, n =7. 
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Table 11-Steady state average performance of acidogenic step of two phase ASBR system operated at different substrate mixing ratios, OLR and HRTs 
Parameters 
 

            Mixture ratios of tannery waste water and tannery solid waste(TWW:TSW) 

100:0 75:25 50:50 25:75 100:0 75:25 50:50 25:75 100:0 75:25 50:50 25:75 

Inlet TCOD(gCOD/L) 4.46(0.18) 5.27(0.63) 5.99(0.78) 6.73(0.25) 4.46(0.18) 5.27(0.63) 5.99(0.78) 6.73(0.25) 4.46(0.18) 5.27(0.63) 5.99(0.78) 6.73(0.25) 
Inlet SCOD(gCOD/L) 1.64(0.04) 2.26(0.11) 2.51(0.14) 2.43(0.08) 1.64(0.04) 2.26(0.11) 2.51(0.14) 2.43(0.08) 1.64(0.04) 2.26(0.11) 2.51(0.14) 2.43(0.08) 
Inlet VFA(gCH3COOH/L) 0.83(0.02) 1.28(0.04) 1.59(0.02) 2.06(0.01) 0.83(0.02) 1.28(0.04) 1.59(0.02) 2.06(0.01) 0.83(0.02) 1.28(0.04) 1.59(0.02) 2.06(0.01) 
Inlet NH3 –N(mg/L) 282(0.39) 235(0.57) 164.5(0.32) 115(0.22) 282(0.39) 235(0.57) 164.5(0.32) 115(0.22) 282(0.39) 235(0.57) 164.5(0.32) 115(0.22) 
Inlet  Ph 8.35(0.03) 8.5(0.30) 8.8(0.45) 9.4(0.12) 8.35(0.03) 8.5(0.30) 8.8(0.45) 9.4(0.12) 8.35(0.03) 8.5(0.30) 8.8(0.45) 9.4(0.12) 
OLR (gCOD/l/day) 0.906 1.05 1.20 1.35 1.50 1.75 1.99 2.24 4.46 5.27 5.99 6.73 
HRT(days) 5 5 5 5 3 3 3 3 1 1 1 1 
Outlet TCOD(gCOD/L) 4.24(0.03) 4.90(0.01) 5.51(0.01) 6.33(0.03) 4.29(0.05) 5.04(0.02) 5.63(0.003) 6.44(0.02) 4.38(0.01) 5.12(0.02) 5.80(0.02) 6.60(0.22) 
Outlet SCOD (gCOD/L) 2.21(0.01) 2.73(0.01) 3.28(0.02) 3.13(0.01) 2.28(0.09) 2.52(0.01) 2.96(0.03) 2.88(0.02) 2.12(0.01) 1.80(0.02) 2.32(0.102) 2.15(0.01) 
Outlet TVFA(gCH3COOH/L) 0.98(0.06) 1.84(0.02) 2.45(0.03) 2.30(0.05) 1.06(0.02) 1.63(0.03) 2.28(0.01) 2.20(0.03) 0.86(0.10) 1.45(0.01) 1.90(0.02) 1.76(0.05) 
Outlet NH3 –N(mg/L) 345(0.16) 276(0.06) 195(0.09) 118(0.19) 369.8(0.1) 310(0.23) 214(0.15) 129(0.31) 312(0.18) 179(0.08) 154(0.35) 93(0.17) 
Outlet  pH 7.60(0.04) 7.1(0.01) 6.2(0.05) 6.8(0.02) 7.78(0.10) 7.4(0.03) 7.10(0.03) 7.3(0.03) 7.98(0.10) 7.5(0.03) 7.5(0.04) 7.8(0.04) 
Degree of hydrolysis (%) 49.6(0.02) 51.8(0.10) 54.8(0.05) 46.5(0.07) 51.1(0.21) 47.8(0.18) 49.4(0.04) 42.5(0.17) 47.4(0.07) 34.2(0.03) 38.7(0.05) 31.9(0.11) 
Degree of Acidification (%) 9.7(0.18) 17.0(0.23) 36.5(0.09) 22.8(0.31) 15.0(0.15) 16.5(0.34) 29.3(0.15) 14.9(0.06) 2.0(0.05) 8.0(0.14) 13.2(0.04) 4.4(0.08) 

Note: All the values presented in the above table are average values (mean+SD) (n=7 for outlet and n=3 for inlet). The values in bracket are SD.  
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Table 12-Steady state performance of methanogenic step during anaerobic co-digestion process for tested mixture ratios  
   Parameters 
 

                                         Tannery wastewater: Tannery Solid waste(TWW:TSW) 

100:0 75:25 50:50 25:75 100:0 75:25 50:50 25:75 100:0 75:25 50:50 25:75 
Inlet TCOD(gCOD/L) 4.24(0.03) 4.90(0.01) 5.51(0.01) 6.33(0.03) 4.24(0.03) 4.90(0.01) 5.51(0.01) 6.33(0.03) 4.24(0.03) 4.90(0.01) 5.51(0.01) 6.33(0.03) 
Inlet SCOD(gCOD/L) 2.21(0.01) 2.73(0.01) 3.28(0.02) 3.13(0.01) 2.21(0.01) 2.73(0.01) 3.28(0.02) 3.13(0.01) 2.21(0.01) 2.73(0.01) 3.28(0.02) 3.13(0.01) 
Inlet VFA(gCH3COOH/L) 0.98(0.06) 1.84(0.02) 2.45(0.03) 2.30(0.05) 0.98(0.06) 1.84(0.02) 2.45(0.03) 2.30(0.05) 0.98(0.06) 1.84(0.02) 2.45(0.03) 2.30(0.05) 
Inlet NH3 –N(mg/L) 345(0.16) 276(0.06) 195(0.09) 118(0.19) 345(0.16) 276(0.06) 195(0.09) 118(0.19) 345(0.16) 276(0.06) 195(0.09) 118(0.19) 
Inlet  pH 7.60(0.04) 7.05(0.06) 6.46(0.01) 5.42(0.09) 7.78(0.10) 6.91(0.12) 6.05(0.05) 5.31(0.14) 7.98(0.10) 6.95(0.35) 5.86(0.20) 4.90(0.11) 
OLR (gCOD/l/day) 0.212 0.245 0.280 0.317 0.283 0.317 0.367 0.422 0.424 0.490 0.551 0.63 
HRT(days) 20 20 20 20 15 15 15 15 10 10 10  10 
Outlet TCOD(gCOD/L) 1.81(0.21) 1.84(0.67) 1.36(0.60) 2.18(0.12) 2.00(0.19) 2.23(0.08) 2.09(0.05) 2.80(0.06) 2.38(0.13) 2.65(0.04) 2.86(0.3) 3.52(0.03) 
Outlet SCOD (gCOD/L) 0.71(0.04) 0.83(0.09) 0.85(0.21) 0.90(0.16)  0.90(0.03) 1.03(0.45) 1.10(0.03) 1.25(0.05) 1.27(0.24) 1.45(0.15) 1.64(0.27) 1.78(0.14) 

TCOD-removal efficiency (%)       56.37(0.12) 62.45(0.34) 75.3(0.31) 65.56(0.04 50.94(0.10) 54.50(0.34 62.07(0.21 55.80(0.02 43.85(0.27 45.92(0.08 48.09(0.06 44.39(0.09) 
TCOD removal-total Process (%) 58.61(0.09) 65.08(0.10) 77.30(0.21) 67.61(0.08 53.47(0.07) 57.69(0.23 65.11(0.06 58.40(0.11 46.76(0.19 49.72(0.10 52.25(0.17 47.70(0.56) 
SCOD  removal efficiency(%) 
SCOD removal-total Process (%)                                                      

67.70(0.17) 
56.83(0.03) 

69.60(0.06) 
63.27(0.08) 

74.09(0.41) 
66.14(0.06) 

71.25(0.34) 
62.96 (0.25)                            

59.28(0.32 
45.12(0.03 

62.27(0.29 
54.42(0.63 

66.46(0.34 
56.18(0.08 

60.06(0.15 
48.56(0.03 

42.53(0.08 
22.56(0.19 

46.89(0.11 
35.84(0.20 

50.00(0.22 
34.66(045) 

43.13(0.09) 
26.75(0.38) 

Ammonium(mgNH3 –N /L) 354(0.34) 306(0.18) 246(0.15) 130(0.06) 363(0.12) 320(0.15) 255(0.06) 154(0.13) 389(0.04) 336(0.47) 266(0.06) 168(0.43) 
Alkalinity(gCaCO3/L) 3.60(0.52) 3.51(0.10) 3.21(0.09) 2.83(0.04) 3.93(0.07) 3.65(0.21) 3.46(003) 2.89(0.06) 3.44(0.26) 3.10(0.08) 2.94(0.62) 2.80(0.54) 
Outlet TVFA(gCH3COOH/L) 0.790(0.01) 0.886(0.06) 0.978(0.22) 0.905(0.74) 0.828(0.15 1.08(0.06) 1.14(0.29) 1.32(0.10) 0.830(0.03 1.29(0.09) 1.45(0.09) 1.64(0.43) 

Outlet  pH 7.80(0.02) 7.5(0.01) 6.8(0.03) 7.1(0.02) 7.9(0.01) 7.7(0.04) 7.05(0.04) 7.3(0.06) 7.7(0.02) 7.4(0.04) 6.6(0.06) 6.9(0.03) 
TVFA/Alkalinity ratio 
Outlet SO4-2(mg/l)                                                   
COD/SO4

-2                                                       

0.220(0.10) 
345(0.18) 
5.25(0.03) 

0.252(0.30) 
328(0.12) 
5.61(0.10) 

0.305(0.22) 
254(0.41) 
5.4(0.11) 

 0.322(0.44) 
215(0.32) 
10.2(0.06) 

0.210(0.05 
316(0.34) 
6.3(0.08) 

0.296(0.08 
274(0.63) 
8.2(0.12) 

0.330(0.05 
229(0.02) 
9.1(0.01) 

0.457(0.70 
193(0.09) 
14.50(0.16 

0.233(0.13 
389(0.06) 
6.1(0.34) 

0.416(0.16) 
352(0.39) 
7.5(0.44) 

0.493(0.65) 
322 
8.8 

 0.586(0.04 
286(0.18) 
12.3(0.46) 

Biogas(L /day) 0.308(0.05) 0.351(0.45) 0.415(0.29) 0.367(0.08 0.318(0.10) 0.336(0.11 0.365(0.02 0.340(0.10 0.140(0.60 0.205(0.06) 0.238 0.190(0.08 

CH4 yield(ml/gCOD consumed) 57(0.22)  58(0.27)  61(0.14)  47(0.22) 58(0.13)  56(0.24)  59(0.07) 47(0.20) 18(0.03)  2.7(0.09)   3.1 2.1(0.60) 

CH4 GPR(ml/day) 139(0.06)     177(0.11) 251 (0.50) 195(0.10)   129(0.42)  150(0.08  202(0.23) 167(0.52) 34(0.12)   6.1(0.08)   8.09 5.80(0.18) 

CH4 % 45.0(0.10    50.4(0.36)  60.5(0.03)  53.0(0.45)   40.5(0.11)  44.6(0.02) 55.3(0.35) 49.0(0.60)   24.0(0.09) 29.8(0.36) 34.0 30.5(0.49) 

CO2 % 53(0.16)   45.6(0.09)  36.2(0.20)  43.8(0.17) 55.9(0.04)  51.3(0.07) 40.0(0.14) 47.8(0.10)   43.0(0.36)  47.5(0.25 45.0 49.4(0.59) 

Note: all the results are average values (mean + SD) and results shown in this table are only for methanogenic reactors which were received effluent as feed from acidogenic reactor of 50:50 operated at optimized HRT 
of 5 days and corresponding HRT. The reactors were feed  every day. 
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Appendix-2: Pictures 
 

 

TSW sample                                           TWW sample                                         DWW sample 
 

 
Lab Furnace                              Fume Hood                       Electrical balance   Electrical grinder  

   
UV-Spectrophotometer   COD digester    Geotech gas analyzer   Airtight syringe     AAS           Pump 
 

 
                                                   During experimental study 


