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Abstract:  

Anaerobic digestion (AD) is a robust technology, to mitigate sustainable treatment of organic 

waste. AD has gained tremendous importance within last three decades for biological conversion 

of solid waste and waste water into biogas a renewable form of energy. Despite the several 

advantages, deprived operational parameters and presence of inhibitors in system leads to 

process instability and prevent wide commercialization of AD process.  

The presence of high ammonia concentration in feed stock and to maintain a balance in the 

acidogenic and methanogenic population in anaerobic digestion make a process stability 

challenging. Usually acetoclastic methanogens are considered more susceptible to operating 

conditions, environmental variations, and process inhibitors. Presence of ammonium up to 

certain level is beneficial for the microbial growth, above threshold level ammonia inhibit 

methanogenesis, leading to low methane yield and high volatile fatty acids (VFA), indicator of 

process instability. However high ammonia concentration is a primary cause of digester failure. 

The anaerobic co-digestion is a strategy to balance the C/N ratio for stable reactor performance.  

The specific objectives of present  research were to 1) enhance biogas production by anaerobic 

co-digestion of cow manure (CM) with agricultural waste (AW)  and fruit-vegetable waste 

(FVW) in batch and continuous reactor (CSTR): Effect of temperature and organic fraction 2) 

characterisation  of microbial  consortia in anaerobic digester treating organic waste for enzyme 

production 3) Analysis of the tolerance level or inhibition of the biomass in the anaerobic 

digester against different concentration of the inhibitor ammonium. 4) Effect of natural zeolite on 

biogas production at mesophilic and thermophilic temperature.  

The biotechnological systems including molecular and biochemical methods help us in 

understanding the complexity of microbial system, ecology and evolution to have an insight 

picture of microbial process and effective operation strategy in different environmental 

pressures, assist to understand the microbial ecology. 

In both batch and semi-continuous bench-scale testing, the greatest increase in biogas production 

and methane content was achieved when cow manure was co-digested with Wheat straw (WS) 

and fruit vegetable waste (FVW) in the ratio of  3 CM/WS (6 g-VSCM/L+2 g-VSWS/L) and 1.33 

CM/FVW (6g-VSCM/L+4.5 g-VSFVW/L) respectively. At these optimum ratios, the methane yield 

from 4.5g-VSFVW/L was 493ml/g-VS at thermophilic conditions and 418ml/g-VS at mesophilic 

conditions. During the semi-continuous bench-scale testing, 10g-VSCM/L/day produced a 
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methane yield of 301 ml/g-VS during monodigestion and the total methane content increase by 

57% during co-digestion of CM with FVW. However, a maximum methane content of 53% was 

achieved during co-digestion of CM with wheat straw (WS)  at a higher OLR of 2.6g-VS/L/day. 

The addition of a co-substrate helps to balance the C/N ratio, enhances the buffer capacity and 

enables the substrate to be digested at higher OLR. 

The morphological, biochemical and molecular techniques were used to identify the microbial 

flora present in the high yielding reactor. The abundance of Bacillus, Clostridium and 

Enterobacter spp were observed along with  Methanomicrobia and Methanosarcina. The- 

amylase enzyme was purified by ammonium sulphate precipitation and column chromatography. 

Theα-Amylase molecular weight estimation was confirmed by SDS-PAGE with a band of 52 

kDa for B. subtilis (RAS-1) and 73kDa of C. perfringens (RAS-4). 

Specific methanogenic activity (SMA) was determined as the slope of a linear line fitted to the 

methane data over time (expressed in units of chemical oxygen demand or COD equivalents, 

normalized with respect to the amount of VS in the sludge added to each vial). All the 

experiments were run in triplicate and the error in SMA was estimated at the 95% confidence 

level (seven degrees of freedom). The SMAs were plotted against NH3 and KI-50 was estimated 

by linear interpolation, corresponding to the NH3 content at which SMA had been reduced to 

50% of the highest measured SMA. 

As expected, increasing NH3 decreased measured microbial activity/ SMA likely due to 

inhibition. The estimated KI-50 gTAN/L (given with error at 95% confidence level) was the 

threshold concentration for NH3 inhibition of the particular sludge sample being tested. The 

background NH3 (776 mgN/L) was noted. Further, the shape of the inhibition profile showed a 

gradual decrease in SMA with increasing NH3, indicating that the microbes were reasonably 

tolerant to increases in NH3, albeit with some decrease in SMA. A stronger threshold-type 

response was observed for other sludge, with decrease in activity being more drastic around the 

KI-50 value. These different shapes of the SMA curves suggested differences in tolerance to 

NH3. The results illustrated how inhibition test data can be used to estimate a threshold inhibitor 

concentration (KI-50) as well as to obtain a measure of microbial tolerance to increases in 

inhibitor concentration. The performance of anaerobic treatment was found better with zeolite 

doses at 7 and 14 g/l than without zeolite. The treatments with natural zeolite also have shown 
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higher COD and volatile solid removal. This could be due to the ammonia adsorption and pH 

regulating ability of zeolite.  

These research findings will provide knowledge about the optimum mixture ratio of organic 

substrates for high methane yield, the resilience of microbial community against ammonia 

concentration present in different substrates and will help to develop strategies to monitor and 

control the process operation in the presence of ammonia inhibitor.  The need of present time is 

to understand the composition and dynamics of microbial population and to develop a 

relationship between microbial community shift s and ammonia tolerance in anaerobic digester. 

Key Words: Co-digestion, Ammonia inhibition, optimization, specific methanogenic activity.  
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Introduction: 

Energy has a fundamental role for the progress of any country across the globe (Kothri et al., 

2010). To achieve this indispensible need, combustion of fossil fuel increases that is non 

renewable and terminable resource (Han and Shin, 2004; Holm-Nielsen et al., 2009). Burning of 

fossil fuel for instance natural gas, coal and oil release greenhouse gases that cause global 

warming (Okonkwo et al., 2013). It is expected that the global inhabitants till 2040 will be 9 to10 

billion that should be administered with energy and other resources (Sunarso et al., 2010). To 

fulfill the requirement of billions of natives, due to environmental issues and continuous 

exhaustion of fossil fuel it is mandatory to explore eco-friendly, renewable and inexpensive 

source of energy (Han and Shin, 2004; Holm-Nielsen et al., 2009). Among all the renewable 

energy sources such as solar, wind energy and various hydro and thermal resources, biogas is a 

distinctive energy resource as it is eco-friendly, easy to handle, yields bio-fertilizer, and have the 

capability to employ as power, heat and vehicle fuel (Landz et al., 2011; Paramanik, 2011).  

Biogas is produced through the process of anaerobic digestion by the conversion of 

organic fraction of decomposable waste (Yang et al., 2004). It is a blend of methane (60-65%) 

and carbon dioxide with trace amounts of other gases (Graaf and Fendler, 2010; Khanal, 2008). 

Biogas production process sustainably manage the organic content of different waste such as 

manure, municipal solid waste, agricultural waste and kitchen waste to recover the energy 

(Demirer et al., 2005). The process not only involve in sustainable management of organic waste 

besides it also reduce odor, sludge and pathogen (Mata-Alvarez, 2002; Sahlstrom, 2003; Smet et 

al., 1999). So the remaining material i.e. digestate of anaerobic plant can be used as a soil 

fertilizer (Saggagi et al., 2009). 

 Fruit and vegetable waste (FVW) have potential for biogas generation due to its 

biodegradable nature and higher moisture content of about 75-95%. These have organic content 

of about 75% sugars and hemicelluloses, 9% and 5% cellulose and lignin respectively (Jiang et 

al., 2012). Kitchen waste has a potential to yield high methane through anaerobic digestion in 

comparison with other municipal solid waste (Neves et al., 2009). These organic wastes are 

carbohydrate rich substrates due to this property volatile fatty acids production increases and fast 

acidification occur which eventually leads to low methanogenic activity of the digester 

(Bouallagui et al., 2005).  
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Anaerobic digestion technology for the sustainable management of solid waste is subjected to 

development and design of anaerobic bioreactors (Kumar et al., 2006). The performance and 

efficiency of digester is influenced by the design of the bioreactor. Various innovative reactor 

designs have been utilized having a high reaction rate (Florencio, 1994; Osuna et al., 2003). 

Variety of anaerobic processes i.e. batch, continuous one-stage, and continuous two-stage 

systems, has been utilized for the fruit and vegetable waste (FVW) management (Worm et al., 

2009). In batch reactors, waste is added once, until it is completely metabolized into products. 

One stage system maintains environmental conditions to perform biochemical reactions in a 

single digester. While in two stage systems, acidogenesis and methanogenesis occurs at two 

different digesters (Velmurugan and Ramanujam, 2011). 

Co-digestion is economically viable to sustainably manage more than one organic waste 

in a single bioreactor (Alatriste-Mondragon et al., 2006). Biogas production can be enhanced by 

co-digesting the waste with different qualitative and quantitative characteristics in a single 

digester (Álvarez et al., 2010). Fruit and vegetable waste (FVW) are anaerobically co-digested 

with different wastes like animal manure, sewage sludge and agricultural waste (Neves et al., 

2009). Co-digestion of various waste streams, promotes the methanogenic activity due to 

supplementary nutrients from the organic substrate (El-Mashad and Zhang, 2010). Adequate 

mixing of various waste streams is crucial to sustain homogenization during co-digestion process 

which provides appropriate environment for metabolic activities of anaerobic microorganisms 

(El-Mashad and Zhang, 2010). 

In the process of biogas production particularly at small level trace element solution 

having Cu, Zn, Mn and Mo enhance the anaerobic digestion of fruit and vegetable waste. By the 

addition of trace element solution organic waste conversion rate rises from 88 to 96% leading 

increase methane proportion of biogas (Lane et al., 2003). The essential trace elements have a 

significant importance as they enhance and maintain biogas production and also have impact on 

biochemical processes of anaerobic digestion (Osuna et al., 2003; Worm et al., 2009; Gonsalice 

et al., 2003; Fermaso et al., 2009).  

There are various inhibitory factors that affect the biogas production; these organic 

substances can be present in the organic waste or are the consequence of biochemical processes 

in the anaerobic digester (Chen et al., 2008). Ammonia is an inhibitory compound which 
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produces during the first step of biochemical process of anaerobic digestion as a result of 

degradation of nitrogenous compounds (Sung and Liu, 2003). It inhibits the biogas production as 

it increases the level of volatile fatty acids and decreases the pH of the digester (Gerardi et al., 

2003). Hydrogen sulphide in excess is also toxic and adversely affects the metabolic activities of 

methanogens (Chen et al., 2008). Other inhibitory compounds such as heavy and light metal ions 

salts, antibiotics and aromatic compounds decrease the biogas production (Chen et al., 2007). 

Methane production from FVW is accomplished by a series of biochemical conversions, 

which can be divided into four stages (Fermoso, 2009). First, extracellular enzymes of 

hydrolyzing bacteria converts the carbon based insoluble matter of fruit vegetable waste such as 

cellulose, hemicelluloses, pectin and lignin into soluble compounds (Koster, 1984). In second 

step, degradation of soluble organic content into organic acids, hydrogen and carbon dioxide by 

acidogenic bacteria. In acetogenic phase further conversion of organic acids into hydrogen and 

acetates takes place. In the final step of anaerobic digestion, methanogenic bacteria convert 

acetic acid, hydrogen, carbon dioxide, formic acid and methanol into methane (Veekan et al., 

2000). In the last phase of anaerobic process methanogenic bacteria are involved which are strict 

anaerobes that can’t survive in the presence of oxygen. It have the capability to endure different 

temperatures (Krzysztof and Magdalena, 2012; Pratiksha and Gireesh, 2012). These 

microorganisms are responsible for the production of methane and carbon dioxide (Sowers, 

2010). 

The biogas production technology was first time industrialized in India with the 

construction of first biogas plant in 1859 (Ngumah et al., 2013). Currently, this technology is 

widely executed in its true shape and construction across the globe in China, India, Taiwan and 

Europe (Omer, 2005; Chou, 2005). Increase in population leading to the depletion of available 

energy resources hence demanding the need of alternative energy resources.  Pakistan is facing a 

similar pattern of increase of population which resulted energy shortage which in turn became a 

primary limiting factor for countries development (Amjad et al., 2011). Fossil fuel fulfills about 

60% energy requirements in Pakistan and 20% is imported from the foreign countries (Sheikh, 

2010; Ghaffar, 1995). As biogas is a cheaper source of green energy so it is vital to elevate its 

production yield. In Pakistan waste production of about 0.28-0.61kg/capita/day occurs which 

have the potential to generate renewable energy resource i.e. biogas of 12 Millionm3 /day 

(Akhter, 2007).  
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There are various factors that influence the functioning of anaerobic digester among these 

temperature, pH and organic loading rate (OLR) are the essential factors that affect the biogas 

production process. Normally inert environments with pH from 6.8 to 7.2 are suitable for 

methanogens growth. At mesophilic and thermophilic temperature ranges anaerobic digestion is 

suggested (Lindorfer et al., 2008). Biogas production also occurs at psychrophilic temperature 

but with low methane yield (Collins et al., 2006). At thermophilic temperature anaerobic 

digestion is faster due to high temperature microorganisms decompose organic matter quickly in 

less time period (Edstrom and Nordberg, 2004). Organic loading rate represents the total volatile 

solids added into a reactor per day (Babaee and Shaygan, 2011). Low organic loading rate is 

recommended for fruit and vegetable waste (FVW) due to its nature of high biodegradation (Xu 

et al., 2002). While high organic loading rate (OLR) trigger volatile fatty acids (VFA) 

accumulation that leads to pH decline which is unfavorable for methanogenic growth (Monnet, 

2003; Arsova, 2010). 
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Aim and Objectives  

The aim of the current research was to enhance the biogas production through co-digestion 

strategy while optimizing the process parameters, characterization of microbial community and 

understanding of Ammonia inhibition rate on specific methanogenic activity.  

To achieve this aim certain research objectives were designed as stated below:   

Research Objectives:   

1. Biogas production by anaerobic co-digestion of cow manure with agricultural waste and 

fruit-vegetable waste in Batch and CSTR: Effect of temperature and organic fraction. 

2. Isolation and characterization of bacterial consortia from anaerobic digester treating 

organic waste for biogas production 

3. Production and characterization of α-amylase from indigenously isolated bacterial strains 

treating organic waste in anaerobic digester 

4. Analysis of the tolerance level or inhibition of the biomass in the anaerobic digester 

against different concentration of the inhibitor ammonium. 

5. Effect of natural zeolite on the mesophilic and thermophilic anaerobic decomposition of 

organic waste for biogas production.  
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Review of Literature  

Progressive development requires use of available resources of an area that in turn causes severe 

energy crisis issue. Biomass is a renewable energy source attracting attention of scientists. It is 

nonstop energy supplement source. When the solid components of waste aggregates n 

environment they becomes problematic to ecology, so a proper management (Gates et al., 2014) 

is strong call to prevent its hazardous effects to the globe. Otherwise, it’s a source of 

environmental hazard and source of public health issues.  

 An Eco –friendly, sustainable source is highly demanded to cope with energy crises along with 

saving, the economy and environment (Nguyen et al., 2013). Microbial interaction and co 

digestion is an emerging phenomenon in world of energy production. Use of natural resources, 

the application of suitable treatment methods and proper management are required for production 

of energy from waste produced in industries, municipal waste, domestic waste, etc. Depletion of 

natural resources and side by side there reduction is making them economically non-effective. 

According to study it was estimated that an average of 0.77 kg waste /person/day in 23 

developing countries. 

Organic waste components are now regarded as an important substrate for mixed microbial 

interactions and as a resource of valuable products (Karagiannidis et al., 2012). Anaerobic 

process is a promising approach in all devised methods of energy generation. Methane and 

carbon dioxide are two main gases liberated at a site of anaerobic digestion carried out in 

landfills, finally results in contamination of air and production of pollution .in complete absence 

of oxygen the digester is capable of producing soil fertilizers and biogas. The production of 

biofuel (Chandra et al.,2012) has reduced the dependency on natural resources, hydrogen and 

methane are two most important gases with the characteristic property of their cleanliness to 

environment or eco-friendly nature. Anaerobic process is non-preferable to aerobic process 

because bio stabilization in anaerobic process require long period of time (Zhu et al., 2013). 

When nitrogen component is treated in digester the ammonia concentration has remarkable 

effects on whole process. Methane producing activity of bacterial strain get effected by ammonia 

in bioreactor (Yenigun et al., 2013). 
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Bioenergy Conversion Technologies

Direct Combustion

6

 

                                               Fig 1: Bioenergy conversion Technologies 

Anaerobic digestion is a sound way to avail classified waste sources to generate power (Apples 

et al., 2011). And that is how the natural resources will remain conserve. Anaerobic digestion is 

an older process for production of biogas that stabilizes the liquid portion of waste and show 

proper management of waste to yield energy (Abbasi et al., 2012). By using mixed culture 

optimized conditions of pH, substrate retention time and hydraulic retention time along with 

carbon nitrogen ratio and process sustainability, its loading rate, slow recovery time and 

appropriate waste retention time these factors limits the productive phase of anaerobic digester 

(Michele et al., 2015).  

Fermentation is not fast process as it requires long time with 30 – 35 days and it is costly as well. 

Cold climate of winters is not feasible because it halts the biogas production. Rate of biogas 

production slowdown from (17oo to 99 l/day). Improvement of plant gas efficiency is prime 

requirement of era because it effects installation of biogas plants in rural area of Pakistan (Akram 

et al., 2013). By optimizing physiochemical parameters of moisture pH and nutrient along with 

addition of supplements like organic and inorganic additives.  

There are some other ways including Recirculation specially that is done to recirculate 

completely digested slurry to the reactor and management of biogas producing plants design to 
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make them up to the mark level are helpful to accelerate biogas yield. Recent trends are under 

strong consideration that are focusing on reducing HRT and using fixed films of microbial mates 

(Divya et al., 2015 ) Optimized conditions of pH, temperature, moisture majorly effects the 

working of digester, that’s why recent advances are focusing on establishment of efficient 

anaerobic digester. 

2.1 Anaerobic digestion: 

Human, environment and wild life is getting affected by climatic changes. Emissions of 

greenhouse gases during energy generation are heating up the environment. In contrast to 

renewable energy source consumption that is 13%, about 81% of energy demand is fulfilled by 

fossil fuel consumption (Apples et al., 2011). Renewable energy sources have captivated much 

attention but fossil fuel is still most nominated source. Biomass and waste are dominant sources 

of energy generation much preferable to wind and solar energy. Strategies are available for 

biogas formation from biomass and waste that includes biochemical, physiochemical and thermo 

chemical ways. 

Biochemical process is robust process and it has wide applications.  Organic Waste anaerobic 

digestion have been increased 25% annually and it is most advantageous process. The most 

applicable and potential anaerobic digestion lies in its efficiency for digesting waste along with 

biomass producing biogas as final by product.  

The Organic waste bioconversion require moisture so substrate should have higher moisture 

level with less than 40% dry matter, with enough concentration of moisture level there is no need 

of pretreatment process (Anjum et al., 2012). Apart from anaerobic digestion other conversion 

strategies also exist that require different moisture level conditions. One of good example is 

combustion; its digestion requires less than 60% moisture content. Although higher moisture 

level is good for anaerobic digestion process but above certain limit it alters energetics of 

pyrolysis and process of gasification. Energy consuming pre-drying for wet biomass and waste 

types. 
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2.2 Enzymatic Reaction Series: 

 

 

Fig 2: Schematic presentation of biochemical series of anaerobic digestion 

Anaerobic digestion is best way for environmental friendly emission of less damaging pollutants. 

Biogas is finally yielded from 65% of methane. (CHP) is a combined heat power installation to 

generate power in the form of heat and energy. Such installations show round about 33% 

electricity combined with 45% of heat efficiency.  

 

 

 

 

                                          Fig 3 : Biogas composition percentages  

Recent analytical research shown that production of volatile organic compound is a critical factor 

that affects methanogensis phase. After liberation of impure biogas it is sent to natural gas grid to 

purify it into final form. Digestate came out as slurry, it is nitrogen containing and has 

agricultural importance where utilized as soil conditioner or fertilizer. More recently it’s been 
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converted into bio char that has applications as soil amendment for waste water treatment by 

land filling and incineration practices.  

2.3 Suitable conditions for anaerobic digestion: 

2.3.1 C:N Ratio:  

Feedstock composition should be maintained properly for high level working of biogas reactor 

.for every plant of biogas an optimal amount of feedstock is required that is capable of providing 

desired C:N ratio. It is estimated that carbon is basic structural unit and is required as sole source 

of energy hence microbes utilize it i.e. 25-30 % more quickly than that of nitrogen. The best ratio 

of carbon is to nitrogen for microorganisms is 25:1 (Karthikeyan et al.,2012). The fraction of 

material required is mixed in such a way to achieve the above mentioned ratio. Apart from other 

conditions temperature fluctuation greatly affects the biogas production, one of experimental 

study reveals that when urine was added in mixture it raised the temperature to favorable level 

and hence biogas yield was enhanced from 17 liters to 31 liter (Yadvika et al., 2004).  

2.3.2 pH: 

One of the critical factor controlling microbial growth in fermenter is pH. An optimized and 

favorable range of pH is 6 -7.2. pH of anaerobic fermenter get altered by volatile fatty acids and 

CO2 production inside it. These liberated acids and gases affects the methanogenesis activity of 

methanogens. To keep methanogenisis unaffected from acetic acid and VFA exceeding 

concentration, they should be controlled below limit of 2000 mg/l. it is an observation that 

Methane production ranges up to 75% and above when pH changes from 5.0 to alkalinity level 

(Cysneiros et al., 2012).  Basically problem arises when acetic acid produce in fermenter, but it 

can be controlled by mixing up cattle dung in it (Tyagi et al., 2014).  

Microbial growth is highly effected by pH alterations. In methanogenisis step methane is 

produced only when the pH is above than 6.5.  High pH favors biogas production but there are 

certain limits above which this raise in pH level becomes hazardous for process. The ideal pH for 

efficient working is 6.8 -7.2.  Alkaline conditions disintegrates microbial granules hence halts the 

process. For methanogens ideal pH level is 7. Step of hydrolysis require pH of 5.5 and 

acidogenisis occur at 6.5 respectively. As the ranges of pH for these steps in fermenters are quite 

different so scientists prefer to design such reactors that have phases to avoid effect of pH of one 
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phase on the other. Bicarbonates and carbon dioxide make an equilibrium state built up buffering 

condition that helps to avoid changes caused by alteration in pH. This method is termed as buffer 

capacity, it can measure pH imbalance. The toxic level of ammonia is achieved at pH 7 and 

above it, similarly below than 7 pH VFA and H2S  becomes toxic (Sharma et al., 2002). 

2.3.3 Temperature : 

Anaerobic reactors are able to operate at phsycrophilic, mesophilic and thermophilic 

temperatures that are below 20, 35 and 55°C. Microbes act differentially at different 

temperatures. When mesophiles condition changes into thermophilic one the anaerobic process 

slow down until unless thermophilic condition develop here and proceed the process further. A 

study shown that change of degree in temperature has remarkable effect on microbial activity 

because habitual activity of that microbe changes with available environment.   

Alteration from 30°C to 32°C cause reduction in biogas yield.  Anaerobic fermenter with 

thermophilic condition have shown high biogas production with more COD reduction in 

comparison with mesophilic fermenter (Nasir et al., 2012) Experiment conducted with olive mill 

with abattoir waste water shown that reactor with 55°C yielded more biogas than mesophilic 

reactor at 37°C, sustainability of high organic loading rate was also observed in thermophilic 

fermenter. Similar case was with reactor containing wood chips and fruit and vegetable waste, 

biogas yield rate was higher up to 95.5 % at 55°C in just 11 days of thermophilic reactor than 

mesophilic condition operated for 27 days. There are different combination of digesters such as 

thermophilic-thermophilic, mesophilic thermophilic and mesophillic-mesophillic two stage 

digesters. A comparison study conducted on these 3 types have given such results that indicate 

clearly that high methane production is property of mesophilic 2nd stage reactor while 

thermophilic 2nd stage reactor take low retention time and digestors of mesophilic condition has 

shown more degradation in comparison to thermophilic one (Kashyap et al., 2003). Although 

proper conditions are required for functioning of mesophiles and thermopiles but side by side 

some practical abnormalities make  
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2.4 Ammonia inhibition and anaerobic digestion: 

Different elements are reported for their toxicity on anaerobic digestion. Anaerobic digestion is 

complex process consist of such mechanisms that bring variability in toxic level of substances 

hence making them inhibitors of process. 

2.4.1 Ammonia: 

Microbial growth is dependent upon ammonia up to its certain concentration level above which it 

becomes toxic. Actually when a high concentration of ammonia is present it hinders growth of 

microorganisms. Urea and protein is source of nitrogen in feedstock, when fermentation of such 

substrate is carried out resultant release in ammonia occur. High levels of ammonia can be 

produced in anaerobic digestion of livestock waste. This results in raise in free ammonia levels 

by high pH levels of digester. High levels of ammonia produced affects methanogenic activity 

that in turn lower methane production. 

Fig 4: Free ammonia percentage in solution at 20, 35 and 55 °C and varying pH (Fernandes et al., 2012) 

Feedstock composed of nitrogenous constituents are sources of ammonia, as enzymatic 

breakdown of it produces proteins and finally liberate ammonia (Kayhanian et al., 1994).A 

stoichiometric relationship has been established for estimation of ammonia quantity produced by 

anaerobic digestion .Inorganic nitrogen release in the form of ammonium ion or free ammonia in 

aqueous media. Free ammonia is able to cross membrane and becomes major inhibition factor. 

Free ammonia is hydrophobic and able to cross membrane passively, initiating proton 

discrepancy along with potassium shortage. 
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                   Table 1:  Influence of ammonia concentration on anaerobic digestion  

Ammonia 

(mg NH4-N/L) 

Influence on anaerobic 

digestion process 

References 

50-200 Advantageous   

200-1000 Not antagonistic Sung & Liu (2003) 

1500-3000 Inhibitory at high ph Prochazka et al., (2012) 

> 3000 Complete inhibition at any pH Sung & Liu (2003) 

Prochazka et al., (2012) 

                 

Methanogens have minimum tolerance so their growth comes to end because of ammonia. 

Acidogens are tolerant even at ammonia concentration of (4051- 5734mg NH3–N L1) while 

methane generating microbes 50 % of their activity. Experimentation conducted on acetoclastic 

and hydrogenotrophic methanogens  showed that aceticlastic are more effected by ammonia than 

hydrogenotrophic methanogens another study estimated that acetoclastic  are more resistant to 

hydrogenotrphic methanogens. 

Table 2:  Resistance of microorganism to certain levels of ammonia (Jarrell et al., 1987). 

Microorganism  Effect of ammonia level 

Methanospirillum hungatei Most sensitive , inhibited at 4.2 g/L 

Methanosarcina barkeri  Resistant above 10g/L 

Methanobacterium 

thermoautotrphicum 

Resistant above 10g/L 

Methanobacterium formicicum Resistant above 10g/L 

       

2.4.2 How to control inhibitory effect of ammonia? 

2.4.2.1 Concentration: 

Carbon and nitrogen are basic requirements of microbial metabolism so about 200mg/L of 

ammonia should be maintained in digesters because it is a source of nitrogen (Liu et al., 2002). 

Studies have shown that the ammonia inhibiting concentration by 1.7 to 14 g/L causes decline in 

methane yield by 50%. Different physiochemical parameters i.e. temperature, pH, acclimation 

time period, substrate to inoculum ratio are reason for the wide range of ammonia inhibiting 

concentration (Bujoczek et al., 2000). 
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2.4.2.2 pH: 

pH has remarkable effect on microbial growth and TAN composition . When pH increases, it add 

up in toxicity of ammonia  just because of increasing concentration of volatile fatty acids that 

produces ionized free ammonia, production of ammonia brings pH to alkalinity which tends to 

accumulate volatile fatty acids that in turn again lowers the pH level (Hansen et al., 1999). A 

point comes where the interaction between volatile fatty acids and pH reaches to an equilibrium 

or inhibited state at which methane yield lowers down while process proceeds at steady state. 

Growth of microbe at optimized pH diminishes toxic effect of ammonia. Reduction in COD of 

effluent was observed in waste water by lowering the pH level. Upon lowering pH to 7.0 in 

thermophilic digester containing cow dung amplified methane yield to 4 times. 

2.4.2.3 Presence of other ions: 

Sodium, magnesium and calcium ions involve in antagonism to prevent inhibition by ammonia 

by a strategy in which presence of ion antagonizes the toxic effect of other. Mutual antagonism is 

term use where each and every ion mutually antagonize toxic effect of other one i.e. in case of 

NH3 and Na+ (Hendriksen et al., 1991). A small amount of ammonia (0.15 M) decreases 

methane yield by 20 %. Phosphorite ores in (10% w/v) are able to enhance methane from 

(poultry) manure. Phosphorite ion provides surface for strong attachment of biomass hence 

prohibits washout of microorganism from anaerobic digester (Krylova et al., 1997). Phosphorite 

ores have minerals (k+, Ca2+, mg2+) that show mutual antagonism resulting in improvement of 

ammonia inhibition. 

2.4.2.4 Suitable methods 

There are two methods to eradicate hazardous ammonia effects, one is by Air stripping while 

second is Chemical precipitation respectively. These prescribed methods are technically more 

practicable to treat toxic ammonia level. Biomass retention time can be increased to neutralize 

the several inhibiting factors. By controlled switching on and off of CSTR stirrers before and 

after 30 mints of feedstock addition (Kabdasli et al., 2000). More retention time causes less 

release in solids through effluents. It is proved to be economical method to settle down solids 

inside anaerobic digester. Different type of suitable non-reactive substances i.e. zeolite and clay 

are capable of releasing anaerobic digestion from different inhibitory effects. The adsorbent 
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addition can eradicates Inhibitors. Removal of ammonia can be done by adding more suitable ion 

exchanger i.e. zeolite, it is able to selectively exchange ammonia. Similarly activated carbon is 

an efficient adsorbent that has been observed upon its addition with in swine manure, 

concentration of above than (2.5 % w/w) proves beneficial for sulfide elimination (Hansen et al., 

1999) 

Activated carbon is indirectly involved in decreasing ammonia effect by is ability to eradicate 

sulfides. If activated carbon is not added then high ammonia concentration and sulfides show 

combined inhibitory effect on methane liberation (McCkarty et al., 1961). Zeolite alone cannot 

inhibit ammonia and other factors bad effect on aerobics digestion, so by addition of cation like 

magnesium, calcium, sodium synergism is observed by zeolite and cationic combination to beat 

out ammonia inhibition. 

2.5 Pretreatment: 

A prerequisite for increasing biogas yield is to do pretreatment step before operating anaerobic 

digestion. Pretreatment causes increase in solublization along with reducing the concentration of 

volatile fatty acids. Pretreatment is basically useful for such feedstock that is consist of 

components that are difficult to degrade like lignin polymer or cellulose (Tiehm et al., 2001).  

There non degradability requires physical, thermal and chemical breakdown that is achieved by 

pretreatment method. For making the process more progressive additives can be added. Although 

their addition is beneficial but not economically favorable hence effects the overall cost of 

anaerobic digestion. 

2.5.1 Alkali pretreatment: 

While using difficult to degrade plant material i.e. lignin and cellulose alkali treatment is much 

preferable as pretreatment method. Alkali pretreatment increases methane production by side by 

side achievement of high rate degradation of lignin and cellulosic materials (Clarkson et al., 

2000). By adding 10% NaOH paper waste can be degraded at much higher rate. With beneficial 

properties of alkali treatment there exist some demerits. Upon addition of Na and K the rate of 

glucose degradation slows down from 5-6% to 50% because certain toxic component release by 

saponification process (Mouneimne et al., 2003). 
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2.5.2 Thermal pretreatment: 

During thermal treatment hydrolysis occur that in turn increases the methane production rate by 

using continuously stirring tank provided with temperature of 100 to 140°C has shown best 

degradation of cattle and swine manure with high production rate of biogas and reduced 

production of volatile fatty acids (Mladenovsk et al., 2006) Thermal treatment provides 

temperature of 80°C to solubilize the substrate components. Thermal and chemical mixed 

treatment combination (Ardic et al., 2005) 

2.5.3 Ultrasonic pretreatment: 

Sludge treated with ultrasonic cavitation has shown almost 35% increase in methane yield by this 

method large polymer is broken down to small molecular weight components (Ardic et al., 

2005). Ultrasonic pretreatment applies mechanical force that causes disintegration of feedstock 

components or changing characteristic properties of sludge (Mao et al., 2004). 

2.5.4 Particle size: 

Particle size is an important factor in anaerobic digestion because it give microorganisms the 

surface area to be acted upon. Microorganisms produce enzymes such as hydrolases, there 

activity is directly related to provide surface area (Mshandete et al., 2006). Changing the size 

from 100mm to 2mm improved methane yield. Soaking the manure caused reduction in size to 

2mm with methane yield of 16% while with 0.35 % particle size the methane production appears 

to be 20% 12mm of particle size is demand of European Union Animal By-Product Regulation 

to purify it at 70°C for about 60 min that is proven to be effective to decrease salmonella like 

pathogens (Paavola et al., 2006).  

2.5.5 Cell lysate: 

Addition of cell lysate is useful to accelerate hydrolysis of feedstock (Dohanyos et al., 1997). 

Enzymes released from microbial activity are able to intensify methane yield to 60% almost by 

using raw sludge as feedstock.  
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2.5.6 Metal: 

Metal addition is beneficial for anaerobic digestion as it enhances biogas production by 

controlling volatile fatty acids. For example Ca, Ni and Fe are added for elimination of 

propionate from higher concentration of volatile fatty acids inside thermophilic fermenter. Co 

digestion of potato and cattle dung given a remarkable increase in methane yield by putting 

heavy metals like cadmium, nickel and zinc (Kim et al., 2002). Cadmium addition as shown 

frequent increase in methane yield. These added metal bind with enzymes as co-factors and 

appears to be part of it hence microbes take it inside. In case of methanococcus jannaschii, 

enzyme released named as phosphodiesterase that requires divalent metallic ions i.e. nickel and 

magnesium are suitable one. Acetyl co-A is involved in transformation of acetate to CH4, has a 

Ni binding site in its structure. 

2.5.7 Seeding: 

Seeding a newly operating biogas reactor with digestate of established reactor drop down the 

startup time. It is a beneficial way to save startup time by using liquid phase or any type of 

digestate to new anaerobic fermenter. For lignin and cellulose material the microbes from rumen 

fluid have been applied (Rodrigues et al., 2004). Fibrobacter succinogenes isolated from rumen 

is potent to use with mixture of 70 % (food waste), 20 % (fecal material), 10% green algae to 

provide 90% yield of methane. 

Fig 5: Strategies for Pretreatment of organic waste 
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2.6 Co-digestion: 

A robust process of anaerobic digestion occurs when codigestion of different substrates is carried 

out. By codigestion of agricultural and sewage sludge waste scientist can get enhanced biogas 

yield through anaerobic process of digestion. One of best co digestion is of municipal solid waste 

and cattle dung it yields more methane. Basically microorganism activity requires proper C: N 

ratio hence codigestion maintain a balance of this ratio for optimized microbial methane 

generation activity (Bolzonella et al., 2006). The generally estimated C: N ration for microbial 

metabolism is 25 -30: 1 that provides optimum level of metabolic functioning. Although this is 

an ideal level of optimization but for example in sewage waste C: N ration becomes 9:1, hence 

ideality level is bit difficult to achieve.  

C: N ration varies among composition of different feedstock. A suitable reactor is strong need to 

be operated at non ideal level of C: N ratio. Two stage reactors are reported to perform 

consistently in case of lower C: N ratio i.e. below 20: 1 (Romano et al., 2008). To achieve level 

of ideality in C: N ratio two feedstock of high and low C: N ratio a mixed up leading to get 

optimized and ideal level achieved.  

2.6.1 Municipal solid waste: 

During last ten years municipal waste is being treated by anaerobic digestion. The process of 

digestion is achieved success fully by following its each and every step from waste segregation 

to biogas purification (Apples et al., 2009). Waste segregation separated up organic, hazardous, 

non-degradable fractions from inorganic, nonhazardous and non-degradable waste components. 

Waste characterization according to sources and types help in eradication of such waste 

components that may act as inhibitors for anaerobic process. Otherwise non degradable, heavy 

metals may hinder the anaerobic process. Although waste presorting is helpful step but it makes 

anaerobic digestion economically not favorable. 

The amount of such type of waste and its composition varies among rural and urban areas 

because of difference in fraction of gardening. As the season changes it brings alteration in waste 

composition and type. Location of that source, lifestyle exist in that area and cultural trends have 

remarkable effect on nature of waste produced.  
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2.6.2 Waste oils and animal fat: 

Waste produced from food industry is a source of lipids and fatty acids. Oil mil waste, dairy 

industry effluent and slaughters houses are major factories for oils, lipids and fatty acids. During 

their outflow from industries fatty acids causes blockage of canals hence it must be eliminated 

(Cirne DG et al., 2007). Different problematic situations arise in anaerobic plant by elevated 

concentration of fatty acids i.e. aquifer clogging, adhesion into biomass hindering material 

transport and hang-up microbial propagation (Bourgier et al., 2007). 

Other materials are added with such waste to minimize such effects and lower down fatty acid 

level in reactor. It is experimentally proved that addition of other type of waste gives higher 

methane yield. One of the best known waste is manure that is mostly used in co digestion just 

because of it higher pH level that neutralize fatty acid concentration in anaerobic digester (Cirne 

DG et al., 2007). Scientist has observed upgrading in methane yield up to 100 % upon co 

digestion with animal manure added with ( 5% olive oil) that is much efficient than adding only 

manure , in a study manure is added for co digestion of oil and grease feedstock appeared very 

cost effective for cleanup of waste oil and grease from environment . 

2.6.3 Agricultural waste: 

Leaves and vegetables are food crops that produce inedible agricultural waste. Agricultural waste 

is composed of maize, wheat, beets residues suggest high potency to be anaerobically treated 

(Nallathambi et al., 2004). Research study suggested that cellulose offers best degradability 

hence 80% fastly biodegraded giving opportunity for utilization of cellulosic crops. Wheat rice 

produces straw as its agricultural inedible waste. Although more that lignin fraction, cellulose is 

much degradable but addition of other highly degradable component speed up the anaerobic 

degradation of feedstock because nutrient availability get increased by this way. 
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                     Table 3: Methane Yield from Fruit-Vegetable waste (Nalathambi., 2004)    

Type of fruit/vegetable waste   Methane yield 

(m3/kg ODS) 

Mango peels   0.37–0.52 

Banana peels 0.24–0.32 

Orange peels 0.46 

Orange pressings   0.50 

Mandarin peels 0.49 

Mandarin pressings   0.43 

Whole mandarins (rotten)   0.50 

Lemon pressings   0.47 

Grape pressings 0.28 

Pomegranate peels   0.31 

Tomatoes (rotten) 0.21–0.38 

Onion exterior peels   0.40 

Garden beet leaves   0.23 

Carrot leaves   0.24 

Cabbage leaves 0.31 

                                          ODS= Organic dissolved substance 

2.6.4 Manure: 

Manure is composed of high organic content that is major source of methane liberation. For 

anaerobic digestion of manure needs bedding of straw having composition i.e. (carbohydrates 

lipids and proteins) (Moller et al., 2004). Manure is proved to be the most efficient substrate due 

to its availability. Methane yield obtained through anaerobic digestion of fruit and vegetable 

wastes. Organic contents of manure is source of nitrogen for microbial proliferation in anaerobic 

reactor as high level of nitrogen is provided by manure, it results in high ammonia concentration 

above threshold level (Ward et al., 2008 ) . Other substrate with lower nitrogen content can be 

codigested by addition of manure as a rich source of nitrogen (Angelidaki et al., 2000). 

Composition of manure shows it has fiber content that are not easily degradable in nature. 

Manure is degraded at high rate yielding sufficient levels of methane that some time becomes 

difficult to handle (Moller et al., 2004). 
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         Table 4: Methane yield obtained through anaerobic digestion of manure. (Moller et al.,2004)  

Type of manure   Methane yield  

(m3/kg ODS) 

Pig 0.36 

Sow 0.28 

Dairy cattle 0.15 

                                                            ODS= Organic dissolved substance  

2.7 Zeolite: 

Zeolite exists naturally in rocky area around volcanoes. Natural deposits were first found in 

Sweden in 1776 (Colella et al., 2007). Several years back physical and chemical attributes has 

captivated scientists attention. The ore of zeolite exist widely (Christidis., 2006). Zeolite has 

wide range of practical implementation in environmental pollution control and agricultural 

industry. Physically zeolite appears crystalline hydrated alumino silicates of alkali and alkaline 

earth cation, consisting of three-dimensional frameworks of SiO4
4− and AlO4

5− tetrahedra linked 

through shared oxygen atoms (Gerrard et al., 2004). They possess sponge like characteristics to 

absorb and drop water, to transport particular size containing molecules and ion exchange ability 

for cation without altering their structure. These properties motivates zeolite usage in industry, 

pollution prevention by considering its ammonia removing ability from waste water and heavy 

metals, cesium, strontium from waste water of industry and radioactive waste respectively . 

Table 5: Structural and physical properties of Zeolite  

 

Concentration of organic waste has remarkable effects on anaerobic degradation as it provides 

sufficient nutrients, reduces sludge production level along with allowing achievement of high 

purification level that finally yields renewable and flammable biogas (Marty et al., 2010). During 

anaerobic process high hydraulic loading rate beats biomass. to cope with such difficulty such 

Structure and physical properties of Zeolite References  

Diameter of pore cavities                                                                                            Minimum 3-10 amstong Carretero and Poz., 2009 

Density  Low Marty et al., 2010 

Surface area                                                                                   Average 24.9 m2/g  Park et al., 2010 

Cation exchange capacity  High Wong and Yeung., 2007 
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design are preferred that lowers hydraulic retention times along with stopping loss of biomass by 

means of internally designed stoppers. On the stoppers upon proliferation of microbial 

population a remarkable fluctuation observed in co-metabolic activities proton transfer among 

species that speed up micro colonies development to obtain such type of microbial growth most 

suitable designs are fixed and fluid bed reactors because of available surface for microbes to 

proliferate (Fernandez et al., 2008). Zeolite is porous material and provides space for adhesion of 

microorganisms. Its usage increase ion exchange, exclude out ammonia from anaerobic digester. 

When it acts like ion exchanger, it basically takes up sodium calcium and magnesium cation for 

removing ammonia. Zeolite is suitable to use in feedstock of high nitrogen concentration as it 

prevents anaerobic process inhibition. The ion exchange ability is useful for eradication of 

noxious ingredients that hinders microbial activity of biogas formation.  

2.7.1 Zeolite physical characteristics: 

Given below is empirical formula of zeolite showing its chemistry 

(M2/nO·Al2O4·xSiO2·yH2O) = zeolite  

X= or > 2, M = cation, n = valancy of cation. 

The SiO4 and ALO4 tetrahedral linkages varies in one , two and three dimensions that is main 

cause of different forms of naturally existing Zeolite (Yang et al., 2009). These varieties are 

present all over the world at specific areas.  

The holes of zeolite are formed by chains of (secondary binding units). Chemical formula and 

Si/Al ratio shows that it is composed of minerals which divide zeolite into almost 50 divisions. 

The physical and chemical nature can be determined by secondary binding units of dehydrated 

zeolite. Dehydration of zeolite at several hundred Celsius accounts for total adsorbed water and 

then left over spaces allow adsorption surface for adhesion of other particles (Baker et al., 2009). 

There is an electrostatic interaction occur among adsorbed polar molecules, Zeolite selectively 

adsorbs variety of mixture particles. Application of higher temperature and low pressure shifts 

adsorbed molecule from another one (Giannetto et al., 2000). Synthetic zeolite can be formed by 

adding up sodium chloride, calcium chloride, potassium chloride or magnesium chloride to 

natural zeolite in a vessel for 2 hour at 90°C with continuous stirring. Resulting samples are 

treated with de-ionized water with subsequent drying at 50°C.  
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2.7.2 Effect of zeolite on VSS, TSS  and rate of sedimentation:   

Basically the concentration of VSS produced is approximately 80% than TSS, VSS is composed 

of expelled cells which are expelled out from anaerobic digester. When operating conditions are 

studied it was observed that fewer solids are released in reactor with added zeolite as compared 

to reactor without zeolite. Addition of zeolite favors granulation because it increases sludge 

density and in turn granules form.  

This result was observed with upgraded sedimentation ratio after addition of zeolite. This 

compound hinders the release of biomass so, improvement have been shown in working USAB 

reactor. Experimental studies concluded that granular densities ranges between 1000 to 1400 

kg/m3, the resulting values after experimentation had shown an approximate correlation with 

above mentioned range and it totally depends upon VSS/TSS ratio of system (Vlyssides et al., 

2008). The VSS/TSS density increase upon zeolite addition agrees with behavior discussed by 

Vlyssides et al., 2008. It is observed that the addition of zeolite in the reactor the sedimentation   

higher as compared to one without added zeolite because the density of sludge with added zeolite 

is much more as compared to condition without zeolite. Hence when more density and 

sedimentation occur there is higher force required to push it out of reactor. Anaerobic digester 

with zeolite showed huge particle size and finally increases sedimentation rate (Bhunia et al., 

2007). 

The mean granular size in different reactors showed coincidence with less diameter ranges 

evaluated anywhere else. a study conducted by Bhunia and Ghangrekar resulted in evaluation 

that is the diameter variation within range of 0.25 to 3.03 mm that is much higher than observed 

in different other studies (Tay et al., 2001). Lower values observed in other studies are when 

keenly observed helped out to conclude the remarkable ammonia inhibition as major fact 

(Subramanyam et al., 2008). It is established result that is granule density with zeolite added 

reactor is 38 times more than reactor without added zeolite. That is just because of zeolite that 

raise up sludge density along with decreasing ratio of VSS/TSS (Pol et al., 2004). 

2.7.3 Zeolite effect on granulation:  

Variation in size of granule is dependent upon addition of zeolite.  In reactor lacking zeolite it 

was concluded to contain very little percentage of solids hence a minimum ratio of granules 
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achieves diameter up to 1mm. while at bottom 0.25 mm of biomass present that is 

correspondence with such biomass which not form granules (Hulshoff et al., 2004). When 

experiment proceeds further the biomass did not exceed up to 15% 0f their total amount. Largest 

concentration of VSS was seen on (0.25mm) diameter while the second highest concentration 

was found to be at (0.65mm) diameter. These observations were taken at 28th day. This observed 

was reversed totally at day 80, where much higher concentration was observed at (0.65) mm 

tubes while second largest concentration was found to be at (0.25mm) (Laguna et al., 1999) 

As compared to day 28 at day 80 the total amount of VSS appears to be higher. It concludes that 

size of granules without zeolite added improved with time observed as percentages of 45% and 

27% among 0.65 and 0.25 mm diameters. One point should be considered that the shifting was 

carried out to prevent granule breakage; there is probability of few granule breakages that 

slightly increase amount of VSS at sieve with smaller diameter. In spite of this it is reported fact 

this (granulometery) method relied upon humid sieves manually (Montalvo et al., 2012). 

granulometery procedure proved to be an appropriate method to be carried out for evaluation of 

granule formation and their size description in (USAB) reactor while other techniques i.e. 

microscope sizing , laser analyses that proved to be inefficient because of certain disadvantages 

as they are not cost effective , not precise and less efficient to be used in large scale setups / 

plants.  
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3.1 Introduction  

Energy plays a fundamental role in the economic development of all countries across the globe 

(Kothari et al., 2010). In order to achieve this indispensable energy demand into the future, 

energy generation diversified technologies will be need. Currently there is a reliance on fossil-

fuel based energy generation which utilizes non-renewable and finite resource and contributes to 

global warming (Okoroigwe et al., 2013). Therefore there is a need for a new era where energy is 

generated from renewable energy resources. Compared to other renewable energy sources, 

biogas has distinctive advantages being eco-friendly, easy to handle and store, as well as being a 

versatile energy resource with the capability to be employed as a power, heat and or vehicle fuel 

source. Additionally many processes which generate biogas also potentially produce useful by-

products such as bio-fertilizer.  

Every year millions tons of wastes are produced by municipal, industrial and agricultural 

sources, which if viewed as a resource has the potential to be a significant source of biogas 

generation. In 2014, the world wheat production reached 702 million tons of which 25.4 million 

tons were produced in Pakistan (FAO, 2014). Wheat straw is an abundant, cheap and accessible 

agricultural residue which if converted to biogas, could produce an economical source of green 

energy. In recent years anaerobic digestion (AD) technology has gained increasing attention as a 

sustainable technology in terms of environmental sustainability. Additionally AD has been 

proven to be an efficient technology for the treatment of animal manure, agricultural residues, 

food waste as well as sewage sludge for the generation of methane, a renewable energy carrier 

(Lateef et al., 2014). 

Agricultural crop waste cannot be efficiently degraded due to an imbalance in the amount of 

nutrients available to microorganism and the privation of buffering capacity for chemical 

reactions involved in AD (Babaee et al., 2013). Wheat straw is lignocellulosic material 

containing cellulose and hemicellulose firmly enclosed in linkage of hydrophobic lignin leading 

to the slow hydrolysis in AD systems (Lei et al., 2010). To improve the balance of nutrients and 

the Carbon/Nitrogen (C/N) ratio, co-digestion of wheat straw with animal manure could be an 

alternative strategy. Co-digestion of animal manure with other waste material has been reported 

in previous studies (Astals et al., 2013: Chen et al., 2013: Saidu et al., 2013) 

The potential benefits achieved in co-digestion are enhanced biogas production, dilution of toxic 

compounds, synergetic effects of organisms, operation of system at high OLR and improved 
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nutrient balance. Cow manure normally contains a high total nitrogen content which leads to a 

decrease in C/N ratio during mono-digestion, however the high total nitrogen is a valuable 

parameter when co-digesting with other substrates. Cow manure also produces ammonia during 

anaerobic fermentation which helps to maintain suitable pH conditions (Ashekuzzaman et al., 

2011). 

Fruit-vegetable waste (FVW) has been considered as an attractive substrate for anaerobic 

digestion, owing to its high biodegrability, containing 75% sugars and hemicelluloses, 9% 

cellulose and 5% lignin (Bouallagui et al., 2009). FVW is usually characterized as easily 

biodegradable substrate comprising low total solids and high volatile solids which leads to rapid 

hydrolysis, acidification in the anaerobic digestion system and subsequent inhibition of 

methanogenesis (Jiang et al., 2012: Ward et al., 2008). Various studies recommended that FVW 

needs to be co-digested with other substrates to ensure operational stability in the reactor 

(Bouallagui et al., 2009: Shen et al., 2014). High ammonia concentration is considered a 

potential inhibitor of methanogenic activity in anaerobic digestion system and a key factor 

influencing the stability of the process is the conservation of acidogenic and methanogenic 

microbial communities. Thus to increase the stability of process, sufficient buffer capacity is 

required to ensure that the pH-dependent ammonia/ammonium equilibrium is regulated in favour 

of the methanogens to ensure that they are conserved within the reactor (Rajagopal et al., 2013). 

One of the most important parameters influencing the AD process is temperature. Several studies 

have revealed the significant effect of temperature on process kinetics, methane yield, microbial 

community and system stability (Riau et al., 2010). Temperature regulates the substrate 

degradation pathway and dynamics of biomass in the digester. Biogas production can be possible 

at psychrophilic temperature but with low methane yield. Therefore most of the AD reactors 

operated at mesophilic and thermophilic temperature (Ward et al., 2008). 

In the present study, the main objective was to determine the optimal ratio of WS and FVW to be 

co-digested with CM and compare the biogas production rate and methane content from co-

digestion under mesophilic and thermophilic temperature conditions. This study investigated 

how the optimal mixing ratio of WS and FVW with CM at different OLR influences the biogas-

production and quality from an anaerobic co-digestion process, operated in a semi-continuous 

mode at mesophilic temperature.  
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3.2 Material and Methods  

3.2.1. Substrate and Inoculum collection 

The cow manure was obtained from a native livestock farm shed near Quaid-i-Azam University 

Islamabad. The wheat straw residues were collected during the harvesting period from fields 

located in Islamabad. Fruit-vegetable waste was provided by the Quaid-i-Azam university food 

market. Samples of wheat straws and fruit-vegetable waste were chopped by chopper machine 

and grinded to reduce their particle size <3 mm by using lab grinder. The anaerobic sludge was 

used as inoculum and was collected from the wastewater treatment plant F-10 Islamabad. All 

samples were stored at 4°C prior to conducting the lab-scale testing. The physiochemical 

properties of the cow manure, wheat straw and fruit-vegetable waste are illustrated in Table 1. 

Table 1. Properties of cow manure (CM), wheat straw (WS) and fruit vegetable waste (FVW) 

Parameters CM WS FVW Inoculum 

TS (wt %) 17.4 89 19.5 1.4 

VS (wt %) 15.8 81 17.7 0.8 

VS/TS ratio 0.91 0.91 0.91 0.6 

Moisture Content 

(%) 

70 ND 87 - 

Organic Carbon (%) 31.2 43.4 47.8 - 

Nitrogen (%) 5.4 0.5 3.21 - 

C/N ratio 5.8 86.8 14.8 - 

pH 8.3 ND 5.4 5.7 

  TS= Total solids, VS=Volatile solids, ND= Not detected 

3.2.2 Reactor Set-up and operation 

3.2.2.1. Anaerobic digestion in Batch tests 
 

1.5L batch reactors were used for the lab scale anaerobic digestion tests and were operated at 

thermophilic (55 ± 1 °C) and mesophilic (35 ± 1 °C) temperatures. The working volume of each 

reactor was 1.2 L. The substrates and inoculum were fully mixed and homogenized before being 

added to each of the reactors. To create anaerobic conditions each digester was flushed with inert 

gas (N2) for 5 minutes. The experimental design is presented in Table 2. 
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Table 2: Experimental conditions for batch test:  

Set up of 30-days batch test of Cattle manure, Wheat straw, Fruit-vegetable waste and there 

mixtures at Mesophilic and Thermophilic conditions  

Exp # CM  

(gVS/L) 

WS 

(gVS/L) 

FVW 

(gVS/L) 

Substrate 

ratio 

Initial 

pH 

Temp (°C) 

CD-R1 6 4.5 0 1.33 7.3 55±2 35±2 

CD-R2 6 3 0 2 7.3 55±2 35±2 

CD-R3 6 2 0 3 7.4 55±2 35±2 

CD-R4 6 0 4.5 1.33 7.2 55±2 35±2 

CD-R5 6 0 3 2 7.3 55±2 35±2 

CD-R6 6 0 2 3 7.2 55±2 35±2 

SD-R1 6 0 0 - 7.1 55±2 35±2 

SD-R2 0 4.5 0 - 7.0 55±2 35±2 

SD-R3 0 3 0 - 7.0 55±2 35±2 

SD-R4 0 2 0 - 7.0 55±2 35±2 

SD-R5 0 0 4.5 - 7.1 55±2 35±2 

SD-R6 0 0 3 - 7.2 55±2 35±2 

SD-R7 0 0 2 - 7.1 55±2 35±2 

CD= Co-digestion, SD= Single digestion  

The amount of cow manure in each reactor was kept constant (6 g-VS/ L), while the quantity of 

wheat straw and fruit-vegetable waste varied for each reactor. For the initial set of batch tests: 

CM/WS (CD-R1, CD-R2, and CD-R3) and CM/FVW (CD-R4, CD-R5, CD-R6); digestion ratios 

were designed on a VS basis at 1.33, 2, and 3  corresponding to  wheat straw and fruit-vegetable 

waste amounts of 4.5, 3 and 2 g-VS/L respectively. In SD-R1 cow manure was mono-digested as 

a control. Wheat straw (SD-R2, SD-R3, and SD-R4) and fruit-vegetable waste (SD-R5, SD-R6, 

and SD-R7) were digested as a single substrate at different loadings of 4.5, 3 and 2 g-VS/L. All 

digestion test were performed in triplicates and blank reactors were also used, to calculate the 

background gas productivity of the inoculum. 

3.2.2.2  Anaerobic digestion in semi-continuous set up 

The semi-continuous reactors were cylindrical in shape and made from an acrylate material. 

Water was circulated through water jacket to regulate temperature within the reactor to keep the 

temperature at stable level. To prevent substrate particles from settling and clogging the reactor, 

a two bladed agitator was used to continuously stir in the reactor. The vessel was equipped with 

inlet, effluent and gas collection ports and associated control valves. The same base-substrate to 
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co-substrate ratios used in the batch experiments were repeated in semi-continuous co-digestion 

tests, namely: 3 for CM/WS and 1.33 for CM/FVW. 

 The experimental design of the semi-continuous reactor setup is presented in Table 3  While 

operating the reactors in semi-continuous mode, for each experimental set, the OLR for the base-

substrate CM was set at 8, 10 and 12g-VSCM/L/day. For tests where CM was co-digested with 

WS, the WS OLR was set at 2.6, 3.3,4, g-VSWS/L/day when the base-substrate OLR was 8, 10 

and 12g-VSCM/L/day respectively. Similarly for FVW-CM co-digestion experiments, the WS 

OLR was set at 6, 7.5, and 9 g-VSFVW/L/day when the base-substrate OLR was 8, 10 and 12g-

VSCM/L/day respectively. Sewage sludge was added as an inoculum in each digester and mixed 

well.   

3.2.3  Analytical analysis: 

The total solids (TS), volatile solids (VS) and pH of cow manure, wheat straw, and fruit-

vegetable waste effluent were measured according to standard method (APHA, 2005).The total 

nitrogen was calculated by the Kjeldahl method (Mossé, 1999). The TOC analyser (TOC-V, 

Shimadzu, Japan) was used to measure total carbon. Effluent samples were taken according to 

the set frequency required for TCOD, sCOD, and volatile fatty acids (VFA) measurements. 

Chemical Oxygen demand (COD) was also determined by standard technique detailed in 

standard methods (APHA, 2005). Effluent was also analysed for pH and VS reduction. The 

VFAs were determined by the procedure detailed in reference (De et al., 2009) 

3.2.4  Biogas characterization:  

The volume of produced biogas was determined by water displacement in a manometer. The 

biogas composition was determined by Agilent Gas chromatography (GC) (GC-6820, Agilent 

USA). A thermal conductivity detector (TCD), HP PLOT Q column and helium as a carrier gas 

was used in the GC for the biogas measurement. The temperature of oven, injector and detector 

were 100, 120 and 120 °C respectively. CH4 and CO2 were used for the GC calibration controls. 
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Table 3: Experimental setup for semicontinuous test  

Exp 

# 

CM  

(gVS/L/

d) 

WS  

(gVS/L/

d) 

FVW 

(gVS/L/

d) 

Substrate 

ratio 

 

Initial pH Temp (°C) 

SD-R08 8 0 0 - 7.5 35±2 

SD-R09 10 0 0 - 7.3 35±2 

SD-R10 12 0 0 - 7.6 35±2 

CD-R7 8 2.6 0 3 7.3 35±2 

CD-R8 10 3.3 0 3 7.5 35±2 

CD-R9 12 4 0 3 7.6 35±2 

CD-R10 8 0 6 1.33 7.3 35±2 

CD-R11 10 0 7.5 1.33 7.5 35±2 

CD-R12 12 0 9 1.33 7.7 35±2 

       

CD= Co-digestion, SD= Single digestion 

3. 3 RESULTS AND DISCUSSION 

3.3.1 Anaerobic digestion in batch tests 

3.3.1.1 Co digestion and mono digestion of cow manure and wheat straw:  

 

The cumulative biogas production, methane content and % VS reduction measurements from the 

batch anaerobic co-digestion experiments of cow manure with wheat straw  that varied substrate 

ratios on a g-VS/L basis are represented in Table 4 for thermophilic conditions (55°C) and Table 

5 for mesophilic conditions (35°C). The highest biogas production of 650 ml/g-VS was obtained 

in CD-R2 with a CM/WS ratio of 3. The average cumulative biogas production after 30 days of 

digestion for CM/WS ratios of 1.33 and 3 was 456 ml/g-VS (reactor CD-R1) and 500 ml/g-VS 

(reactor CD-R2) respectively.  

The maximum biogas production was achieved during the initial 15 days after which the 

production leveled off. The methane content of biogas at 1.33, 2, and 3 CM/WS ratio were 45%, 

52%, and 66.2% respectively under thermophilic conditions (50°C). At mesophilic temperature 

(35°C), the highest biogas production was 587 ml/g-VS, produced at CM/WS ratio of 3. Lower 

CM/WS ratios of 1.33 and 2 resulted in cumulative biogas production values of 389 ml/g-VS and 

467ml/g-VS respectively at 35°C. The cumulative biogas production from mono digestion and 

co-digestion of cow manure and wheat straw are shown in Fig.1. The biogas production and 

methane content fluctuated during the first week of digestion.  
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Table 4: 30 days Batch test results of co digested substrate (CM+WS+FVW) at thermophilic 

temperature. 

Exp # Temp 

(°C) 

Biogas 

production 

(ml/g-VS) 

Methane 

yield  

(ml/g/VS) 

Methane 

content 

(%) 

VS 

reduction 

(%) 

Final pH 

CD-R1 55±2 456 205 45.0 53 7.6 

CD-R2 55±2 500 260 52.0 60 7.5 

CD-R3 55±2 650 430 66.2 73 7.2 

CD-R4 55±2 697 493 70.7 82 7.1 

CD-R5 55±2 661 420 63.5 67 7.2 

CD-R6 55±2 611 315 51.5 55 7.5 

SD-R1 55±2 467 230 49.3 50 7.2 

SD-R2 55±2 56 9 16.2 20 7.8 

SD-R3 55±2 69 13 18.9 23 7.8 

SD-R4 55±2 82 16 19.5 25 7.7 

SD-R5 55±2 123 37 30.0 33 7.8 

SD-R6 55±2 156 43 27.5 30 7.7 

SD-R7 55±2 135 30 22.2 26 7.7 

      CD= Co-digestion, SD= Single digestion, VS= Volatile solids 

 

 

Fig 1: Total biogas production bymono and co-digestion of CM and WS at mesophilic 

temperature (  CD-R1: 6g-VSCM/L + 4.5g-VSWS/L;  CD-R2: 6g-VSCM/L+ 3g VSWS/L;  CD-R3: 

6g-VSCM/L + 2g-VSWS/L,  SD-R1:6g-VSCM/L,  SD-R2: + 4.5g-VSWS/L,  SD-R3: 3g-VSWS/L,  SD-

R4: 2g-VSWS/L ). 
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Co-digestion of cow manure and wheat straw not only increased the quantity of biogas 

production but also the quality of biogas produced with an increased the methane content 

compared to mono-digestion of cow manure. Additionally the digestion of wheat straw was 

accelerated through co-digestion with cow manure with a greater percentage of organic solids 

within wheat straw converted to biogas in co-digestion systems compared with VS reductions 

observed during mono-digestion of wheat straw in AD systems. 

Total biogas production from mono-digestion of cow manure (SD-R1), and wheat straw (SD-R2, 

SD-R3, SD-R4) was lower than co-digestion both at mesophilic and thermophilic conditions.  

Mono-digestion of 6g-VS/L of cow manure produced 433ml/g-VS and 467 ml/g-VS of biogas at 

mesophilic and thermophilic temperatures respectively. While 4.5, 3 and 2 g-VS/L of wheat 

straw produced 46ml/g-VS, 56ml/g-VS, and 70ml/g-VS at mesophilic and 56 ml/g-VS, 69ml/g-

VS and 82 ml/g-VS at thermophilic temperatures.  Fig 2 illustrates the cumulative biogas 

production over the 28day batch tests 

 

Fig 2: Total biogas production by mono and co-digestion of CM and WS at thermophilic 

temperature (  CD-R1: 6g-VSCM/L + 4.5g-VSWS/L;  CD-R2: 6g-VSCM/L+ 3g-VSWS/L;  CD-R3: 6g-

VSCM/L + 2g-VSWS/L,  SD-R1:6g-VSCM/L,  SD-R2: + 4.5g-VSWS/L,  SD-R3: 3g-VSWS/L,  SD-R4: 

2g-VSWS/L ). 

 

The Methane content measured during mono digestion and co-digestion of cow manure and 

wheat straw at mesophilic and thermophilic temperatures is shown in Fig 5. 
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3.3.1.2 Co-digestion and mono digestion of cow manure and fruit-vegetable waste: 

The cumulative biogas production, methane content and % VS reduction  from batch anaerobic 

co-digestion experiments of cow manure (CM) and fruit-vegetable waste (FVW) at different 

substrate ratios (g VS/L basis) are represented in Table 4  for thermophilic conditions (55°C) and 

Table 5 for mesophilic conditions (35°C) . The highest biogas production of 697 ml/g-VS was 

obtained under thermophilic conditions in CD-R4 with a CM/FVW ratio of 1.33. The average 

cumulative biogas production from co-digestion of CM and FVW with CM/FVW ratios of 2 

(CD-R5) and 3(CD-R6) was 661ml/g-VS and 611ml/g-VS respectively. The methane content of 

the produced biogas from batch digesters with CM/FVW ratios of 1.33, 2, and 3 were 70.7%, 

63.5%, and 51.5% at thermophilic condition. 

 At mesophilic temperature the highest cumulative biogas production was 644 ml/g-VS from the 

batch reactor co-digesting CM and FVW in the CM/FVW ratio of 1.33.  Batch reactors with 

CM/FVW ratios of 2 and 3 produced an average cumulative biogas production of 605ml/g-VS 

and 571ml/g-VS respectively. At optimum fruit vegetable waste and cow manure ratio 2 in co-

digestion batch test, 388ml/g-VS methane yield and enhanced methane production is also 

reported by scientist.  

Table 5: 30 days Batch test results of co digested substrate (CM+WS+FVW) at Mesophilic 

temperature 

Exp # Temp 

(°C) 

Biogas 

Production 

(ml/g-VS) 

Methane 

yield  

(ml/g/VS) 

Methane 

content 

(%) 

VS 

reduction 

(%) 

Final 

pH 

CD-R1 35±2 389 150 38.6 43 7.6 

CD-R2 35±2 467 210 45.0 54 7.5 

CD-R3 35±2 587 352 60.0 64 7.2 

CD-R4 35±2 644 418 64.9 70 7.1 

CD-R5 35±2 605 340 56.2 59 7.2 

CD-R6 35±2 571 268 46.9 47 7.5 

SD-R1 35±2 433 225 51.9 55 7.2 

SD-R2 35±2 46 5 10.8 15 7.8 

SD-R3 35±2 56 7 12.6 16 7.8 

SD-R4 35±2 70 11 15.7 18 7.7 

SD-R5 35±2 135 35 25.9 28 7.8 

SD-R6 35±2 90 17 18.9 26 7.7 

SD-R7 35±2 102 18 17.6 24 7.7 
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   CD= Co-digestion, SD= Single digestion, VS= Volatile solids  

The cumulative biogas production from mono digestion and co-digestion of cow manure and 

fruit-vegetable waste are shown in Figure 3 for mesophilic conditions and Figure 4 for 

thermophilic temperature conditions.  

 

 

Fig 3: Total biogas production by mono and co-digestion of CM and FVW at mesophilic 

temperature. ( CD-R4: 6g-VSCM/L + 4.5g-VSFVW/L;  CD-R5: 6g-VSCM/L + 3g VSFVW/L;  CD-R6: 

6g-VSCM/L + 2g-VSFVW/L: SD-R1:6g-VSCM/L,  SD-R2: + 4.5g-VSWS/L,  SD-R3: 3g-VSWS/L,  SD-R4: 

2g-VSWS/L) 

 

Total cumulative biogas production from co-digestion at both mesophilic and thermophilic 

conditions was greater than the sum of cumulative biogas production from mono-digestion. In 

mono-digestion 6g-VS/L of cow manure 433ml/g-VS and 467ml/g-VS of biogas was produced 

at mesophilic and thermophilic temperatures respectively. While 4.5, 3 and 2g-VS/l of fruit-

vegetable waste produced 135ml/g-VS, 90ml/g-VS, and 102ml/g-VS at mesophilic and 123ml/g-

VS, 156ml/g-VS and 135ml/g-VS at thermophilic temperature. 
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Fig 4: Total biogas production by mono and co-digestion of CM and FVW at thermophilic 

temperature ( CD-R4: 6g-VSCM/L + 4.5g-VSFVW/L;  CD-R5: 6g-VSCM/L + 3g VSFVW/L; CD-R6: 

6g-VSCM/L + 2g-VSFVW/L: SD-R1:6g-VSCM/L,  SD-R2: + 4.5g-VSWS/L,  SD-R3: 3g-VSWS/L,  SD-R4: 

2g-VSWS/L) 

The results of the anaerobic batch digestion tests revealed that the co-digestion of CM and FVW 

produced a higher methane yield compared to batch tests co-digesting CM and WS at similar 

initial VS loading conditions. Therefore based on methane yield FVW is a more productive co-

substrate for CM digestion compared to WS. A significant difference in methane yield at high 

initial organic loading is observed in co-digestion of CM with WS and FVW. The initial pH 

values for the FVW and CM substrates were 5.4 and 9.5 respectively (refer Table 1). The 

methane content of the biogas produced during mono digestion and co-digestion of cow manure 

and fruit vegetable waste at mesophilic and thermophilic temperatures are shown in Fig 5. 
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Fig 5: Methane content at mesophilic and thermophilic temperature by co- digestion of CD with 

WS and FVW in batch test  [  (55°C)  (37°C)] CM+WS (OLR-8: 6g-VSCM/L + 2g-VSWS/L; OLR-9: 6g-

VSCM/L + 3g-VSWS/L; OLR-10.5: 6g-VSCM/L + 4.5g-VSWS/L) ; [  (55°C)  (37°C)] CM+FVW (OLR-8: 6g-

VSCM/L + 2g-VSFVW/L; OLR-9: 6g-VSCM/L + 3g-VSFVW/L; OLR-10.5: 6g-VSCM/L + 4.5g-VSFVW/L). OLR= 

Organic loading rate  

3.3.2  Co-digestion in semi-continuous approach 

 Based on the results of the batch experiments, the optimum base/co-substrate ratio of 3 for 

wheat straw (OLR-2) and 1.33 for fruit-vegetable waste (OLR-4.5 gVS/L) was selected. The 

batch test results also indicated greater methane production at thermophilic compared to 

mesophilic conditions. However taking into account the additional energy input required to run 

reactors at thermophilic conditions, the proportional increase in methane production was not 

deemed feasible to justify operating the reactors at thermophilic conditions. Therefore to ensure 

economic feasibility of process for full scale field application, CM was co-digested with WS and 

FVW in semi continuous reactors at mesophilic conditions. The methane yield of cow manure, 

wheat straw and fruit-vegetable waste from reactors operated in semi continuous mode is 

presented in Table 6.  Results of CD-R8 indicate that co-digestion of Cow manure and wheat 

straw could be proceed at high OLR up to 13.3g-VS/L/day.  

 

The average specific methane yield at 13.3g-VS/L/day was 223ml/g-VS in CD-R8. The average 

methane yield decrease when the OLR was increased. For example at OLR of 16 g-VS/L/days 
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(CD-R9), the daily specific methane yield decreased to168 ml/g-VS in CD-R9. The greatest 

increase in methane production of 47% compared to CM mono-digestion was observed for the 

co-substrate loading of 2.6 gVS/L/day of wheat straw. Above this WS loading, the methane 

production was lower, indicated that the maximum wheat straw loading is 2.6g-VS/L/day as a 

co-substrate with CM in a semi-continuous reactor.  

Table 6: Semi continuous test results of co digested substrate (CM+WS+FW) at mesophilic 

temperature. 

Exp # Temp 

(°C) 

Methane 

yield  

(ml/g-VS) 

Methane 

content 

(%) 

VS 

Reduction 

(%) 

Final pH NH4
+ 

mg/L 

SD-R08 35±2 235 60 70 7.4 437 

SD-R09 35±2 177 55 60 7.5 541 

SD-R10 35±2 85 50 55 7.6 419 

CD-R7 35±2 345 53 56 7.3 611 

CD-R8 35±2 223 40 46 7.6 625 

CD-R9 35±2 168 30 37 7.8 643 

CD-R10 35±2 407 65 73 7.3 623 

CD-R11 35±2 301 57 61 7.7 657 

CD-R12 35±2 102 31 38 7.9 683 

 

   CD= Co-digestion, SD= Single digestion, VS= Volatile solids  

 

The methane content of the biogas produced during semicontinuous co-digestion tests with CM 

co-digested with WS and FVW at different OLR is presented in Figure 6. The highest OLR for 

co-digestion of cow manure and fruit vegetable waste was 17.5 g-VS/L/d (CD-R11) which 

produced an average methane yield of 301mL/g-VS. Anaerobic digestion of CM and FVW failed 

at OLR of 21 g-VS/L/day with an average methane yield of 102 mL/g-VS.  In all co-digestion 

cases with both WS and FVW, the methane production was enhanced compared to 

monodigestion of CM at similar OLR.  

The average methane yield produced during mono-digestion of CM at 10 g-VSCD/L/day (SD-R9) 

was 177mL/g-VS (Table 3).  The methane yield from co-digesting 10 g-VSCD/L/day with WS 

(VS ratio 3) and FVW (VS ratio 1.33) was 223 (26% increase) (CD-R8) and 301ml/g-VS (70% 

increase) (CD-R11), respectively.  



Chapter 3     Biogas production by anaerobic co-digestion of cow manure with agricultural  

waste and fruit-vegetable waste in Batch and CSTR                                                  
 

Anaerobic digestion of organic waste for biogas production  Page 38 
 

 

Fig 6: Methane content of CD+WS and CD+FVW at different OLR in semicontinuous mode 

(OLR 8: 8g-VSCM/L/day; OLR 10: 10g-VSCM/L/day; OLR-12: 12g-VSCM/L/day; OLR 10.6: 8g-VSCM/L/day +2.6g-

VSWS/L/day; OLR 13.3: 10g-VSCM/L/day+ 3.3g-VSWS/L/day; OLR 16: 12g-VSCM/L/day+ 4gVSWS/L/day; OLR 14: 

8g-VSCM/L/day + 6g-VSFVW/L/day; OLR 17.5: 10g-VSCM/L/day+ 7.5g-VSFVW/L/day; OLR 21: 12g-VSCM/L/day+ 

9g-VSFVW/L/day) 

: Methane content. 

 

3.3.2.1  VFAs and ammonia 

Figure 7 shows the total VFA concentration within the co-digestion reactors operated in semi-

continuous mode over a 15 day period. The total VFA concentration of SD-R8 to SD-R10 and 

CD-R7 to CD-R12 increase gradually in the course of first five days. The total VFA 

concentration keep on increasing at higher OLR 12gVSCD/L/d (SD-R10, CD-R9, CD-R12) 

reaching 21.8g/L, 15.4g/l, 20.6g/L respectively at day 10. VFA started to accumulate in a system 

due to high organic loading rate. At the OLR 12 g-VSCD/L/day, decrease in pH and inhibition of 

biogas production was observed due to accumulation of VFAs. While at OLR 8g-VSCD/L/day 

(SD-R8, CD-R7, CD-R10), VFAs concentration was at a stable level. The VFA concentration 

was in array of 6-7g/L at OLR 8 g-VSCD/L/day in co-digestion sets..  
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Fig 7:In semi-continuous process variation of total VFA concentration with time ( SD-R8: 

8g-VSCM/L/day;  SD-R9: 10g-VSCM/L/day;  SD-R10: 12g-VSCM/L/day; CD-R7: 8g-VSCM/L/day 

+2.6g-VSWS/l/day;  CD-R8: 10g-VSCM/l/day + 3.3g-VSWS/L/day; -CD-R9: 12g-VSCM/L/day+ 4g 

VSWS/L/day;  CD-R10: 8g-VSCM/L/day + 6g-VSFVW/L/day; CD-R11: 10g-VSCM/L/day+ 7.5g-VSFVW/L/day;

CD-R12: 12g-VSCM/L/day + 9g-VSFVW/L/day) 

Proteins and amino acids produce ammonium ions during anaerobic digestion. In semi-

continuous digestion system concentration of ammonia is listed in table 6. 

At OLR of 8, 10 and 12 g-VS/L/day in mono-digestion, the ammonia concentrations were 

437,541and 419 mg/L, correspondingly. The subsequent ammonia concentrations were 611, 625 

and 643 mg/L with co-digestion of wheat straw. While the ammonia in co-digestion of fruit 

vegetable waste was 623, 657, 683 mg/L. The total nitrogen of CM, WS and FVW were 5.4%, 

0.6%, and 3.21% (Table 1), respectively.  

3.3.2.2 Volatile solids Reduction:  

The leachate from each reactor was collected. The final weight and volume of the effluent was 

measured and the analysis was performed to compare the initial values. In semi continuous 

system at OLR of 8g-VS/L/day, VS reduction were found 73 % (CM+FVW) 56% (CM+WS) 

and 70% CM in mono-digestion. While in anaerobic batch digestion at thermophilic temperature 

73% VS reduction was achieved at substrate ratio 3 of CM+WS and 82% by CM+FVW  at 

substrate ratio of 1.33. At mesophilic temperature 64% VS reduction was achieved at substrate 

ratio 3 of CM+WS and 70% by CM+FVW at substrate ratio of 1.33 in anaerobic batch digestion. 
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The VS reduction % of mono digestion and co-digestion of cow manure, wheat straw and fruit 

vegetable waste at thermophilic and mesophilic temperature are shown in Fig 8.  

 

Fig 8: VS reduction % by mono digestion and co-digestion of cow manure, wheat straw and fruit 

vegetable waste in batch test. CM+WS ( OLR-8: 6g-VSCM/L + 2g-VSWS/L;  OLR-9: 6g-VSCM/L + 3g-

VSWS/L ;  OLR 10.5: 6g-VSCM/L + 4.5g-VSWS/L); CM+FVW ( OLR-8: 6g-VSCM/L + 2g-VSFVW/L ;  OLR-

9: 6g-VSCM/L + 3g-VSFVW/L;  OLR-10.5: 6g-VSCM/L + 4.5g-VSFVW/L). 

3.4 CONCLUSION: 

Co-digestion of cow manure (CM) with wheat straw (WS) and fruit vegetable waste (FVW) was 

studied in both batch and semi-continuous mode to determine the optimum mixing ratio of WS 

and FVW with CM. The optimum mixing ratio for CM/WS was 3 where 2g-VS/L of WS was 

digested and the optimum ratio for CM/FVW was 1.33 where 4.5g-VS/L of FVW was digested. 

The co-digestion of FVW and CM yielded a higher methane production compared to WS at 

similar organic loading rates, potentially due to the high lignocellulosic content within WS. 

Biogas production and methane content were higher at thermophilic conditions (55°C) compare 

to mesophilic operation for all experiments undertaken. Temperature and OLR are significant 

parameters for co-digestion of CM, WS and FVW. In co-digestion high buffering capacity, 

balanced C/N ratio and diverse microbial community could be possible reasons for process 

improvement and higher methane yields. The research findings from this study could be a basis 

to design a large scale anaerobic digester to treat cow manure, agricultural waste and fruit 

vegetable waste for biogas production and assist in supplying more sustainable energy sources in 

Pakistan. 
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4.1 Introduction: 

Biogas is produced through the process of anaerobic digestion by the conversion of organic 

fraction of decomposable waste (Yang et al., 2004). It is a mixture of different gases like 

methane (60-65%) and carbon dioxide with trace amounts of other gases (Graaf and Fendler., 

2010). Organic content of the differetnet waste like:agricultural and kitchen waste, municipal 

solid waste and manure is used as a substrate for energy recovery in a biogas production process 

(Demirel et al., 2005). Beside the sustainability of the process, it reduses the odor, sludge volume 

and pathogens, furthermore the digestate can be used as a fertilizer (Sagagi et al., 2009). 

Anaerobic digestion is carried out by a diverse group of microbes through metabolic reactions 

occurring in series, such as: hydrolysis, acidogenisis, acetogenisis, and methanogenesis (Park et 

al., 2012). A wide range of organic waste can be decomposed through anaerobic digestion, 

including: industrial, domestic, agricultural, municipal, dairy  and food waste (Chen et al., 2008). 

In optimization of a substrate /inoculum ratio a source of inoculum is a key parameter, which can 

be used for the treatment of waste sludge, even by naturally isolated microorganism or as a 

developed microbial consortium (Forster et al., 2007). Most of the organic waste is digested by 

the heterotrophic organisms (Ike et al., 2010).  

A microbial consortium is involved for the anaerobic digestion of organic waste, as its unusual 

that waste digestion rely on a single microbial strain (Fricke et al., 2007). Under anaerobic 

conditions Clostridium species are the common degraders (Fantozzi et al., 2005). Variety of 

organisms, such as: actinomyces, Thermomonospora, Ralstonia and Shewanella, are responsible 

for the digestion of organic waste into volatile fatty acids, while 

Methanobacterium/Methanobrevibacter and Methanosarcina are involved in the methane 

production (Lee et al., 2009). Though higher concentrations of organic acids (butyric acid, acetic 

acid) hinder the growth of microorganismsin a bioreactor, thereforeenergy rich compounds 

production decreases (Kim et al., 2006). 

Fruit and vegetable waste (FVW) have potential for biogas generation due to its biodegradable 

nature and higher moisture content of about 75-95%. They have an organic content of about 75% 

of sugar and hemicelluloses, 9% and 5% of cellulose and lignin, respectively. Better methane 

production is reported by using kitchen wasteas a substrate during anaerobic digestion than other 

wastes like, municipal waste (Neves et al., 2009). A high percentage of carbohydrates is reported 
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in kitchen waste which increases the production of volatile fatty acids, thus enhances the 

acidification process leading to the low methanogenic activity of the digestive (Bouallagui et al., 

2005). 

Co-digestion is considered as an economically feasible processfor managingdifferent organic 

substtrates and enhances the biogas production in an anaerobic digestor (Alvarez et al., 2008). 

Different organic waste like sewage sludge, animal manure and agricultural waste can be co-

digested along with fruit and vegetable waste (FVW) anaerobically for biogas production (Neves 

et al., 2009). Co-digestion of various waste streams promotes the methanogenic activity due to 

supplementary nutrients from the organic substrate (El-Mashad et al., 2008). 

Pakistan population is increasing gradually, directly affecting the energy requirements and needs 

(Amjad et al., 2011). In Pakistan solid waste is generated in the rane from 0.283 to 0.612 

kg/capita/day. The solid waste is dumped off in the land which causes health hazards, air and 

water pollution. Anaerobic digestion of waste and generation of biogas/bioenergy is the 

economical and environmental friendly way.  

4.2 Material and Methods: 

4.2.1 Inoculum Source and Substrate Collection: 

The sewage sludge (SS) inoculum was collected from the wastewater treatment plant I-9 

Islamabad, cow dung (CD) from a local farm house, and an inoculum from a laboratory 

continuous stirrer tank reactor (CSTR) treating organic matter (IOM) and operating at 35°C. The 

agricultural waste was collected from the Mal-Pur agricultural land (Village near QAU) and 

fruit-vegetable waste (FVW) from the Islamabad Market. Before use substrate and inoculums 

were stored at 4°C in sealed containers. 

4.2.2 Experiment Setup:  

A stainless steel batchreactorscontaining the mixtureof AR and FVW with working volume of 

5L were used to evaluate biogas production. The reactor was inoculated with individual and 

mixed inoculum consortium to evaluate the inoculum performance in the reactor (Table 1.). The 

pH in the reactor was maintained at 7 with a 0.8N NaOH solution. The reactor was operated at 
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mesophilic conditions (35°C). The reactor contains a stirring rod which manually operated two 

times in a day for mixing. 

Table 1:The substrate and inoculum setup in each reactor 

AR= Agricultural residues, FVW= Fruit-vagetabel waste, SS=Sewadge sludge, CD= Cow dung, 

 IOM= inoculum from organic matter 

4.2.3 Analytical Methods:  

The influent and effluent samples were collected to analyze physiochemical parameters, total 

solids (TS), volatile solids (VS), moisture content and pH. All the physiochemical analyses were 

performed according to the standard methods (APHA, 2005). 

4.3.4 Gas Chromatography (GC):  

Daily prodeuced biogas volume was determined by the water displacement method. Biogas 

composition was determined by Agilent Gas Chromatography (GC-6820, Agilent in USA). A 

Thermal Conductivity Detector (TCD), a HP PLOT Q column and helium gasas a carrier gas in 

GC were applied for biogas measurement. The temperature of oven, injector and detector were of 

100, 120 and 120 °C, respectively. For GC calibration the controls of CH4 and CO2 were used 

(Zhang et al., 2006). Two way ANOVA of biogas production, methane content and VS reduction 

% was performed through Graph prism software, version 8, while using four different inoculums. 

4.4.5 Isolation of anaerobic bacteria: 

For the initial growth and screening of bacteria collected from batch reactor, Nutrient Broth 

(OXOID), Nutrient Agar (OXOID) and Thioglycolytebroth (OXOID) were used. The 

composition of basal medium for the selective enrichment and growth of anaerobic and 

methnaogenic bacteria was:KH2PO4(0.75g), K2HPO4.3H2O(1.45g), NH4Cl(0.9g), 

MgCl2.H2O(0.2g), Na2S.9H2O(0.5g), Trace Mineral Solution (9ml), Vitamin Solution (5ml), 

Resazurin solution (1ml of 0.2%), Distilled Water (1,000ml), 2% Agar (OXOID). The culturing 

Reactor # Substrate (1:1) Inoculum 

R1 AR+FVW SS 

R2 AR+FVW CD 

R3 AR+FVW IOM 

R4 AR+FVW SS+CD+IOM 
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was performed in an anaerobic chamber and plates were placed in an anaerobic jar (OXOID) to 

ensure the anaerobic conditions. The culturing plates were incubated at 35°C for 24-48h.  

4.5.6 Microbial Analysis:  

The isolated strains from three different sources were phenotypically characterized by growth 

features on growth media, microscopic examination, motility test and gram staining. 

Biochemical test were performed by using an API kit (API-20). Methanogenic bacteria were 

separated from non-methanogenic bacteria on the basis of their shape, Gram reaction, motility, 

growth conditions, catalase test, pH and temperature requirements.  

4.6.7 Molecular Characterization: 

The sample from the anaerobic digester performing with mixed inoculum was collected for DNA 

extraction according to the protocol provided by the MOBIOPowersoil DNA isolation kit. The 

DNA of isolated bacterial strain was extracted by the CTAB/Chloroform-Isoamyl Alcohol DNA 

Extraction Protocol (Wilson, 1997). The Nanodrop Spectrophotometer was used to quantify the 

extracted DNA and stored at -20 °C.The Polymerase Chain Reaction (PCR) was carried out 

using universal 16s rRNA Primers (518F and 800R). PCR products were sent to the 

MACROGEN Korea for sequencing. The consensus sequences were analysed with BLAST on 

the National Center for BiotechnologyInformation (NCBI). Based on sequence analysis, 

phylogenetic trees were constructed using MEGA 6.0 and CLUSTAL. W. Package by the 

neighbor joining method.  

4.3 Result:  

4.3.1 Characteristics of the Substrates:  

The physiochemical charcterizatin of agricultural residues and fruit-vagetabel waste was 

performed prior to start up the experiment. The physiochemical characteristics of substrates are 

given in Table: 2.  

Table 2: Properties of agricultural waste (AW) and fruit vegetable waste (FVW) 

Parameters AW FVW 

TS (wt %) 87 21.5 

VS (wt %) 82 18.7 

Moisture Content (%) ND 85 

pH ND 5.4 



Chapter 4        Chracterization of bacterial consortia from anaerobic digester treating 

organic waste for biogas production 

Anaerobic digestion of organic waste for biogas production Page 45 

4.3.2  Reactor Performance  

Biogas production, methane content and VS reduction of three different inoculumus and their 

mixture on the 20th day is shown in Table 3. It indicates that biogas production is of 254, 314, 

432, and 507L in R1, R2, R3, and R4 respectively.Themethane content (68.7%) and VS 

reduction (71%) was the highest in R4.  

4.3.3 Biogas Production in Four Different Reactors: 

In different batch reactors (R1-R4) the biogas production at  day: 2, 5, 10, 15, 20, 25, and 30  is 

shown in Figure 1. It indicated that at the 20th day the biogas production was highest in each 

reactor. The biogas production was slow in start days due to the lag phase of inoculated 

organisms in the reactor. After 5 days a rapid increase in biogas production was observed. As 

digestion days increase gradually the biogas production increases and after the 20 th day it slows 

down. The highest biogas production was observed in R4 (5071/gVS) as presented in Table 3. 

The highest biogas production in R4 could be due to the activation of acidogenis and 

methanogenisis due to mixture of inoculum.  

Fig. 1 Biogas production in the recators (R1-R4) 
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Table: 3  The biogas production, methane content and VS reduction in reactors (R1-R4) at day 

20 

Reactor # 
Biogas Production 

(l/gVS) 

Methane Content 

(%) 

VS Reduction 

(%) 

R1 254 54.8 58 

R2 314 63.3 60 

R3 432 61.4 68 

R4 507 67.7 73 

4.3.4 Methane Content in Four Different Reactors: 

Figure 2 and Table 3 presentthe highest methane contents in R4 (67.7%) and R2 (63.3%), even 

the biogas production was higher in R3 than R2. R2 was inoculated with strains isolated from 

cow dung (CD). Like biogas production, higher methane content was achieved at day 20.  

Fig. 2 The methane content in reactors (R1-4) 

4.3.5 VS Reduction in Four Different Reactors: 

The lowestbiogas production (254L) and VS reduction (of 47%) was recorded in R1(Fig 3, Table 

3). As biogas production started to decrease after day 20, similarly the utilization of VS was 

reduced in each reactor. The highest digestion of solids (73%) in R4 may be due to the 

consortium of highly active methanogens.  
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 Fig. 3 The VS reduction in reactors (R1-4). 

4.3.6 Isolation and Morphological Characterization of Anaerobes: 

In present study the bacteria isolated from the digester treating the AR and FVW by the mixed 

inoculum from three different sources were used in digestion of organic waste for biogas 

production. The isolated bacterial strains were identified morphologically on the basis of Gram 

staining (Fig 4(a) and (b)), shape, motility and their behavior in thioglycolyte broth. The 

morphological and biochemical charcteristics of  isolated strains are presented in Table 4 and 5, 

respectively. 

Fig:4a Gram staining Enterobacter sp. RL-1                Fig. 4b Clostridium perfringens. RAS-4
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Table 4:  Morphology of strains and the thioglycolate test results 

S# Morphology of isolates   Gram   

staining 

Shape Motility Thioglycolate 

 Broth test 

RL-1 Flat, circular and entire margin -  Rod Motile  Facultative anaerobe 

RAS-1 Raised circular medium size colonies + Rod Motile  Obligate anaerobe 

RAS-2  yellow, circular,  convex colonies _ Cocci Non Motile  Strict anaerobe 

RAS-3 Ovoid in pairs +  Coccus Motile  Strict anaerobe 

RAS-4 Creamy large, white intact colonies +  Rod Motile  Obligate anaerobe 

RAS-5 Circular, white intact colonies +  Cocci Motile  Facultative anaerobe 

RAS-6 Raised, granular small colonies +  Rod Motile  Obligate anaerobe 

RAS-7 Creamy, large, intact colonies _ Rod Motile  Facultative anaerobe 

Table 5:  Biochemical characterization of isolated strains 

Test Indole MR VP Citrate Catalase Oxidase Identified strains 

RL-1 - - + + + - Enterobacter sp 

RAS-1 - - + + + + Bacillus cereus 

RAS-2 + + + + - + Methanosarcina 

RAS-3 - - + + + + Bacillus cereus 

RAS-4 - - - + - - Colustridium perferingens 

RAS-5 - - - + - - Colustridium spp 

RAS-6 + - + + - + Colustridium sartagoforme 

RAS-7 - + + + - - Enterococcus  faecium 

MR=Methyl Red, VP= voges proskauer 

4.3.7 Statistical analysis: 

Two way ANOVA of Biogas production, Methane content and VS reduction was estimated by 

using Graph prism software, Version 8. Both column factor and row factor P-values were < 

0.0001 presenting significant difference among three inoculums and their mixtures.  

4.3.8 Molecular Characterization of Microbial Community: 

4.3.8.1 Molecular Identification:  

The accession number of cultured organisms were: Enterobacter spp. RL-1 (KJ961633) Bacillus 

subtilis RAS-1(KP799011), Clostridium perfringens. RL-2(KP064191), Bacillus sp. RL-3, RL-7, 
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RL-11, RL-12, Rl-13 (KP064192, KP064194,KP064198, KP064199, KP064200), Enterobacter 

sp. RL-6 and RL-10(KP064193, KP064197) , Clostridium sp. RL-8 (KP 064195), Escherichia 

sp.RL-9 (KP064196) and Methanomicrobia archaeon, RL-18 (KP064201). The phylogenetic 

tree of RAS-1, RAS-4 and RL-1 are presented in Fig 5, 6 and 7. 

 

 

Fig 5: The phylogenitic tree of Bacillus subtilis RAS-1 

 

 

                           Fig 6: The phylogenitic tree ofClostridium perfringes RAS-4 
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Fig 7: The phylogenitic tree ofMethanomicrobia  RL-18 

4.4 Conclusion: 

The experimental results indicated that the mixed inoculum (SS+CD+IOM) used in the reactor 

R4 shows maximum biogas production with the highest methane content. In a mixed inoculum 

diversed anaerobic (Clostridium and Bacillus spp) and methanogenic (Methanobacterium and 

Methanosarcina spp) bacteria were present, which increased the hydrolysis, acidogenic and 

methanogenic activity in the reactor, and the efficient digestion of substrate took place. Results 

from present study provide evidence that presence of certain microbial community effect the 

minerlization of organic waste significantly and rate of biogas production. So presence of active 

microbial community effect the over all digester performance, for future studies it’s one of the 

significant parameter for process control and operation.  
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5.1 Introduction 

Energy has been considered as mainstay of social, industrial and economic development of the 

word. The growing population has resulted a substantial increase in energy demands in various 

sectors, there by creating serious shortfalls of energy generating commodities such as crude oil 

and natural gas. Besides depletion of current natural resources of oil and gas, these products are 

associated with environmental pollution and various health related issues. Under these scenarios, 

research on alternative energy resources has been escalatedto find alternative means of energy 

generation. Biofuels such as biogas and bioethanol are among the most significant outcome of 

the global research on alternative fuels. Basically, these fuels are produced using agro-industrial 

waste, thus considered as sustainable and ecofriendly (Evans, 2007). 

The municipal solid waste, including various agricultural leftovers and industrial wastes are 

being generated approximately two billion tons per year globally with  an increase rate of 50 %  

till the end of 2025 (Charles et al., 2009). Being an agricultural country Pakistan produces a huge 

amount of cellulosic solid waste materials which could be used for generating biofuels. These 

waste materials contain high amount of organic compounds, therefore, considered as potential 

raw material for the production of biogas. On the other hand, such enormous amount of solid 

waste could be an additional load on the environment (Garcia et al., 2005; Neves et al., 2009). 

Various techniques have been employed for the management of aforementioned solid wastes 

such as composting, thermolysis and anaerobic digestion (Adhikari et al., 2009). Among these 

methods, anaerobic digestion technology is considered as the most promising as it generates 

biogas from the breakdown of complex organic pollutants. Anaerobic digestion technology is 

being used to generate the biogas from various orgain waste materials. Biogas is considered as a 

potential substitute of fossil fuels for heat and power generation (Börjesson and Mattiasson., 

2008; Tippayawong and Thanompongchart, 2010).  

Anaerobic digestion is the sequential and complex series of biochemical processes that capitalize 

indigenous microorganisms for the conversion of organic matter to biogas under anaerobic 

conditions. Generally, process of anaerobic digestion can be divided into four phases, i.e, 

hydrolysis, acidogenesis, acetogenesis and methanogenesis (Salminen et al., 2002). 
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Hydrolytic bacteria like Clostridia and Bacteriocides hydrolyze insoluble complex polymeric 

compounds to simple monomers such as amino acids, fatty acid and glucose by the action of 

their hydrolytic enzymes, including; amylase, protease, lipase and cellulase (Bagi et al., 2007).. 

Amylases are the group of hydrolytic enzymes which catalyses the breakdown of α-1,4 

glycosidic linkage of  the starch molecule yielding monosaccharides. It has been reported that 

bacterial strain produces amylases are ubiquitous is nature and know to produce three important 

species of amylases including α, β and γ. These microorganisms can be isolated from soil, water, 

animal and plant sources. Besides their higher substrate specifity, microbial amylases possess 

excellent thermostability. Moreover, in comparison with other sources, production of amylases 

from bacteria has been considered as fast, easy and eco-friendly (Burhan et al., 2003). A number 

of microorganisms are reported for production of α Amylase like, Bacillus subtilis, 

B.flavothermus, B.amyloliquefaciens, Escherichia coliand Clostridium species (Pandey et al., 

2000). 

Currently, the bioconversion of organic waste in Pakistan is impeding owing to less productive 

microbial strains, process optimization and knowledge regarding the process specific conditions. 

The current study is therefore, aimed for isolation, characterization and purification of α amylase 

fromindigenously isolated bacterial strains treating organic waste in anaerobic digestor.  

5.2 Materials and Methadology  

5.2.1 Characterization of organic waste  

Physiochemical characterization, including, total solids (TS), volatile solids (VS), moisture 

content (MC), of cow manure, fruit-vegetable waste and agricultural residues were analyzed in 

accordance with standard methods for the examination of water and wastewater treatment 

(APHA, 2005). The reactor treating the organic waste was CSTR operating at 37ºC for 35 days 

of hydraulic retention time (HRT) with an organic loading rate (OLR) 12g-VS/L of substarte. 

5.2.2 Digester set up 

A 20L stainless steel dome shaped continuous digester was designed. The dome shaped biogas 

reactor ensures the gas storage to a single dimension. It reduces the surface area for a given 

volume of reactor while elevating the biogas production efficiency. For feeding and waste 
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mechanisms, 3/4 inch diameter opening fitted with pressure valves was utilized. For biogas 

determination, water displacement method was used. Mixing was performed by stirring rod  

attached in digester with baffles. For maintaining oxygen free conditions inside the reactor 

nitrogen gas was purged for 30 seconds. 

5.2.3 Isolation and screening of α -Amylase Producing Bacteria 

The samples were collected asepticallyfromthe anaerobic CSTR bioreactor co-digesting fruit-

vegetable waste, agricultural residues and cow manure at mesophilic temperature. The 

homogenized collected samples were diluted with 100ml distilled water for further analysis. The 

samples were serially diluted and 0.1 ml from each tube was spread over freshly prepared 

nutrient agar plates. The plates were placed in an incubator at 37°C for 24 hours. For the 

screening of α -amylase, Suman et al., 2010 method was followed. The colonies showed clear 

zone on starch agar plates were maintained on nutrient agar slants and was stored at 4°C for 

further investigation. 

5.2.4 Identification of bacterial isolates 

The bacterial species isolated from anaerobic digester were identified by standard bacteriological 

identification procedure (Bergey's Manual). Morphological and biochemical characterization was 

carried out. Biochemical test includes, Catalase, Hydrogen sulphide production, Voges 

Proskaure, Mannitol, Sugar fermentation (sucrose, lactose, and glucose) and Starch hydrolysis 

were performed. 

For molecular identification, DNA was extracted from selected strains, RAS-1 and RAS-4 by 

CTAB method (Wilson, 1987). The Polymerase chain reaction was carried out using universal 

16s rRNA Primers (518F and 800R) (Sekiguchi et al., 1998). The sequencing data were analyzed 

by using BLAST toll. Phylogenetic trees were constructed using MEGA 6.0 and CLUSTAL. W. 

Package.  

5.2.5 Enzyme production 

Production medium was consisting of MgSO4  0.2g, L-Cysteine HCl  0.5g, K2HPO4 2g, (NH4)2 

SO4 3g, Soluble Starch, 4.0g, Peptone 5 and trypticase 10g. Bacterial inoculum was added in 

production medium. The flasks were incubated at 37°C for 24h, followed by centrifugation at 
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10,000 G for 10 min at 4°C to obtain the crude enzyme. The filtrate was then stored at -20°C to 

be used for enzyme purification.  

5.2.6 Enzyme Assay 

The α -amylase (crude and purified) obtained from both bacterial strains was tested for their 

activity in accordance with the method of Bernfeld  using 3, 5- dinitrosalicylic acid (DNS) 

(Bernfeld ., 1955). Activity was determined by using maltose as standard. The enzyme activity 

was measured as a function of starch hydrolysis by amylase after 1h . at 37⁰C. 

5.2.7 Purification of amylase enzyme 

Enzyme precipitation was carried out by using 100 ml aliquot of bacterial suspension that was 

centrifuged at 6,000 G 4°C for 15 minutes to obtain the cell free broth. At 4°C the supernatant 

was brought to 60% saturation of ammonium sulphate and at 10,000 rpm the mixture was 

centrifuged for 15 min at 4ºC. The obtained pellet was dissolved in phosphate buffer (0.1M: pH 

6.8). The samples obtained after ammonium sulphate precipitation were subjected to sephadex 

G-75 column (0.9x60 cm) pre- equilibrated with 0.2 M phosphate buffer pH 6.8 and was eluted 

with the same buffer. The fractions were collected at a flow rate of 24ml /h and assayed for 

amylase activity and protein estimation (280nm). Fractions having maximum enzyme activity 

were collected, pooled and stored at 4ºC for further studies. 

5.2.8 Enzyme molecular weight determination by SDS-PAGE 

The fractions having high enzymatic activity were obtained from gel filtration chromatography 

are concentrated by freeze drying in lyophilizer (Labcono Freezono) and then used for the 

determination of relative molecular mass by the Sodium dodecyl sulphate polyacrylamide gel 

electrophoresis (SDS-PAGE) on 12% gel (Laemmli., 1970). Coomassie brilliant blue R-250 was 

used for gel staining and was calibrated with marker of molecular mass for 10-100 kDa 

(Fermentos) and pH 7. The qualitative estimation of enzyme was ascertained by using the Lowry 

method  (Lowry, 1951) and a calibrated standard curve was made using bovine serum albumin to 

compare the results. 
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5.2.9 Enzyme production  

(a) Effect of pH and temperature 

The effect of medium pH on the yield of α-amylase was determined by growing the culture at 

different pH between 3.0 and 9.0 (Suresh and Chandrasekaran, 1999). The varying hydrogen ion 

concentrations were adjusted for the medium by molar solutions of NaOH and N H2SO4.The 

effect of different temperatures ranging between 15 and 45 °C was studied for optimum 

production of enzymes. 

b)Effect of inhibitor and Metal ions on the stability of  purified α-amylase 

The effect of enzyme inhibitor (EDTA) and metal ions (Ca+2, Mg+2, Co+2, Mn+2, Ni+2, Cu+2, 

Zn+2, Hg+2)  were studied on the stability of α-amylase. The enzyme activity was analyzed after 

pre incubation of the enzyme with the inhibitor for 2h at 4ºC. 

5.3 Results  

5.3.1 Characteristics of Cow manure, fruit vegetable waste and agricultural residue: 

The physical and chemical characteristics of CM, FVW, and AR have been analyzed in this 

study before anaerobic digestion and enlisted in Table 1. 

 

Table 1: Physiochemical characterization of cow manure (CM), fruit vegetable waste (FVW) 

and Agricultural residue (AR). 

Parameters CM FVW AR 

Total solids (wt %) 10.41 10.95 89 

Volatile solids (wt %) 89.5 93.2 81 

Moisture content (%) 89.4 90.04 ND 

Organic Carbon (%) 31.2 47.8 43.4 

Nitrogen (%) 5.4 3.21 0.5 

pH   7 5.4 ND 

 

5.3.2 Isolation, screening and identification of Bacterial strains  

Bacterial strains were isolated from anaerobic co-digestion reactor (CM+AR+FVW) and were 

tested for α-amylase production by the starch hydrolysis test. Two out of six bacterial isolates 
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were selected for further studies on the  basis of their larger zone of hydrolysis on starch agar 

plates. Morphological and biochemical characterization of strains revealed Gram positive, road 

shape bacteria, H2S +ve, TSI +ve and Starch hydrolysis +ve respectively (Table 2 and 3). On the 

basis of 16S rDNA the strains were identified asBacillus subtilis RAS-1(KP799011) and 

Clostridium perfringens RAS-4 (KP799010). 

Table 2: Characteristics of Bacterial Isolates by motility test and Gram’s staining method 

Species Morphology Motility Gram staining 

B.subtilis (RAS-1) Rod shape Motile Positive 

C.perfringens (RAS-4) Rod shape, violet colour Non motile Positive 

 

Table 3: Biochemical characterization of selected isolates  

Bacterial sp. Catalase H2S Mannitol VP test TSI test Starch hydrolysis 

B.subtilis (RAS-1) +ve +ve +ve +ve +ve +ve 

C.perfringes (RAS-4) -ve +ve -ve -ve +ve +ve 

Legends: VP= Voges-Proskaure, H2S= Hydrogen sulfide, TSI=Triple Sugar Iron; +ve =Positive 

 

5.3.3 Partial purification of amylase enzyme by ammonium sulphate precipitation 

The crude enzyme was precipitated with ammonium sulphate salt. α-Amylase enzyme from 

Bacillus subtilis (RAS-1) was partially purified with 70% of ammonium sulphate precipitation. It 

exhibited specific activity of 7.50U/mg. The recovery and purification fold of amylase from 

Bacillus subtilis (RAS-1) were 37.5%and2.60.While α-Amylase enzyme from Clostridium 

perfringens (RAS-4) was partially purified with 60% of ammonium sulphate precipitation. It 

exhibited specific activity of 6.01U/mg, 2.29 purification fold with 32.38% recovery. 

5.3.4 Purification of enzyme by using Column chromatography 

α- Amylase from Bacillus subtilis (RAS-1) was purified by gel chromatography (Figure 1) 

showed that fractions (9 and 10) have highest specific activity of (39.82 and 39.44) respectively 

were pooled together and were further characterized (Table 4). The specific activity of the 

enzyme after gel chromatography was about 39.81 U/mg, whereas the purification fold 13.82 and 

recovery percentage 30.97 % for first peak, and with specific activity 39.44 U/mg, fold purity 

11.80 and recovery percentage 29.35% for second peak. 
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Table 4: Purification profile of α-amylase produced by Bacillus subtilis (RAS-1) 

Purification step Total 

activity 

(U) 

Total 

protein 

(mg) 

Specific 

activity 

(U/mg) 

Purification 

fold 

Recovery 

(%) 

Crude extract 720 250 2.88 1 100 

(NH4)2SO4 precipitation (70%) 270 36 7.5 2.60 37.5 

Column chromatography 

Peak-1 223 5.67 39.82 13.83 30.97 

Peak-2 226 5.73 39.44 11.80 29.35 

 

α- Amylase from Clostridium perfringens (RAS-4) was purified by gel chromatography (Figure 

2) showed that fractions 12 and 13 have highest specific activity were pooled together and were 

further characterized and the detailed purification steps are summarized (Table 5). The specific 

activity of the enzyme after gel chromatographic step was shown 33.5 U/mg. Whereas, the 

purification fold 12.78 and recovery percentage 31.90 %, for first peak and with specific activity 

33.98 U/mg, purification fold 13.53 and recovery percentage 30.73 for second peak.  

Figure 1. Gel filtration chromatography of α-amylase from Bacillus subtilis(RAS-1), Sephadex 

G-75 column (0.9x60 cm) equilibrated with 0.2 M phosphate buffer pH 6.8, flow rate 24 ml 

/hour 
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Table 5: Purification profile of α-amylase produced by Clostridium perfringens (RAS-4) 

Purification step Total 

activity 

(U) 

Total 

protein 

(mg) 

Specific 

activity 

(U/mg) 

Purification 

 fold 
Recovery 

 (%) 

Crude extract 630 240 2.62 1 100 

(NH4)2SO4 precipitation (70%) 204 34 6 2.29 32.38 

Column chromatography      

Peak-1 201 6.01 33.5 12.78 31.90 

Peak-2 209 6.15 33.98 13.53 30.73 

 

Figure 2: Gel filtration chromatography of α-amylase from Clostridium perfringens(RAS-4) 

Sephadex G-75 column (0.9x60 cm) equilibrated with 0.2 M phosphate buffer pH 6.8, flow rate 

24 ml /hour 

 

5.3.5 Molecular weight estimation 

The apparent molecular weight of purified α- Amylase from Bacillus subtilis (RAS-1) and 

Clostridium perfringens (RAS-4) was characterized by using sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE). The resulted single protein band on the 12% 

gel revealed the molecular weight of 52 kDa and 73 kDa respectively (Fig 3). The molecular 

weight of purified enzyme was calculated according to the RF valves of the standards used from 

100 to 10 kDa. 
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Figure 3: SDS-Page Analysis of α-Amylase Bacillus subtilis (52, KDa), Clostridium      

perfringens (73 KDa). 

5.3.6 Effects of the temperature on activity of purifiedα- amylase 

The effect of temperature on α- amylase was measured by incubating the enzyme at different 

temperature, ranges from (15-45°C). Enzyme activity of Bacillus subtilis (RAS-1) recorded at 

15, 25, 30, 37,40 and 45°C were 5.0, 8.4, 12.43, 29.67, 33.89, 25.67 U/ml respectively. While 

the maximum enzyme activity of Bacillus subtilis (RAS-1) was recorded at 40°C, above this 

temperature enzyme activity was declined.The optimum temperature for α-amylase activity of 

Clostridium perfringens (RAS-4) was 37°C, above this temperature enzyme activity was 

decreased (Figure 4). Optimal temperature was 40 ºC for Bacillus subtilis (RAS-1) with a 

maximum enzyme activity of 33.89U/ml. It was also noted that 37°C was the optimum 

temperature for Clostridium perfringens (RAS-4). Moreover, the enzyme activity of Clostridium 

perfringens (RAS-4) was 28.43 U/ml at 37°C. 
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                       Figure 4: Effect of temperature on enzyme activity 

 

5.3.7 Effect of the pH on activity of purified α- amylase  

The enzyme activity of Bacillus subtilis (RAS-1) recorded at pH 3, 4, 5, 6, 7, 8 and 9. 

Theoptimum activity of α-amylase by Bacillus subtilis (RAS-1) was observed at pH 8.0.The 

enzyme activity of Clostridium perfringens (RAS-4) recorded at pH 3, 4, 5, 6, 7, 8 and 9. The 

maximum enzyme activity was observed in the medium of pH 7.0 in case of Clostridium 

perfringens (RAS-4). The α-amylase enzyme was partially characterized under the effects of 

varying temperatures and pH values (Fig 5).  

 

                                          Figure 5.Effect of pH on enzyme activity. 
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5.3.8 Effect of inhibitor and Metal ions on the stability of  purified α-amylase 

The divalent metal ions Ca+2, Mg+2, Co+2, Mn+2, Cu+2, and Zn+2  were found to increase the 

activity of amylase at 1mM, and Ca+2 increase the activity by twofold. Co+2, Mn+2, and Ni+2 

inhibited the enzyme activity to a lesser extent at 1mM. Where Hg+2, Ni+2 and Cu+2 have a strong 

inhibitory effect on amylase activity as shown in Table 6, at 10mM concentration.  

Table 6: Effect of different divalent metal ions on the purified amylase enzyme activity 

produced by Bacillus subtilis and Clostridium perfringens. 

Metal Ions Bacillus subtilis 

Relative activity (%) 

Clostridium perfringens 

Relative activity (%) 
Concentration 1mM 10mM 1mM 10mM 

Control 100 100 100 100 

Ca+2 115.23 113.73 116.54 114.65 

Mg+2 101.85 101.25 99.61 98.52 

Co+2 79.41 43.11 81.36 44.12 

Mn+2 100.56 97.44 101.23 97.88 

Ni+2 65.11 37.32 66.78 36.27 

Cu+2 84.50 26.15 81.65 31.10 

Zn+2 88.14 55.23 51.33 16.52 

Hg+2 2.00 0 0 0 

5.4 Conclusion 

Finally based on the recent resrach findings it is concluded that potential of the isolated strains 

was evaluated for the production of amylase. Fruit and vegetable waste have high content of 

polysaccharides so, amylase was purified. Amylase enzyme could be used for the digestion of 

Fruit and vegetable waste to increase the rate of biogas production .The result has shown here the 

bacterial species Bacillus subtilis (RAS-1) and Clostridium perfringes (RAS-4) were producing 

amylases are able to tolerate pH up to 6 – 8 and temperature 40˚C. Amylases purified here was 

found to be stable in a pH range of 7 to 9 and temperature range of 37°C to 50°C. The amylolytic 

activity was found to be increased by optimizing the conditions. α-Amylase produced by 

Bacillus subtilis (RAS-1) and Clostridium perfringes (RAS-4) was purified through many steps 

including centrifugation, precipitation and Gel chromatography Molecular weights of purified 

enzymes of Bacillus subtilis (RAS-1) and Clostridium perfringes (RAS-4) were found to be 52 

KDa and 73 KDa respective. 
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6.1. Introduction:  

Anaerobic digestion (AD) is a treatment technology that converts waste into bioenergy (Pantaleo 

et al., 2013) to replace fossil fuel, and has gained tremendous importance in the last three 

decades. Anaerobic digestion also provides other significant benefits, such as biofertilizer, low 

sludge production, greenhouse gas reduction (where methane is captured and burnt), lower 

parasitic energy load. Unfortunately, anaerobic digestion can be subject to process instability 

which can limit uptakeof the technology (Rajagopal et al., 2013). Various factors can decrease in 

process performance and cause instability, including unfavourable pH, temperature and 

inhibition/toxicity. A wide range of organic and inorganic compounds can inhibit the AD process 

(Chen et al., 2014). However, some compounds that can cause inhibition at higher 

concentrations may be beneficial at lower concentrations. A common example is ammonia 

nitrogen, which buffers pH and can help maintain favourable/stable process conditions, but 

depending on temperature, pH and concentration, ammonia nitrogen can be a strong inhibitor. 

Usually acetoclastic methanogens are typically considered to be mostsusceptible to operating 

conditions, environmental variations, and process inhibitors such as ammonia (Astals et al., 

2013; Batstone and Jensen, 2011). 

Ammonia is present in anaerobic aqueous system in two key forms ammonium ion (NH4) and 

free (unionized) ammonia nitrogen (NH3).Presence of free ammonia above threshold level inhibit 

methanogenesis, leading to low methane yield and high VFA, indicator of process instability. 

(Batstone and Jensen, 2011). Depending on the action mechanism of compound on anaerobic 

microbial community there impact is categorised as either inhibition or toxicity. A biostatic 

effect which is responsible for reversible depreciation of biomass activity is inhibition, whereas a 

biocidal effect which is generally inevitable but not essentially lethal is toxicity (Batstone et al., 

2002). The inhibition coefficient (KI50) is often used to characterise reversible inhibition by a 

particular inhibitory compound, and is equal to the inhibitor concentration at which microbial 

activity is decreased to half of the maximum measured activity.  

There is a need of era to provide solution of anaerobic digestion instability and failure to promote 

industry investment, advance and consistent commercialization of technology (Hamawand, 

2015). Astals et al., (2015) recently validated a rapid protocol to determine KI50 for acetoclastic 

methanogens the inhibitory effect of particular substance at 50% concentration against specific 
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anaerobic microbial population. Changes in KI-50 with time can provide relationship between 

continuous process regulation and acclimatisation of the anaerobic microbial community.  

The fermentation of animal manure release high amount of ammonia which increases the pH and 

forms free ammonia in system which inhibit the methanogens growth and low methane yield (Jin 

et al., 2012). 

At present researchers are focusing on progressive changes in methanogenic community by 

increasing the NH3 concentration and its effect on inhibition of anaerobic digestion process. Calli 

et al. (2005) reported according to this prospect that hydrogenotropHic species are more 

sensitive to FAN then aceticlastic species. Among aceticlastics organisms, Methanosaetaceae 

species emarges to be more sensitive than Methasorsarcinaceae to FAN concentration. At high 

NH3 concentration (4100 mg N–NH3/L)the Methasorsarcinaceae are present abundantly 

(Karakashev et al., 2005).PHysiology of methanogens also play vital role in diffusion of FAN in 

to the cell, Methanothrix are small rod-shaped having less volume-to-surface ratio as compared 

to Methanosarcina with large spHerical cells, as an outcome the diffusion of free ammonia will 

be more in Methanothrix than Methanosarcina. Similarly Methanosarcina will require less 

energy for ammonia removal (Wiegant and Zeeman, 1986) 

 

The biotechnological systems including molecular and biochemical methods help us in 

understanding the complexity of microbial system, ecology and evolution to have an insight 

picture of  microbial process and effective operation strategy in different environmental 

pressures, assist to understand the microbial ecological theory (McMahon et al., 2007). The 

methane production involves subsequent bio-degradable pHases, characteristically hydrolysis, 

acidogenesis, and methanogenesis, accomplished by bacterial and archaeal interaction(Batstone 

and Jensen 2011). The development of microbial communities strongly affected by the operating 

conditions, reactor design, substrate composition and environmental factors discussed by  

Leclerc et al., 2004, while comparing the microbial diversity of different anaerobic bioreactors. 

The fermentation of complex substrates like animal manure (particularly chicken manure, 

poultry manure, cow manure and piggery waste water) or the organic fraction of municipal solid 

waste (OFMSW) release high amount of ammonia which increases the pH and forms free 
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ammonia in system which inhibit the methanogens growth and low methane yield (Yenigun and 

Demirel 2013, Jin et al., 2012). 

The need of present time is to understand the composition and dynamics of microbial population 

and to develop a relationship between microbial community and ammonia tolerance in anaerobic 

digester. The primary objective of the current study is to find out the relationship between 

microbial community structure and ammonia tolerance in anaerobic digesters on the diverse 

microbial community from waste water and biosolids. To achieve this objective a robust method 

developed by Astalas et al., 2015 was used for rapid and reliable quantification of NH3 inhibitory 

potential on acetoclastic methanogens.The widespread application of this method allows in 

finding the reliable KI-50 values for different test conditions and diverse anaerobic microbial 

community (information about particular inoculum).  

These research findings will provide insight knowledge about the resilience of microbial 

community against ammonia concentration present in different substrates and will help to 

develop strategies to monitor and control the process operation in the presence of ammonia 

inhibitor.   

6.2 Material and Methods: 

6.2.1  Origin of Inoculum: 

Inoculums from thirteen pilot-scale anaerobic reactors treating biosolids (manure) and waste 

water were collected: Granular sludge from brewery and Cannery waste treatment plant (QLD, 

Australia), Mixed sludge from three different sewage treatment plants (QLD, Australia), 

thermally pre-treated (THP) waste activated sludge (WAS), Two sludge from slaughter house 

waste water, Piggery lagoon sludge treating breeder piggery manure near Grantham (QLD, 

Australia), Piggery waste from farm sources (NSW, Australia), co-digester treating piggery 

waste residues and wheat straw, anaerobic digester treating farm Waste.  

The operating conditions of the reactors while sampling are shown in Table 1. Anaerobic 

granules were from upflow sludge blanket reactor (UASB) , slaughter house waste sludge from 

anaerobic membrane bioreactor (AnMBR) operating at thermophilic and pond at room 
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temperature, Leach bed reactor carrying co-digestion and Continuous stirrer tank reactor (CSTR) 

treating waste water were operating at mesophilic range.  

6.2.2  Chemical reagents:  

The inhibitor under study was ammonia added in the form of ammonium chloride (Merck, 

Germany). As the carbon source sodium acetate anhydrous (Chem-Supply, Australia) was used. 

All the reagents used in experiment were analytical reagent grade.  

6.2.3 Physiochemical characterization of inoculums: 

The physico-chemical characterization of all the collected inoculums involve Total Solids (TS), 

Volatile Solids (VS), volatile fatty acids (VFA) and chemical oxygen demand (COD) were 

performed according to Standard Methods (Franson et al. 2005). Total chemical oxygen demand 

(tCOD) and soluble chemical oxygen demand (sCOD) were measured using a Merck COD 

Spectroquant® test kit (range 500–1000 g L−1) and a Move 100 colorimeter (Merck, Germany).  

Raw samples were directly used for characterization of total fraction. The samples were 

centrifuged at 2500 × g for 5 min and then supernatant was filtered through a syringe filter 

(Millipore® membrane filter 0.45 μm PES) before performing VFA and sCOD. Total VFA (i.e. 

acetic, propionic, butyric and valeric) were determined by a gas chromatograph (7890A Agilent) 

containing an Agilent DB-FFAP (125-3212) column and flame ionization detector.  Total 

Kjeldahl nitrogen (TKN), total phosphorous (TKP) NH4+-N, NO2−-N, NO3−-N,and  PO43−-P, 

were measured with a Lachat Quik-Chem 8500 flow injection analyser. 

For inhibition assay ammonia nitrogen concentration (g NH3-N L-1) was calculated via Equation 

(1)  (Batstone et al., 2002).  

NH3-N=   Ka. TAN                              (1) 

                                                              Ka+ 10-pH 

Where: 

TAN (gNHx-N L_1): Concentration present in inhibitor and by the inoculum surroundings. 

pH = Measured just before flushing the test bottles with N2. 

http://www.sciencedirect.com/science/article/pii/S004313541400654X#bib16
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The Van 't Hoff Equation was used to calculate the equilibrium constant for inorganic nitrogen. 

(2)                                                                                                      

Ka = For inorganic nitrogen the acid base equilibrium constant.  

T(Kelvin degrees) = Assay temperature  

Biogas production was measured by water displacement method.   

6.2.4 GC characterization: 

Biogas composition (CH4, H2 and CO2) was determined using a gas chromatograpah (Shimadzu 

GC-2014) equipped with a thermal conductivity detector (TCD), a Valco GC valve (1 mL 

sample loop), and a 2.4 m HAYESEP Q (80/100) packed column. Argon (135.7 kPa, 28 mL min-

1) was used as a carrier gas. The temperature of chromatograpH detector, oven and injector was 

100, 45 and 75°C, respectively (Astals et al., 2015). 

6.2.5 Experimental setup: 

The inhibition tests were carried out in 160 ml (Biomethane potential) BMP bottles at 

mesopHilic and thermopHilic temperature as per inoculums requirement. All bottles were 

containing certain calculated amount of inoculum (10 g VS inoculum g-1 Ac), carbon source (2 g 

Ac L-1 as sodium acetate), Inhibitor six different concentrations (Ammonia as 1, 2, 3, 5, 10 & 15 

g NH+
4 L

-1) and/or deionised water (Astals et al., 2015). A control was run for each inoculum 

(inoculum and sodium acetate only). Each bottle was sparged for 1 min (4 L min_1) with 99.99% 

nitrogen gas (N2) then bottles were sealed rapidly with rubber plug and stick down with 

aluminium crimp and incubated at 37 ± 1 ºC for mesopHilic and 55± 1ºC for thermopHilic 

inoculums in a temperature-controlled incubator. Gas samples were collected in three sampling 

events at 0.5, 1.0 and 1.5 days. Before each GC sampling bottles were swirled manually. Biogas 

production was measured by using a water filled manometer and biogas composition was 

determined by a gas chromatograpH. Increase in methane concentration and gas pressure in the 

head space was used to calculate accumulated volumetric methane production presented in grams 

of chemical oxygen demand (gCOD) at 0 ºC and 1 bar pressure. Each test concentration was 

carried out in triplicate along with control.  
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6.2.6 Statistical analysis: 

The data analysis was performed by using the two-tailed student t-distribution with 95% 

confidence interval in mean values of triplicates at degree of freedom to calculate the error in 

each test.  Equation (3) was followed to calculate the confidence interval  

E95= s.t2,0.025/n                                    (3)  

E95= Estimation of error with 95% confidence in mean values.  

n= is the number of readings (3 Values)  

s= is the standard deviation of three readings 

t2,0.0025  = t value with two tailed analysis for degree of freedom two,  with 2.5% distribution 

of single tail (a/2) (t2, 0.025 ¼ 4.303). A linear regression fit (Analysis Toolpak in Microsoft 

Excel 2010) was applied to time (x-axis) and the collective methane production (y-axis) for 

number of values at which the rate of methane yield was almost constant to determine the slope 

of specific methanogenic activity (SMA) values. The confidence interval in slope with n-2 

degrees of freedom was determined by two tailed t-test. The Microsoft Excel tool via normal 

analytical techniques was used to calculate standard error in slope. 

6.2.7 Microbial community characterization: 

6.2.7.1 DNA Extraction: 

The well-homogenized each inoculum (2ml aliquot) was stored at −20 ◦C before further analysis, 

at the time of experiment set up. The total genomic DNA was extracted buy Power Soil DNA 

isolation kit (Mo Bio, Thebarton, Australia) according to manufacturer’s protocol. The amount 

of extracted DNA was measured with Nanodrop. The extraction quantity above 100 ng L-1   was 

considered satisfactory and acceptable.  

6.2.7.2 Polymerase Chain Reaction (PCR) : 

The polymerase chain reaction (PCR) technique was applied for bacterial and archaeal 16S 

rRNA genes amplification buy primers 926F (5-AAACTYAAAKGAATTGACGG-3) (Lane et 

al., 1985) and 1392R (5ACGGGCGGTGTGTAC-3) (Lane. 1991). The 30 µl amplification 
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reaction mixture contained 3 mM MgCl2, 10 mM Tris-HCl (pH 8.3), 200 μM of 

deoxynucleoside triphosphate (Concentration of each dNTPs), 50 mM KCl, and 400 nM of 

forward and reverse primer , 0.45 U of Taq DNA polymerase (Applied Biosystems, USA), and 

20 ng DNA template. The PCR amplication conditions were one cycle of  98C for 2 minute: 35 

cycels of 98°C for 10sec; 35 cycels of 55°C for 30 sec;  and 35 cycels of 72°C for 30sec, and 

finally one cycle for 2 minutes at 72°C. The gel electrophoresis technique was performed to 

analyse the amplified PCR product on 1% agarose. The amplified product was purified 

QIAqucik PCR purification kit (QIAGene, Chadstone, Vic, Australia) according to the 

manufacturer method.  

6.2.7.3 Pyrosequencing and Data analysis:  

For pyrosequencing analysis 300 ng concentration of each DNA sample was submitted to 

Australian Centre for Ecogenomics (ACE) in The University of Queensland (Australia). The 30 

µl reaction mixture contained 3 mM MgCl2, 10 mM Tris-HCl (pH 8.3), 200 μM of 

deoxynucleoside tripHospHate (Concentration of each dNTPs),  50 mM KCl, and 400 nM of 

forward and reverse primer , 0.45 U of Taq DNA polymerase (Applied Biosystems, USA), and 

20ng DNA template. The PCR amplication conditions were one cycle of  98C for 2 minute: 35 

cycels of 98°C for 10sec; 35 cycels of 55°C for 30 sec;  and 35 cycels of 72°C for 30sec, and 

finally one cycle for 2 minutes at 72°C. The gel electrophoresis technique was performed to 

analyse the amplified PCR product on 1% agarose. The pyrosequencing was performed by using 

specific primers 926F (5-AAACTYAAAKGAATTGACGG-3) (Lane et al., 1985) and 1392R 

(5ACGGGCGGTGTGTAC-3) (Lane. 1991) with a 454 GS FLX sequencer (Roche, 

Switzerland). 

 The ACE pyrosequencing pipeline (https://github.com/minillinim/APP) was used to analyse the 

Pyrosequencing results. In first step the barcode in QIIME was used to separate the sequence 

reads (Caporaso et al., 2010b) and then de-multiplexed sequences were trimmed (250bp) and de-

noised by ACACIA (Bragg et al., 2012). By CD-HIT-OTU the sequences having > 97% 

resemblance were assigned to same operational taxonomic units (OTUs) (Wu et al., 2011; Li et 

al., 2012) and alignment by Pynast (Caporaso et al., 2010a), the OTUs with one base pair 

difference were grouped. The sequences with high abundance in each OTU were selected as 

https://github.com/minillinim/APP
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representative sequences. The taxonomy was assigned to each sequence by green genes database 

through Blast Taxon Assigner in QIIME (2013-5 release). Finally through QIIME table of non-

normalized OTUs and rarefaction curve were created. From non-normalised OTUs table for 

1000 repeats,  subsets were randomly selected  with defined numbers to find out a centroid 

normalized OTUs by Normaliser (https://github.com/minillinim/Normaliser).  

6.2.8 Principle Component Analysis (PCA): 

The data sets were statically analysed to find out conclusive information about the relationship 

between the microbial community abundance and ammonia inhibition concentration. The PCA 

analysis was performed on pyrotag sequencing data.  

6.3 Results 

 

Table 1: Operational parameters of selected anaerobic reactors for Inoculum collection:  

 

Sampling Sites Substrate Digester Type Temperature  

Yatala Brewery UASB Mesophilic 

Golden circle Cannery UASB Mesophilic 

Luggage point sludge CSTR Mesophilic 

Coombabah sludge CSTR Mesophilic 

Elanora sludge CSTR Mesophilic 

Oxley THP WASa CSTR Mesophilic 

Casino pond  Slaughterhouse wastewater Pound Ambient 

Casino AMBR Slaughter house waste water AMBR Thermophilic 

Rivalea Piggery waste Pound Ambient 

Grantham Piggery waste Pound Ambient 

Spent litter LBR (Trickling) Crops and manure residues Batch Mesophilic 

Spent litter LBR (Flood & Drain) Crops and manure residues Batch Mesophilic 

Lime Bush Manure Plug Flow Mesophilic 

https://github.com/minillinim/Normaliser


Chapter 6             Inhibition of the biomass in the anaerobic digester against different concentration of the inhibitor 

ammonium                                       

  

Anaerobic digestion of organic waste for biogas production Page 70 
 

 

                         Table 2: Physico-chemical characterization of the Inoculums 

Sampling Points     TS 

(g/Kg) 

VS 

(g/Kg) 

PO4-P TVFA 

(mg/L) 

Acetic 

Ac 

(mg/L) 

Propioni

c Ac. 

(mg/L) 

Butyric 

Ac. 

(mg/L) 

Valeric 

Ac 

(mg/L) 

Yatala 130.65 104.2 18 17 6 6 3 2 

Golden circle 133.19 111.24 1 12 7 5 0 0 
Luggage point 35.87 15.76 42.37 5 0 2 0 3 
Elanora 25.328 1.5711 4.8 2869 1757 683 341 89 
Coombabah 38.001 0.9808 293 21 21 0 0 0 
Oxley 46.56 29.25 923 53 50 3 0 0 
Lime Bush 18.73 9.34 149 26 26 0 0 0 
Casino pond  10.84 8.15 32 32 27 5 0 0 
Casino AMBR 13.75 11.43 18.1 11 11 0 0 0 
Rivalea 17.93 9.31 53.8 24 24 0 0 0 
Grantham 276.24 97.60 30.3 16 16 0 0 0 
Spent litter LBR(Trickling) 147.70 89.87 350 101.9 101.9 0 0 0 
Spent litter LBR (Drain) 142.21 96.49 377 95.7 95.7 0 0 0 
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Table 3: Summary of KI-50 and Specific methanogenic activity (SMA) of inoculums  

Name Background 

pH 

Background 

TAN (mg/L) 

Background 

NH3 (mg/L) 
Ki_50 

Error 

± 

pH 

(Ki_50) 
SMA 

Error 

± 

pH 

(SMA) 
ΔpH 

Yatala 6.7 20 0.1 175 34 7.6 0.206 0.012 8.3 1.6 

Golden Circle 7.1 18 0.3 118 6 7.4 0.126 0.004 8.4 1.2 

Luggage Point 7.3 949 18.9 75 11 7.4 0.132 0.008 7.5 0.2 

Elanora 7.7 268 13.9 105 2 7.6 0.061 0.003 7.6 -0.1 

Combabah 7.2 953 17.4 56 4 7.1 0.050 0.005 7.2 0.0 

Oxley 7.9 2833 241.3 153 8 7.5 0.075 0.002 7.8 -0.1 

Limebush 7.8 1384 87.5 169 11 7.6 0.093 0.003 7.7 0.0 

Grantham 8.1 588 39.6 75 7 7.4 0.035 0.003 8.1 0.0 

Rivelea 7.7 776 21.7 89 11 7.3 0.075 0.002 7.7 0.0 

Casino 7.3 255 2.6 64 5 7.2 0.136 0.009 7.5 0.2 

AnMBR 8.0 365 109.8 118 10 7.6 0.138 0.032 7.7 -0.3 

Leachbed - Trickling 8.1 803 103.3 110 4 7.3 0.101 0.007 8.0 -0.1 

Leachbed - Flood & Drain 8.4 985 204.8 110 8 7.3 0.068 0.004 8.3 -0.1 



Chapter 6             Inhibition of the biomass in the anaerobic digester against different 

concentration of the inhibitor ammonium                                       

  

Anaerobic digestion of organic waste for biogas production  Page 72 
 

6.3.1 Specific Methanogenic Activity Trends :  

Fig 1:  Specific methanogenic activity of Anaerobic Granules (A) Yatala  (B) Golden Circle  

(A)                                                                          

 

(B)  
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Fig 2:  Specific methanogenic activity of Slaughter house waste (A) Pound  (B) AnMBR  

(A)                   

 

(B) 
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Fig 3:  Specific methanogenic activity of waste water (A) Luggage Point (B) Elenora 

 (C) Combabah (D) Casino Pound   

(A) Luggage Point                                                     

 

  (B)  Elenora 
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(C) Combabah                                                     

 

 

(D) Oxley 
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Fig 4:  Specific methanogenic activity of Animal Manure (A) Granthum (B) Rivalea (C) Spent 

Litter LBR , Tricling (D) Drain (E) Lime Bush  

(A) Granthum                     

                                               

 
(B) Rivalea  
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(C ) Spent Litter LBR (Trickling)                                        

 

   (D ) Spent Litter LBR (Drain)  
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(E ) Lime Bush 

 

Fig 5: Heat Map analysis of tested sampels  
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Heatmap shows a brief comparison between different samples. Colour coding low relative 

abundance as red towards high abundance as yellow based on top 20 groups summarized to 

genus level. Plsda shows the separation of samples based on archaeal community under KI50 

supervised (three groups as high medium and low with blue, grey and orange), granules were 

removed from plsda. Contribution plot indicates the major OTUs contributes to the separation 

between sample on PC1  

It basically shows a good separation between samples with medium KI50 with others along x-

axis, and separation of high and low KI50 along y-axis driven by specific archaea species. 

 

Fig 6: Contribution plot Analysis  

6.4 Conclusion:  

While increasing concentration of ammonia on specific methanogenic activity of different 

inoculums from different reactors treating variety of substrates at, mesophilic, thermophilic and 

ambient temperatures a significant effect was observed presenting a trend. 

It provides information to deal with the increasing ammonia concentration in reactor to control 

the process operation and stability. These provided results trend will provide the pre-requisites 

for upscale and upgrading of bioreactors.  The balance and existence of microbial community 
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within in a digester at higher concentration of ammonia is very critical it directly affect the rate 

of methanogenesis.  

Therefore, control and monitoring of ammonia concentrations in substrate and digester, pH and 

process temperature enable a safe and stable process, particularly during anaerobic digestion of 

substrates such as manure (especially poultry manure, cow manure and piggery waste). As long 

as the microbial community in the anaerobic digester is gradually acclimated to increasing levels 

of ammonia, it has been shown that the digester can operate even at very high concentrations of 

ammonia without jeopardizing its safety. Pre-treatment of substrate before anaerobic digestion 

process will also decrease the possible adverse impacts of ammonia beforehand. If the process is 

inhibited by high concentrations of FAN, recovery options such as dilution of the substrate, 

dilution of the reactor contents, adjustment of process pH, adjustment of C:N ratio of the 

substrate, external addition of compounds like zeolite, glauconite, and activated carbon can be 

employed to increase biogas and methane yields and to achieve a stable and efficient process. 
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7.1 Introduction 

One of the major problems, the present era is facing is the energy, crisis management of all types 

of wastes. Uncontrolled population growth and increasing urbanization are leading to the grave 

problem of energy needs and waste disposal. Energy resources can be categorized into renewable 

and nonrenewable sources. Non renewable resources are limited resources and they are 

hazardous to the environment as the burning of fossil fuel results in emissions of CO2 and other 

greenhouse gases that are toxic to the environment. Solid organic waste accumulation is 

considered to be reaching to dangerous levels around the world. According to a survey, the rate 

of solid waste generation in 23 developing countries is 0.77 kg/person/day (Troschinetz and 

Mihelcic., 2009) and is increasing day by day. It has been estimated that there are about two 

billion tons of municipal solid waste generated globally per year, which is expected to rise to 

three billion tons by 2025 (Bogoro et al., 2014).  

The rate of fruit and vegetable waste production is also increasing and is becoming a source of 

nuisance in municipal landfills, because it comprises a high fraction of putrecible organic matter 

(Dhanalakshmi and Ramanujam., 2012). The waste material should be properly managed to 

circumvent the environmental burden and to maintain balance in the overall ecosystem. Due to 

its high biodegradability, it is considered as a useful resource that can be converted into bio-

energy and other valuable products. Lignocellulosic material from agriculture residue is also an 

important biomass source to fulfill global energy demand. Badshah et al., 2012 reported that the 

solid residue remained after sugars have been extracted that is sugarcane bagasse, is an abundant 

waste source of biomethane. Agricultural residues such as wheat straw, rice straw, sorghum 

straw are the promising feedstock for anaerobic digestion. Manures are also an abundant source 

of organic material for anaerobic digestion. 

Anaerobic digestion is considered as a more environmentally friendly process for biomethane 

production (Bouallagui et al., 2003; Mata et al., 1992). Potential fuels produced during anaerobic 

digestion that is hydrogen and methane is considered to be less toxic to the environment than 

fossil fuel. Anaerobic degradation occurs both at mesophilic and thermophilic temperatures. 

Mesophilic range(35 °C) is more common than at thermophilic range (55 °C). At thermophilic 

temperatures there is short hydraulic retention time (HRT) and increased sanitary effects and 
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better removal of pathogens (Dugba et al., 1998). However the process under thermophilic 

condition results in decreased dewatering properties of the fermented sludge and also a large 

amount of energy is needed for heating (Winter &Temper., 1987). Further at higher temperatures 

due to decreased solubility of carbon dioxide ph of the digester sludge increases.Thus the process 

stops within few days of operation and this is mainly due to ammonia inhibition (Sung & Liu., 

2003). 

Zeolite has been considered as an excellent support material for microbial immobilization due to 

its distinct properties. The high exchange and adsorption capacity, low bulk density and 

appropriate pore diameter and surface area make zeolite an excellent support material for 

microbial immobilization. During the treatment of agriculture waste both natural and modified 

zeolites have been used to improve the anaerobic treatment at lab scale. The toxic effect of 

ammonia produced during the breakdown of protein, amino acids and urea is minimized by the 

addition of zeolite.Because of their capacity to adsorb metals like Cu, Cd, Pb and Zn they reduce 

the toxic substances for microorganisms (Milán et al., 2001). The addition of salt mordenite 

reduces the free ammonia concentration, thereby increasing the methane yield in anaerobic 

digestion (Tada et al.,2005).   

The present study was aimed to determine the effect of zeolite on physico-chemical parameters 

of organic wasteand its impact on volatile fatty acids evolution to enhance the methane 

production.  

 

7.2 Materials and methods 

7.2.1 Characterization of Zeolite  

           The zeolite used in the experiment was Provided by PQ minerals (Pinquan Co.,limited 

China). The particle size of zeolite was 2-3mm. The chemical and physical composition of the 

zeolite is given in Table 1. 

 

 

 

 

 



Chapter 7          Effect of natural zeolite on the mesophilic and thermophilic anaerobic   

decomposition of organic waste for biogas production  

 

Anaerobic digestion of organic waste for biogas production  Page 83 
 

                           Table.1 Chemical and physical properties of zeolite 

 

 

7.2.2 Organic waste and inoculum 

The mixture of fruit and vegetable waste, agricultural waste and manure taken in equal ratio. 

Organic waste was collected from weekly bazaar Peshawar Morr Islamabad. The waste was 

ground to homogenize and distilled water was added to make thin slurry. The inoculum was 

collected from laboratory scale anaerobic digestion plant. ph of the inoculums was maintained at 

7. The characteristics of inoculum were measured using standard methods of water and 

wastewater treatment (APHA., 1997). 

7.2.3 Reactor set up 

             Batch experiment was carried out using 300 ml glass bottles with working volume of 

200 ml. The glass bottles hermetically closed by rubber caps with two holes, one hole was used 

for the extraction of samples and the other for biogas outlet which was collected in 500 ml gas 

bags. The reactors were mixed mechanically twice a day. The experiment was carried out both at 

mesophilic and thermophilic temperatures. 

7.2.4 Experimental procedure 

          The batch experiment was conducted in triplicate with substrate to inoculums ratio of 1:1. 

Zeolite was added at the doses of 0, 7, 14 g zeolite/l organic waste at mesophilic and 

thermophilic temperature. The reactors were named as ABR-1 (7g/l), ABR-2 (14g/l), ABR-3 
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(control mesophilic), ABR-4 (control thermophilic), ABR-5 (7g/l), and ABR-6 (14g/l). The HRT 

for mesophilic reactors is 30 days and for thermophilic reactors is 15 days. The reactors were 

flushed with oxygen free nitrogen for 20min/l of organic waste before the start of the experiment. 

7.2.5 Analytical parameters 

7.2.5.1 Total and volatile solids 

The physical parameters were analyzed in accordance with standard methods for the examination 

of water and waste water (APHA 1998). 

For determination of volatile solids, clean evaporating dish was ignited in a muffle furnace at 

550°C for 1 hour.  Approximately 20 ml of well mixed sample was taken in already weighed 

evaporating dish. The dish was placed in oven at 105°C overnight and then placed in desiccators 

to balance temperature and weighed.  

7.2.5.2 Chemical oxygen demand (COD) 

 1ml of sample was added in 15ml COD vials and then 2.5 ml of standard potassium dichromate 

digestion reagent and 3.5 ml of concentrated sulfuric acid was added. The COD vials were then 

placed in digester at 150°C for 2 hours. After incubation COD concentration was measured by 

Spectroquant PHaro 300(Merck).  

7.2.5.3 pH value 

The pH of the reactor is a crucial factor for the anaerobic digestion process.The pH value was 

determined by pH meter (Sartourious professional meter PP15). 

7.2.5.4 Ammonia-nitrogen (NH3-N)  

 Ammonia-nitrogen was determined by phenate method. 25 ml sample was taken in 50 ml flask 

and 1 ml phenol solution, 1 mL sodium nitroprusside solution, and 2.5 mL oxidizing solution 

were added with thorough mixing after each addition. The samples were covered with plastic 

wrap and were placed in subdued light for 1 hour at room temperature. The absorbance was 

measured in Spectroquant PHaro 300 (Merck) at 640 nm. 

7.2.5.5 VFA and Alkalinity 

Sample volume of 10ml was taken in 250 ml beaker. The initial ph of the sample was measured 

and it was brought down to 4.3 by adding 0.1 N H2SO4 and the volume of acid consumed were 

noted for calculating alkalinity. For the measurement of VFA in the same sample the ph was 

brought to 3.5 by further addition of same acid. The sample was then placed inthe hot plate and 
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left for 3 minutes after sample getting boiled.When the sample temperature reached around 60-

70°C , 0.1 N NaoH was added to increase the ph to 7and the volume of  NaOH consumed was 

measured for VFA calculation. 

7.2.5.6 Fourier transformed infrared spectroscopy (FTIR) 

  Fourier Transform Infra Red (FTIR) technique was used to identify the functional groups in a 

compound or any change in the structure due to biodegradation. The chemical composition of 

exo-polysaccahride (EPS) produced by biofilm community was determined by FTIR (Perkin 

elmer). The IR spectrum of EPS from both mesophilic and thermophilic reactors was obtained. 

 

7.2.5.7 Extraction of EPS and sample preparation for FTIR 

EPS was extracted according to the method described by (Yongqin et al., 2010). Approximately 

15 ml of biofim samples was thawed on ice and centrifuged for 2 min at 15,000g. After 

centrifugation the pellet containing biofilm was resuspended in 30 ml of 0.2M cold sulfuric acid. 

The biofilm was broken by sonication and the cell suspension was vortex for 3 h at 4°C. Another 

cycle of centrifugation at 15,000 g for 20 min separated the EPS solution in the supernatant. 

Ethanol precipitation of EPS samples was performed for FTIR analysis. For precipitation of EPS 

3 volumes of 100 % cold ethanol were added and then incubated on ice for 2 h. In the next step 

the precipitates were centrifuged at 4°C at 17,500 g for 20 min. The samples were then dried at 

50°Covernight.  

7.3 Results 

7.3.1 Effect of zeolite on volatile solid reduction and COD concentration 

All the parameters (ph, COD, VS, NH3-N, TVFA) were measured after every five days from all 

the reactors under study. As shown in fig. 1 volatile solid reduction, increased with increasing 

zeolite doses. Increasing the zeolite doses from 0 g/l to 14g/l increases the reduction of volatile 

solids from 13% to 19% at mesophilic temperature and from11% to 16% at thermophilic 

temperature (Fig. 1(A) and (B)). 
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(A) 

 

(B) 

 

Fig. 1 Volatile solids reduction percentage of the reactors containing different doses of zeolite at 

(A) 35 °C and (B) 55°C. 

 At mesophilic temperature the COD removal is highest in reactor with 14g/l of zeolite which is 

decreases from 6980 mg/l to 3000 mg/l. The reactor that contains 7 g/l of zeolite has slightly 

increase value of COD at the end of batch reactor however this value is still lower than that of 

the control reactor. All the reactors at thermophilic temperature shows an increase concentration 

of COD from initial value, however the zeolite containing reactors shows comparatively less 

increase in COD than reactor without zeolite (Fig. 2 (A) and (B)). 
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(A) 

 

(B) 

 

Fig.2 Effect of addition of different concentration of zeolite on COD concentration at (A) 

mesophilic and  (B) thermophilic temperatures. 

7.3.2 Variation in ammonia-nitrogen and total volatile fatty acids 

Variations in concentrations of ammonia-nitrogen with time are shown in fig.3.  Although NH3-

N concentration increases in all the treatments at the end of the batch experiment. However, at 

mesophilic temperature during start up period there was a sharp decrease in NH3-N 

concentration, after day 15 the NH3-N concentration start increasing till the end of the 

experiment with the highest increase in the control reactor in comparison with zeolite containing 

reactors. The NH3-N concentration gradually increases in thermophilic treatments, although the 
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reactor with 14g/l of zeolite has minimum increment at the end of the experiment (15.5mg/l) 

compare with control reactor (24.4mg/l) (Fig. 3 (A) and (B) ). 

(A) 

 

(B) 

 

Fig.3. -NH3-N concentration of reactors with different doses of zeolite at two temperatures (A) 

35°C and (B) 55°C 

Generally for all treatments total volatile fatty acid concentration peaked between 0 and 5 days. 

From day 5 to 15 slot containing reactors have a sharp decrease in TVFA and after that there is a 

gradual decrease till the day 30. In control reactors very slow removal of TVFAs occur ABR-3 

and ABR-4 shows enhanced values of TVFAs at the end of the experiment that are 1200mg/l and 

1500 mg/l (Fig. 4 (A) and (B)). 
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(A) 

 

(B) 

 

Fig.4-  Reactors with different doses of zeolite showing different concentration of TVFA  

The change in ph values of the effluent is 8.2 to 8.7 at mesophilic temperature and 6 to 6.8 at 

thermophilic range. The values in treatment with 7 g/l and 14g/l are slightly higher than the 

control reactors( Fig.5 (A) and (B) ) 
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(A) 

 

(B) 

 

Fig.5 Variation in pH  (A)With Zeolite (B) With out Zeolite  

7.3.3 Effect of zeolite on cumulative biogas production  

The variation in cumulative biogas production with an incubation period at masophilic and 

thermophilic temperatures is shown in fig. 6. The daily biogas production varied from 0-120 

ml/day till the day 15. The reactor containing 14g/l of zeolite has the highest cumulative biogas 

production followed by the reactor with 7g/l of zeolite and the reactor without zeolite has the 

lowest cumulative biogas production (Fig. 6 (A) and (B)). 
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(A) 

 

(B) 

 

 

Fig.6 Biogas production in different reactors at (A) 35°C and (B) 55°C 

7.3.4 Chemical analysis 

7.3.4.1 Fourier transformed infra-red spectroscopy (FTIR) 

 IR spectra of EPS produced by the bacterial strains at two temperatures (35°C ,55°C) is shown 

in fig 7. The absorption peak at a range of 1600 cm-1 to 1725 cm-1 indicates the COOH group and 
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at 2800 cm-1 to 3600 cm-1 shows the presence of –OH group, this revealed the presence of 

exopolysaccharide in samples. Mesophilic community showed the presence of –OH band at 

3407.88 cm-1 while thermophilic strains showed at 3430.68 cm-1. The COOH band of EPS 

produced by mesophilic strains was at 1631.70 cm-1 and those of thermophilic EPS was at 

1630.22 cm-1 (Fig.7). 

 

(A)                                                                             (B) 

Fig.7  FTIR analysis of EPS, (A) thermophilic temperatures, (B) mesophilic temperature 

The bands at 1300-900 cm-1 indicate the presence of carbohydrates and nucleic acids while 

proteins are represented by the peaks at 1700 to 1500 cm-1. As it can be seen from the graph that 

there is a slight difference in protein and carbohydrate peaks of mesophilic and thermophilic 

strains. The lipid peaks at 2930 to 2860 cm-1 showed the lowest level of lipid in EPS at both 

temperatures. 

7.4 Conclusion: 

Anaerobic digestion process not only sustainably manages the waste but also utilize it as a source 

of alternative energy. High VS/TS of fruit vegetable waste adversely affect the environment, 
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conversely high VS/TS of FVW indicates its high potential for biogas or energy. By co-digestion 

of FVW with the cow dung or sludge at 12gVS/l organic loading rate biogas yield of 600ml/gVS 

and methane yield of 414ml/gVS was achieved. Optimization of temperature conditions were 

carried out and results indicates that at thermophilic temperature biogas and methane yield but it 

requires input of energy. Due to cost effectiveness mesophilic temperature is preferable. As in 

present study at organic loading rate 15.5 gVS/l and HRT of 20 days biogas and methane yield 

was increased. Low OLR and high OLR both are not favorable for anaerobic digestion process 

because at low OLR enough substrate is not available for methanogenic growth whereas high 

organic loading rate cause buildup of volatile fatty acids. So, optimum OLR was attained to scale 

up to large 20 L dome shaped reactor. 

 The daily OLR of the digester is 2.27 gVS/L with biogas yield of 604 and methane yield 420 

ml/gVS. Co-digestion of FVW+CD+SL enhance methane content of 69%  that burn with blue 

flame which can be further used for cooking or heating at large scale. The effluent of FVW+CD 

and FVW+CD+SL has positively enhanced the growth of the plants, so this strategy reduces the 

need of chemical Digestion of fruit vegetable waste is a series of biochemical process where 

different enzymes play vital role for the conversion of macromolecules into micro molecules. 

Effect of zeolite on anaerobic digestion of organic waste at two different temperatures was 

studied. Zeolite dose at 7 and 14 g/l has significant effect on performance of anaerobic digestion. 

Addition of zeolite results in Better removal of COD and volatile solids, Reduced in 

accumulation of volatile fatty acids , Decrease in the toxic effect of ammonia, Maintainenec of 

the ph of the digester, Colonization of zeolite particle by Long rod shaped and shorter bacillus-

like microorganisms were observed, FTIR analysis of samples confirmed the presence of EPS 

which is crucial for biofilm formation and its maintenance. 

Addition on zeolite in the reactor is economically feasible because its cost benefit analysis as 

compare to increase in biogas yield and methane content is more advantageous in terms of 

process stability as compare to its cost. 
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 Discussion: 

At thermophilic conditions, the methane content was approximately 66.2% at CM/WS ratio 3 

which equates to a 7% increase in methane content compared to mesophilic conditions. This 

observation corroborates findings of a previous study where agro-waste and energy crops gave 

higher yields (13–38%) in thermophilic compared with mesophilic conditions (Giuliano et al., 

2013). Higher temperatures increase the process kinetics, reactions thermodynamics, 

metabolism, stability and growth of biomass involved in AD (Riau et al., 2010). 

An increase in hydrogenotrophic species increases the methane content (Trzcinski et al., 2010). 

Wheat straw is difficult to treat anaerobically due to its high lignin content and cow manure 

contains a high ammonia concentration which can cause inhibition during anaerobic 

monodigestion and. However when cow manure and wheat straw are anaerobically co-digested 

synergisms between the two substrates are observed and the risk of process inhibition is 

decreased. Similar synergies have been observed in literature with a previous study reporting a 

significant increase in biogas production while co-digesting goat manure and crop residues 

compared to biogas production during monodigestion (Zhang et al., 2013). Another study also 

performed cow manure and fruit-vegetable waste co-digestion batch tests and reported enhanced 

methane production compared to mono-digestion and an optimum ratio of FVW/CM of 2 

producing a methane yield of 388 ml/g VS (Zhang et al., 2013). 

Studies reported that thermophilic conditions engender more rapid digestion of fatty acids during 

batch co-digestion of vegetable waste and wood chips compared to mesophilic conditions with 

95% of the methane yield being produced within 11 days at 55°C compared to 27 days at 38°C 

(Hegde et al., 2007). Researcher discussed that cellulose hydrolysis is higher at thermophilic 

temperature than mesophilic (Ge et al., 2011). 

Co-digestion of cow manure and fruit-vegetable waste not only increased the quantity but also 

the quality of the biogas produced in batch testing compared to mono-digestion. A greater 

percentage of the organic fraction of fruit-vegetable waste (more g-VS/L) was converted into 

methane during co-digestion compared to anaerobic mono-digestion of fruit-vegetable waste as a 

co-substrate for CM digestion, FVW enhanced methane production greater than WS. 

While co-digesting CM and FVW, alkaline components of CM combine with the acidic 

components of FVW to neutralize the pH the alkalinity of the CM, enhances the buffer capacity 
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and stabilization of anaerobic system (Zhang et al., 2013). Co-digestion of  wheat straw and cow 

manure was  performed in laboratory- scale CSTR reactors  operating at organic loading late of 

approximately 2.8 g VS/L/day, presented stable performance but low methane yields (0.13–0.21 

N L CH4/kg VS) (Risberg et al., 2013). 

These results indicate that the co-digestion of cow manure with wheat straw and fruit vegetable 

waste  in semi continuous mode increases the specific methane yield and allows the 

substrates(CM+WS+FVW) to be digested at a higher OLR. A similar study investigating a semi-

continuous co-digestion process using manure, FVW and slaughter house waste at mesophilic 

conditions gave a methane yield of about 0.3 m3 CH4/ kg VS added at OLRs up to 1.3 kg 

VS/m3/d1, can be promising approach to treat waste for methane generation (Alvareza et al., 

2008). 

 

The VFAs concentration was higher in co-digestion in comparison of mono digestion revealing 

more generation of VFAs in co-digestion process. Though an increase in final pH value was 

observed in co-digestion system as compared to single digestion system. Which is an indicative 

of more stable co-digestion system owing to the improved buffer capacity, representing that 

adding up of cow manure with wheat straw and fruit-vegetable waste credibly stabilize the 

anaerobic digestion system. 

Using CM as a base substrate during the co-digestion of CM and FVW balances the proportion 

of Carbon and Nitrogen in the system and enhances the buffer capacity allowing the reactor to 

operate at a higher OLR. A previous study on co-digestion of food waste with cattle manure 

reported an increase in methane content of 55.2% when operated in semi-continuous mode with 

an organic loading rate (OLR) of 10 g-VSFVW/L/day and produced a with methane yield of 317 

ml/g-VS (Zhang et al., 2013). In semi continuous mode, reactors co-digesting CM and FVW 

were more stable than reactors co-digesting CM and WS when operated at high OLR  

 

The amount of ammonia in co-digestion effluent was noticeably high as compared to mono-

digestion. The results reveal that co-digestion of cow manure; wheat straw and fruit vegetable 

waste enhanced the buffer capacity of the anaerobic digestion system. Several inhibitors are 

present in AD system to which methanogens are sensitive. High permeability of free ammonia to 

bacterial cell membrane is the foremost cause of inhibition of methanogenic microbial flora. It is 
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recommended that control of pH and temperature, acclimation of microorganisms to high 

ammonia concentration. Immobilizing microbial community, co-digestion with C-rich substrates 

can significantly reduce the effect of ammonia toxicity (Rajagopal et al., 2013). 

By adding cow manure in WS and FVW nitrogen concentration increase, which increase the 

ammonia concentration in co-digestion system. In acidification high ammonia normalized the 

amount of VFAs in system.  

Possibly in liquid phase the ammonia and VFAs ionized by a reaction as follows                 

reported by (Zhang et al., 2013).  

CxHyCOOHCxHy           3COO-  +3 H+ 

NH3. H2ONH+
4                4 H+ 

As  CxHyCOOH are  the VFAs. By combining Eqs. (I) and (II), 

Eq. (III) was attain 

CxHyCOOH+ NH3. H2O         CxHyCOO- + NH+
4+  H2O 

At higher concentration of ammonia more VFAs will be neutralized. Hence the buffer system 

created by co-digestion of substrates allows the higher concentration of ammonia without 

decreasing pH in system. May be buffer capacity improvement in co-digestion is due to the 

increase in ammonia concentration. Previous study reported that addition of fruit-vegetable waste 

or press water in bio-waste reactor increase the buffer capability. By co-digestion strategy 

digesters can be operated at high loadings of substrates without pH control in system (Nayono et 

al., 2010) 

Addition of active inoculum in bioreactor resulted in a significant increase of biogas production 

at 35°C and 55°C (Bagi et al., 2007). Another study reported the methanogenic and non 

methanogenic community, consortium with more methanogens gave a 76% methane and other 

rectors containing facultative anaerobes resulted in low methane content (Sharda et al., 2012). 

Anaerobic digestion of organic waste using different bacterial inoculum, the bacterial consortia 

with high abundance of methanogenic community gave a 79.45% methane content representing 

the efficient microbial consortia degrading  organic content (Gopinath et al., 2014). As previous 

studies reported, theanaerobic digestion of food and green waste resulted in a 80.8% 

VSdestruction (Bouallagui et al., 2009).  

The microbial sequences get from the isolated microbes and whole samples from the anaerobic 

digester were related to main phyla: Firmicutes, and Archea.  Firmicutes are the syntrophic and 
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fermenters bacteria which digest the VFAs. Their abundance in a digester is dominant because of 

the availability of VFAs. The phylum fermicutus majorly have two class Clostrdia (13%) and 

Bacilli (76%) (Garcia et al., 2011). The clostridium sppare are responsible for consumption of 

aminoacids and production of acetate, ammonia ad butyrate (Shin et al., 2010). 

Diversified microbial communities responsible for anaerobic digestion of organic matter have 

been reported. Heterotrophic community oftenly involved in decomposition (Fricke et al., 2007). 

Under anaerobic conditions Clostridium species are abundant degraders (Lee et al., 2009). For a 

biochemical process it is very unlikely that process depends on a single microbial organism, for 

absolute conversion of substrate a consortium of microbial community is accountable. 

 The presence of methanogens in bioreactor involves in methane production like: 

Methanobacterium and Methanosarcina. The major hydrogenotrophic methanogens and 

acetocastic methanogens: Methanobacterium curvum, Methanosaeta, Methanosarcina and 

Methanobrevibacter/Methanobacteriumwere identified in the anaerobic digester (Ike et al., 

2010). Increase in  abundance of hydrogenotrophic methanogens  responsabel in  increase of  

methane content (Trzcinski et al., 2010).  

During hydrolysis, obligatory and facultative anaerobic microorganisms such as Bacillus and 

Clostridium sp. secretes extracellular enzymes causing conversion of the complex 

macromolecules into monomers like sugars or alcohols, fatty acids, amino acids.  The hydrolytic 

enzymes are mainly cellulases, lipases, proteases and amylases  (Weiland., 2010; Parawira et al., 

2005). Purified bacterial cultures were qualitatively screened on starch agar plates for the 

production of amylases and it was noted that the strains RAS-1 and RAS-4 shown comparatively 

larger zone of hydrolysis than other isolates. These bacterial isolates were identified on the basis 

of morphological and biochemical, and molecular techniques. The isolated strains were found to 

be rod shape and gram positive. The results of 16S rDNA analysis revealed that the these 

bacteria (RAS-1 and RAS-4) were strains of Bacillus subtilis and Clostridium perfringens 

respectively. It has been demonstrated by a number of reports that 16S rRNA based bacterial 

identification provide accurate and reliable results as compared to other methods. 

The crude enzyme extract was partially purified using ammonium sulfate precipitation. Lowry’s 

method (Lowry. et al., 1951) was used to measure the protein concentration by using bovine 
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serum albumin as standard and the protein concentration of purified sample for Bacillus subtilis 

(RAS-1) was calculated out to be 0.56mg/ml for first peak and 0.573mg/ml for the second peak 

and protein concentration  of purified sample of Clostridium perfringens (RAS-4) was recorded 

to be 0.6/mg/ml for first peak, 0.615 mg/ml for second peak and, previously (Niaz et al., 2010) 

reported the protein concentration of  Bacillus subtilis that  was 10.13mg/ml and (Swamyet 

al.,1994) has calculated out the protein concentration to be 0.0073. α-Amylase produced from 

Bacillus subtilis (RAS-1) was purified, showed that there were two peaks, with specific activity 

of 39.81 U/mg, purification fold 13.82 and recovery percentage 30.97 % for first peak, and with 

specific activity 39.44 U/mg, purification fold 11.80 and recovery percentage 29.35% for second 

peak. Amylase produced from Bacillus sp. was purified, a fold of purification was 2.93 with a 

yield 84.3% (Indira et al., 2012). 

α-Amylase produced from Clostridium perfringens (RAS-4) was purified by Sephadex G-75, 

showed there are two peaks, with specific activity 33.5 U/mg, purification fold 12.78 and 

recovery percentage 31.90 %, for first peak and with specific activity 33.98 U/mg, purification 

fold 13.53 and recovery percentage 30.73 for second peak. α-Amylase produced from 

Clostridium perfringens was purified by Sephacryl S- 100 HR, a fold of purification was 20.4 

with a yield 11.3% characterized and purified alpha amylase from Clostridium perfringens, 

observed three distinctive amylolytic peaks (Shih and Labbe., 1995).  

SDS PAGE was used to determine the molecular weight of purified enzyme. The estimated 

molecular weight of α-amylase from Bacillus subtilis (RAS-1) was to be 52 kDa. Haq et al., 

2010, determined the molecular weight of purified enzyme of Bacillus subtilis which was 55 

kDa. Molecular weight of purified enzyme of Clostridium perfringens (RAS-4) was 73 kDa. The 

molecular weight of purified enzyme was 76 kDa. 

Enzymes are very sensitive to the change in temperature. It has been suggested the temperature 

negatively influence supramolecular assembly pattern of protiens thereof three dimentional 

structure of enzymes via breakdown of hydrogen bonds and disulfide bridges.  Consequently, 

these factors render lose of  the functional attribute of enzymes. In case of present research it 

could be suggested that at high temperatures, both the enzymes from Bacillus and Clostridium 

species possibly encountered a change in protein structures owing to breakdown of essential 

bonding between the monomers. These findings are consistent with some previous reports where 
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it was found that enzyme activity as a function of temperature (Feller et al., 1998; Mabrouk et 

al., 2008).  

Results demonstrated that both Bacillus subtilis (RAS-1) and Clostridium perfringens (RAS-4) 

were mesophilic bacteria as their optimum growth conditions were found to be falling between 

moderate temperature and pH. The enzyme stability under varying pH was also studied and 

results showed that maximum enzyme activity for Bacillus subtilis (RAS-1) was 25.13U/ml at 

pH 8. It was noteworthy that increase from pH 8 caused significant activity loss for amylase 

isolated from B. subtilis (RAS-1). In case of Clostridium perfringens (RAS-4) the optimum 

hydrogen ion concentration pertaining to maximum enzyme activity  (24.29 U.ml) was pH 7. 

Whereas, activity of the enzyme was markedly effected while moving from this optimum pH 

level, either decreased or increased. Generally, α- amylase are found to stable under varying pH 

between 3 to 9. However, maximum activity of this enzyme has been associated with neutral pH.  

The reason for this discrepancy is linked with the fact that at acidic pH protons are added onto 

various positions of the protein causing breakdown of pre-existing hydrogen bonds. . Present 

study suggested that the amylases isolated from both bacterial strains could not withstand change 

from neutral pH owing to changes in protein structure. These findings are in reasonable 

agreement with the studies of (Swamy., 1996). 

The availability or deficiency of metallic cofactors plays an important role to regulate and 

control enzyme actions. The presence of certain metallic ions with organic waste either enhance 

or inhibit the amylase activity and plays a vital role in substrate digestion. The key role of Ca+2 

in regulating the stability, efficiency  and configuration of the amylase are significantly reported 

( Haiquan et al., 2013) 

A recent inhibition test protocol (Astalset al. 2015), which has been optimised for cost and 

speed, allows pork producers to quantify microbial inhibition in piggery effluent lagoons. This is 

important, because effective effluent treatment relies on healthy microbial activity in effluent 

lagoons. The inhibition test measures the KI50 value, which is the concentration of a specific 

inhibitor at which the activity of exposed microbes are reduced by 50% (Astalset al. 2015). 

Accordingly, if thei nhibitor concentration in flush manure fed to a lagoon is less than the KI50, 

then the lagoon may be uninhibited. The aim of this study was to determine if inhibition test data 
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also provided information about the relative tolerance of microbes ,in a piggery lagoon, to 

unavoidable periodic increases in inhibitor concentrations that are below the KI50.  

Ammonia (NH3) was selected as the model inhibitor because flush manure is rich in NH3 and it 

is a key inhibitor of anaerobic digestion. For experiments, a sludge sample (containing microbes 

for which inhibition is to be tested) was collected from an unmixed covered lagoon at a 

commercial breeder piggery in NSW. The volatile solids (VS), background NH3 nitrogen and 

native pH of the sludge sample were measured (Astalset al. 2015) at10gVS/L, 776 mgN/L and 

pH 7.2, respectively. Glass vials (160 mL) were loaded with the sludge and different amounts of 

NH3 (added as NH4Cl salt) and with2g/L acetate as food source. The vials were sealed and 

incubated at 37°C. The pH in the vials was 7.08-7.72 depending on the amount of NH4Cl added. 

Methane produced by microbes in sludge inside the vials was measured at 1, 2 and 3 days of 

incubation (Astalset al. 2015). Specific methanogenic activity (SMA) was determined as the 

slope of a linear line fitted to the methane data over time (expressed in units of chemical oxygen 

demand or COD equivalents, normalized with respect to the amount of VS in the sludge added to 

each vial). All the experiments were run in triplicate and the error in SMA was estimated at the 

95% confidence level (seven degrees of freedom). The SMAs were plotted againstNH3 (Fig. 1B) 

and KI50 was estimated by linear interpolation, corresponding to the NH3 content at which SMA 

had been reduced to 50% of the highest measured SMA. 

As expected, increasing NH3 decreased measured microbial activity/SMA (Fig. 1B), likely due 

to inhibition. The estimated KI50 of 3.98±0.7g TAN/L (given with error at 95% confidence level) 

was the threshold concentration for NH3 inhibition of the particular sludge sample being tested. 

Fig. 1B.SMAs (symbols, estimated fromFig. 

1A.) versus NH3 content.KI50 =3.98 ± 0.67 g 

N/L.The solid line was derived from data of a 

different lagoon sludge (adapted from Astalset 

al. 2015). 

Fig. 1A.Cumulative methane produced by the lagoon 

sludge versus time at 0.77 g N/L (), 2.74 g N/L (), 

3.71 g N/L (Δ), 5.61 g N/L (×) ammonia (added plus 

background). Note: slopes of the linear lines of best-

fit are the specific methanogenic activities or SMA. 
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The background NH3(776 mgN/L) was noted to be well below thisKI50and thus indicated that the 

lagoon was not likely to be inhibited by NH3. Further, the shape of the inhibition profile 

(symbols, Fig. 1B) showed a gradual decrease in SMA with increasing NH3,indicating that the 

microbes were reasonably tolerant to increases in NH3, albeit with some decrease in SMA.A 

stronger threshold-type response was observed for another lagoon sludge (solid line ,Fig. 1B, 

Astals et al, 2015), with decrease in activity being more drastic around the KI50 value. These 

different shapes of the SMA curves (Fig. 1B) suggested differences in tolerance to NH3. The 

results of current research work illustrated how inhibition test data can be used to estimate a 

threshold inhibitor concentration (KI50) as well as to obtain a measure of microbial tolerance to 

increases in inhibitor concentration.  

The present study of anaerobic digestion of organic waste at thermophilic and mesophilic 

temperature with different amount of zeolite showed that the digestion performance is better at 

zeolite doses of 7 and 14g/l than the treatment without zeolite. In hydrolysis step of anaerobic 

degradation complex organic compounds are degraded into simpler molecules which are then 

converted to methane during methanogensis. Methanogenesis is the rate limiting step for 

anaerobic degradation of soluble organics. Hydrolysis is the rate limiting step for particulate 

organics which require longer time than the soluble organics. In most of the cases the particulate 

organics could not be degraded due to microbial wash out. In such cases the addition of zeolite 

are found to be beneficial, because of its high adsorption capacity it facilitates microorganisms 

by providing longer time for breakdown of particulate organics. In the present study the addition 

of zeolite results in higher COD removal efficiency than the control reactor. Total COD removal 

efficiencies varies between 53% (z=7g/l) and 57% (z=14g/l). COD removal efficiencies found in 

this study agrees with value found in literature [144,160]. The volatile solid reduction efficiency 

increases from 13% to 19% by increasing zeolite dose from 0 -14g/l. These results are correlated 

to the values obtained by Hagelqvist, et al who found a VS reduction between 38% and 58% 

using secondary pulp and paper sludge and municipal sewage sludge as substrates. The 

ammonia-nitrogen concentration decreases until day 10 of digestion period and then it starts 

increasing; the reactor without zeolite has highest final concentration of NH3-N. The final 

concentration of NH3-N varies from 15.5-18.2 mg/l at zeolite dose of 7and 14g/l at thermophilic 

temperature. It has been studied previously that the toxic effect of ammonia can be minimized by 

the addition of clay minerals at thermophilic temperatures (Hansen et al., 1999; Angelidaki & 
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Ahring, 1992). The solubilization of organic matter causes an increase of VFAs during start up 

period, but afterwards due to their conversion during metahnogenesis the VFA concentration 

start decreasing gradually. There is no much variation in the final ph of the effluent, however 

zeolite containing reactors have a slightly higher ph, but it is in the optimum range of anaerobic 

digestion. This is in contrast to previous studies conducted by Milan et al., 2001, they found that 

increasing zeolite dose increases the ph which leads to process failure. However Tada et al., 

2005 and Kotsopoulos et al., 2008 have reported that the addition of zeolite has no significant 

affect on ph of the digester. Zeolite containing reactors produced a significant volume of biogas 

compare to control reactor, however, it has been shown from previous studies that the ultimate 

methane yield decreases by increasing zeolite dose above 10 mg/l. This decrease in methane 

yield may because of the apparent viscosity of the medium increases by increasing the zeolite 

concentration and the transport of nutrients and metabolites is halted which results in inhibition 

of anaerobic digestion (Milan et al., 2001, 2003). 

The aerobic and anaerobic zoneprovides by nano and micro-porous framework of clinoptilolite 

zeolite facilitates the growth of both obligate anaerobe and aerobes. Among zeolite colonizers 

Clostridium sp. has been identified, they are obligate anaerobic bacteria and can produce 

hemicellulolytic and cellulolytic enzymes (Weiß et al, 2013). In addition pseudomonas sp. has 

also been isolated. These are gram negative organisms that produce cell free, non complexed 

cellulolytic enzymes (Dees et al, 1995). The increase in biogas production by the addition of 

Pseudomonas aeruginosa in anaerobic digestion has been reported in previous studies 

(Potivichayanon et al., 2011). According to Bischofsberger et al, 2004 Clostridiaceae and 

Pseudomonadaceae have the ability to break down cellulose and lipids into smaller components 

like sugars, fatty acids and glycerols in anaerobic digestion. Furthermore organisms related to the 

genera Bacillus sp., Clostridium sp. and Paenibacillus sp were also identified as zeolite 

colonizers.  Previously Weiß et a.l, 2013 have identified these bacteria by community analysis.  

Exo-polysaccahrides formation is the distinguishing feature of the biofilm forming bacteria. The 

synthesis of EPS is attributed to various functions in biofilm formation like it facilitates cells to 

adhere to the solid surfaces, the microcolony formation and its maintenance, helps to regulate the 

structure of mature biofilm, aids biofilm to be protected against environmental stress and 

disinfectants. EPS matrix, in certain cases allows bacteria to capture nutrients. FTIR analysis of 

EPS produced by bacteria involves in anaerobic digestion indicated the presence of complex 
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macromolecules comprising carbohydrates, protein, lipids and nucleic acids. The formation of 

exopolysaccharide by different groups of archea has been confirmed from previous studies. The 

first reported exocellular polymeric substance was secreted by Haloferax mediterranei  (Anton et 

al., 1998).  The exopolymer facilitate the immobilization of consortium of bacteria from genera 

Methanosarcina, Haloferax, Haloarcula, Thermococcus and Sulfolobus and this exopolymer aids 

biofilm in capturing of nutrients (Poli et al., 2011). 
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Conclusion:  

 Anaerobic digestion process not only sustainably manages the waste but also utilize it as 

a source of alternative energy. High VS/TS of fruit vegetable waste adversely affect the 

environment, conversely high VS/TS of FVW indicate its high potential for biogas or 

energy.  

 By co-digestion of FVW with the cow dung or sludge at 12gVS/l organic loading rate 

biogas yield of 600 ml/gVS and methane yield of 414ml/gVS was achieved.  

 By optimization of operating parameters such as organic loading rate and temperature 

methane yield was increased.  

 Co-digestion of FVW+CD+SL enhance methane content of 69%  that burn with blue 

flame which can be further used for cooking or heating at large scale. The effluent of 

FVW+CD and FVW+CD+SL has positively enhanced the growth of the plants, so this 

strategy reduces the need of chemical Digestion of fruit vegetable waste is a series of 

biochemical process where different enzymes play vital role for the conversion of 

macromolecules into micro molecules. 

 Anaerobic organisms are present in biogas digester and responsible for the digestion of 

fruit vegetable waste by secreting different enzymes. In present study potential of the 

isolated strains was evaluated for the production of amylase, protease, lipase and 

cellulase. Enzymes were used for the pre-treatment of substrate and increase in biogas 

production was observed. Fruit and vegetable waste have high content of polysaccharides 

and cellulose so, amylase and cellulase was purified. These enzymes could be used for 

the digestion of Fruit and vegetable waste to increase the rate of biogas production 

fertilizer. 

 While increasing concentration of ammonia on specific methanogenic activity of 

different inoculums from different reactors treating variety of substrates at, mesophilic, 

thermophilic and ambient temperatures a significant effect was observed presenting a 

trend. It provides information to deal with the increasing ammonia concentration in 

reactor to control the process operation and stability. These provided results trend will 

provide the pre-requisites for upscale and upgrading of bioreactors.  The balance and 

existence of microbial community within in a digester at higher concentration of 

ammonia is very critical it directly affect the rate of methanogenesis.  
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 Effect of zeolite on anaerobic digestion of organic waste at two different temperatures 

was studied. Zeolite dose at 7 and 14 g/l has significant effect on performance of 

anaerobic digestion. Addition of zeolite results in Better removal of COD and volatile 

solids, Reduced in accumulation of volatile fatty acids , Decrease in the toxic effect of 

ammonia, Maintainenec of the pH of the digester, Colonization of zeolite particle by 

Long rod shaped and shorter bacillus-like microorganisms were observed, FTIR analysis 

of samples confirmed the presence of EPS which is crucial for biofilm formation and its 

maintenance  
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Future Prospects: 

Fruit vegetable waste, cow dung and Agricultural residues would be treated and 

sustainably manage through anaerobic digestion technology. In present study effect of co-

digestion and operating parameters on anaerobic digestion were investigated. Still there are other 

different factors that must be administered in future for enhancement of renewable energy yield. 

 Physical, chemical and thermal pretreatment of the organic substrate can elevate the 

biogas yield. They efficiently digest the lignocellulosic content that contains cellulose 

and lignin (Ward et al., 2008). At present study chemical, thermal and ultrasonic 

pretreatment was not done to the substrate. These methods can be utilized in future work 

to enhance biogas yield and reduce digestion time. 

 Isolated bacterial strains such as Clostridium sartagoforme, Bacillus cereus, Enterobacter 

faecium and various other strains can be used as inocula to determine their impact on 

biogas yield.  

 The 16s RNA analysis of consortium in anaerobic digester would be help full to 

understand the structure, architecture, functioning, mechanism of microbial actions and 

also development of genetically modified organisms.   

 The carbon: nitrogen ratio of fruit and vegetable waste is important aspect to determine 

whether microorganisms prefer an optimum ratio for high biogas yield. Hence detail 

analysis of carbon: nitrogen ratio would be beneficial aspect for anaerobic digestion.  

 The anaerobic digestion process is sometimes inhibited by different factors; for 

determination of these inhibitory factors various inhibitory tests must be performed. The 

aim of these inhibitory tests is to evaluate the adaptation capability of substrate i.e. FVW, 

CD and agricultural residues to an inhibitor. 

 Economical strategies to purify the Biogas for electricity generation. 

 Co-digestion of Biomass with challenging substrates to get higher biogas production. 

 Development of effective methanogenic consortia to enhance the substrate digestion. 

 Use of Pre-treatment strategies 

 Study of Rate limiting factors in bioreactor during biogas production.  

 Optimization to increase the production of amylase and cellulase enzyme. 

 Molecular characterization of the gene responsible for amylase and cellulase production. 
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 Enzymatic pre-treatment could be used in biogas reactor to increase the availability of 

substrate for microorganisms to further break down for methane production. As 

hydrolysis is a rate limiting step in biogas production, through physical, chemical and 

biological pre-treatments of substrate to decrease the hydrolysis time period of the 

reaction.   

 In future strategies are needed to pure the biogas for usage in to electricity generation, to 

meet the electricity shortage and energy crisis. The development of cheap scrubbers are 

required. The further use of produced biogas at developmental level is not possible until 

we have purified form of biogas after removing the contaminated gasses.  
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