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ABSTRACT 

A high ammonia landfill leachate was anaerobically treated for more than 1000 days 

in two laboratory scale anaerobic reactors configured as upflow sludge blanket and hybrid 

bed. By adjusting the influent pH to 4.5 to keep the free ammonia concentrations below 

inhibitory level, COD removal efficiencies above 90% were achieved in both of the 

reactors. However, when pH adjustment was terminated severe free ammonia inhibitions 

were observed several times. To clearly elucidate the inhibition phenomena, effects of high 

ammonia concentrations on reactor performances were correlated to the variations in 

methanogenic diversity by using 16S rRNA/DNA based microbial identification 

techniques such as FISH (fluorescent in-situ hybridization), DGGE (denaturing gradient 

gel electrophoresis), cloning and DNA sequencing. Nevertheless, sudden and unexpected 

fluctuations in the characteristics of leachate resulted in complications during interpretation 

of the results. To prevent the inconvenience of fluctuations, five laboratory scale anaerobic 

reactors seeded with different sludges were operated for 450 days under stable COD loads, 

gradually increasing total ammonia levels from 1000 to 6000 mg/l. Parallel to elevation in 

total ammonia, free ammonia nitrogen (FAN) was increased step by step from 50 to 750 

mg/l. After gradual adaptation, moderately high COD removal efficiencies in the range of 

77 to 90% were obtained in the reactors. Jvfethanosaeta-related species mainly prevailing 

in seed sludges were replaced by Methanosarcina when FAN exceeded 100 mg/l. 

Subsequently, as F AN level elevated rather than any shifts in the methanogenic 

community, single coccus shaped Alethanosarcina cells formed stringent multicellular 

packets. However, when the FAN exceeded 600 mg/l, disintegration of Alethanosarcina 

clusters was observed. In contrast, inorganic particles originated from seed sludge provided 

a good support for Methanosarcina clusters in R4 and with this special feature it 

successfully resisted to FAN as high as 750 mg/l. 
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6ZET 

YUksek amonyak ihtiva eden bir katl atlk depo sahasl SlZll1tl suyu 1000 gunden fazla 

bir sureyle yukan akl~h yamur yatagl ve hibrit olarak dizayn edilen iki laboratuar olyekli 

anaerobik reaktOrde antllml~tu. Serbest amonyak konsantrasyonunu inhibisyon seviyesinin 

altll1da tutmak iyin giri~te pH 4.5'e ayarlanml~ ve her iki reaktOrde de %90'mn uzerinde 

Koi giderimi geryekle~tirilmi~tir. Ancak, pH ayarlamasll1dan vazgeyilince, bir yok defa 

ciddi serbest amonyak inhibisyonlan gorUlmu~tur. inhibisyon olaYlm daha net 

apklayabilmek iyin, yuksek amonyak konsantrasyonunun reaktor performansl uzerindeki 

etkileri, 16S rRNA/DNA bazh FISH (f1uoresan in-situ hibridizasyon), DGGE (denatUre 

gradyan jel clektroforezi), klonlama ve DNA dizi analizi teknikleri kullamlarak tespit 

edilen metanojen dagllll11l ile ili~kilendirilmi~tir. Ancak, SlZll1tl suyu kompozisyonundaki 

ani ve beklenmedik dalgalanmalar sonuylann yorumlanmasll1da karma~lkhga sebep 

olmu~tur. Bu problemi ortadan kaldlrmak iyin, farkh yamurlar ile a~llanan laboratuar 

olyekli bq anaerobik reaktOr 450 gun boyunca sabit Koi yuku ve kademeli olarak 1000 

mg/l'den 6000 mg/l'ye kadar mimlan top lam amonyak konsantrasyonu altll1da i~letilmi~tir. 

YLikselen top lam amonyak miktanna pm'alel olarak serbest amonyak azotu (SAN) 50 

mg/l'den 750 mg/l'ye kadar yukselmi~tir. A~amah adaptasyon somaSl %77 ile % 90 

arasmda degi~en yUksek sayllabilecek Koi giderimleri elde edilmi~tir. SAN 100 mg/l' yi 

a~l1lca a~l yamurlannda baskln olarak bulanan A1ethanosaeta Wrleri Methanosarcina Wrleri 

ile yel' degi~tirmi~tir. SAN miktan daha da al'ttlkya, WI' dagilulllnda ba~ka belirgin bir 

degi~im meydana gelmemi~, tekli yuvarlak yaplda bullman Methanosarcina hucreleri yok 

hucreli dayamkh yapllar olu~turmu~tur. Fakat, SA~ seviyesi 600 mg/l 'yi a~ll1ca ise, 

]I/[ethanosal'cina kLlmelerinin daglldlgl gozlenmi~tir. Bilakis R4, a~l yal11urundan gelen 

inorganik partikullerin Methanosarcina kumclerinin tutunl11aSl iyin uygun bir ortam 

saglamasl sayesinde, 750 mg/l SAN seviyesine bile dayanabi1l11i~tir. 
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1. INTRODUCTION 

For many decades, anaerobic treatment has been used in the digestion of wastewater 

treatment plant sludges, animal manures and organic solid wastes. Besides, the technology 

is particularly attractive for treatment of biodegradable agro-industrial wastewaters, such 

as those from sugar, paper, starch, fish, meat, canning industries, alcohol fermentation, 

breweries, tanneries and also some more complex industrial wastewaters, such as those 

derived from the petrochemical and pharmaceutical industries. Therefore, a lot of full-scale 

anaerobic reactors are in operation all over the world for the treatment of these 

wastewaters. Additionally, although some chemical compounds like ammonia, sulfide, 

volatile fatty acids and heavy metals reach to inhibitory levels, anaerobic treatment 

processes are also convenient for the treatment of acidogenic landfill leachate, particularly 

in countries in which organic fraction of municipal solid waste is mainly landfilled. 

In the literature, there are numerous studies about anaerobic treatment of landfill 

leachate. However, owing to differences in site operations, composition of solid wastes 

landfilled, climatic conditions of the region and the landfill age, leachate generated in a 

landfill may not resemble another. Therefore, to select the appropriate process for the 

treatment of leachate, characterization and treatability studies should certainly be 

conducted. For this purpose, the anaerobic treatability study of Istanbul Kbmilrclioda 

Landfill leachate was started in August 1998 to obtain compatible design parameters and to 

propose solutions for possible problems in the operation of full scale anaerobic reactors 

especially at the start-up, and under inhibitory levels of toxic com pounds. 

According to preliminary results, high total ammonia nitrogen (TAN) concentrations 

as high as 3000 mg/l and pH values above 8.1 were claimed to be responsible for an 

increase in the possibility of ammonia inhibition (Inane et af., 2000). Therefore, a long 

term anaerobic treatability study was ;:,;onducted for more than 1000 days to investigate the 

effects of ammonia inhibition in detail. The results of this long term treatability study 
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carried out by using three different anaerobic reactors configured as upflow filter, sludge 

blanket, and hybrid bed reactors will be presented in Chapter 3. 

Although ammoma IS an important buffer in anaerobic treatment process and an 

essential nutrient for anaerobic microorganisms, high concentrations can be a major cause 

of operational failure. Although free ammonia is the more toxic form, most of the toxicity 

threshold concentrations were given as total ammonia. So that, there are difficulties in 

comparing the thrcshold concentrations in literature given in different forms and with 

lacking pH and temperature values. 

On the other hand, process instability in anaerobic reactors at elevated ammoma 

levels is generally considered to be the result of inadequate adaptation of the methanogenic 

population. In an anaerobic reactor that has not previously adapted to high ammonia 

concentrations, or operating near the limits of its design capacity for anaerobic 

degradation, shock high ammonia loads generally cause rapid production of VF As. 

Therefore, the buffering capacity of the system may not be able to compensate for the 

decrease in pH. Further depression of alkalinity and reduction of pH may result in process 

failure. In a reactor under steady-state conditions and adapted to high ammonia loading, 

relatively high concentrations of VFAs will be counteracted by the ammonia-bicarbonate 

buffering capacity of the system. 

Adaptation of methanogens to elevated ammonia concentrations is very significant, 

as these microorganisms are remarkably sensitive to pI-I fluctuations. However, once 

adapled, all anaerobic reactor is capable of remaining in equilibrium under transient shock 

loading conditions. Today, the presence of adaptation phenomena that increase the 

tolerance of methanogens against ammonia-nitrogen j.s known but not exactly understood. 

Therefore, it should be realized 111 at, to understand the phenomena exactly, actual 

mechanism of the inhibition and formation type of the adaptation should be entirely 

elucidated. 

At this point, to increase our understanding on the formation of ammonia inhibition 

and adaptation, investigations were focused on the impacts of high free ammonia 

concentrations on the diversity and activity of anaerobic microorganisms especially on 
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methanogens in the reactors. For many decades the identification of methanogens in 

anaerobic reactors was limited to cultivation dependent methods and direct microscopic 

analyses. However, with recent developments in molecular techniques it is now possible to 

identi fy all methanogens present in anaerobic reactors - regardless of their cultivation 

capabilities. With these developments in identification of methanogens, formation type of 

adaptation may be defined as enzymatic adaptation of the same species or selection of 

ammonia tolerant methanogens. 

Therefore, the population shifts in upflow sludge blanket and hybrid bed reactors 

treating high ammonia landfill leachate were investigated by using molecular techniques 

such as denaturing gradient gel electrophoresis (DGGE) and fluorescent in-situ 

hybridization (FISH), two methods that are complimentary to each other. These are 

powerful techniques in the identification of microbial populations in combination with 

cloning and DNA sequencing. The results of this study will be summarized in Chapter 4. 

Nevertheless, it was actually difficult because of unexpected fluctuations in the raw 

leachate as sudden jumps and drops in biodegradability, pH, VF A and total ammonia 

concentrations. Thus, to stabilize and simplify the conditions in evaluation of free 

ammonia inhibition and adaptation, five upflow anaerobic reactors seeded with different 

sludges were fed with a synthetic wastewater and organic loading rate was kept constant 

under gradually increasing free ammonia levels. The details of this study 'will be given in 

Chapter 5. 

Finally, changes in mcthanogenic populations in five laboratory scale anaerobic 

reactors seeded with different sludges and exposed to gradually increasing ammonia levels 

were monitored by using the aforcmentioned molecular techniqucs and the collected 

population data 'were linked with reactor performances. Results will be presented in 

Chapter 6. 
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2. LITERATURE REVIEW AND BACKGROUND 

2.1. Anaerobic Treatment Process 

Methanogenesis is an essential terminal electron accepting process 111 many 

anaerobic environments where the supply of oxygen, nitrate, oxidized forms of sulfur, iron, 

and manganese are limited (Ferry, 1993). Examples of such environments include 

freshwater and some marine sediments, flooded soils, wet wood of trees, tundra, landfills, 

and waste digestors. In these enviromnents, a complex microbial community consisting of 

many interacting microbial species completely degrades natural polymers such as 

polysaccharides, proteins, nucleic acids, and lipids to methane and carbon dioxide. 

Because of the large amounts of organic matter that are degraded in the natural 

environments, methanogenesis is an important process in cycling of carbon and other 

elements in nature and may be responsible for up to 60% of atmospheric methane (Conrad, 

1996). 

The amount of energy released during methanogenesis is relatively low compared to 

other terminal electron accepting processes. Thus, the amount of biomass produced per 

unit of substrate degraded is much less than that of other terminal electron accepting 

processes. For this reason, methanogenesis has been used as the treatment of choice for 

sewage and other complex wastes since sludge yields are lovv and most of the energy in the 

original substrates is retained in the energy rich fuel, methane. Anaerobic treatment by 

methanogenesis is often a net energy producer, resulting in significantly lower operating 

costs compared to aerobic treatment (Lettinga, 1995). AJthough the low cell yields 

associated with anaerobic treatment make it attractive for wastewater treatment, it is also 

one of its main disadvantages because large reactor volumes and long retention times are 

needed to achieve the required treatment efficiency (McCarty, 1971). Therefore, only 

relatively high strength wastes are applicable to anaerobic treatment and additionally, it is 

often supposed as being an unstable process (McCmiy, 1971; Anderson et aI., 1982; 

Speece, 1983). However, great advances have been achieved in the past 20 years in our 
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understanding of the biochemistry and energetics of anaerobic metabolism. This has 

allowed the description of the most sensitive steps in the process and the development of 

strategies to enhance the operational stability of anaerobic treatment systems. The result 

has been the development of novel reactors where the slow growing microorganisms arc 

retained in the reactor even at high organic loadings. With these advances, it is novv 

believed that almost any type of waste can be treated anaerobically (Letting a, 1995). 

2.1.1. Precess Microbiology 

In anaerobic treatment, organic matter is completely degraded to methane and carbon 

dioxide in discrete steps by the concerted action of at least four different groups of 

microorganisms, primary fermenting bacteria, secondary fermenting bacteria, and two 

types of methanogens (Fig. 2.1). The degree of mutual dependence among these different 

bacterial types varies considerably; whereas the later members of the food chain alvvays 

depend on the earlier ones for their substrates. They may also exert a significant influence 

on the earlier members ill the chain by removing metabolic products. 

Polymers such as polysaccharides, proteins, nucleic acids, and lipids are first 

hydrolyzed to oligomers and monomers for instance sugars, amino acids, purines, 

pyrimidines,. fatty acids, and glycerol, typically through the action of extracellular 

hydrolytic enzymes. These enzymes are produced by the fermenting bacteria, vvhich 

ferment the resulting monomers further to fatty acids, succinate, lactate, alcohols, etc. (Fig. 

2.1, group 1). Some of these fermentation products, especially acetate, Ih and C02 can be 

converted directly by methanogenic archaea into methane and carbon dioxide (Fig. 2.1, 

groups 4a and b). For degradation of other fermentation products, especially fatty acids 

longer than two carbon atoms a further group of fermenting bClcteria, the so-called 

secondary fermenters or syntrophic acidogenic fe1'111enters (Fig. 2.1, group 2), arc needed. 

These bacteria convert their substrates to acetate, carbon dioxide, hydrogen, and perhaps 

formate, which are subsequently usee! by the methanogens. The degradation of these 

compounds with H2 production is thermodynamically unfavorable unless the concentration 

of H2 (or formate) is kept low by hydrogenotrophic methanogens. Because of the diverse 
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number of organisms involved in these reactions and their ability to perform other types of 

metabolisms such as fermentation or sulfate reduction, the organisms that participate at this 

step are also called syntrophic metabolizers (Schink, 1997). 

Acetate 

4a 

Polymers 

Monomers 

1 

Intermediate Products 

(Propionate, Butyrate, 

Alcohols, Lactate) 

2 

----------1~ I H2/C0 2 

3 

4b 

Fermentation 

Syntrophic 
acidogenic 

fermentation 

Methanogenesis 

1 
Figure 2.1. Degradation pathway tlu'ough various trophic groups of microorganisms in a 

methanogenic reactor 

In a well-balanced anaerobic reactor in which an active hydrogen-utilizing 

population maintains a low hydrogen partial pressure, the nux of carbon and electrons goes 

nearly exclusively through the outer paths of the flow schemes (Fig. 2.1), and reduced 

fermentation intermediates therefore play only a minor role. However, the flux through the 

central paths will never become zero, because fatty acids are always produced in the 
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fermentation of lipids and amino acids as well. The intermediate products become more 

important if the hydrogen concentration increases for any reason as excess supply of 

fermentable substrate and inhibition of hydrogenotrophic methanogens due to a drop in pH 

«6.0) or to the presence of toxic compounds. Under such conditions, fatty acids 

accumulate and might even shift the pH further downward, thus inhibiting the 

methanogens even further. The consequence may be that the whole system turns over, 

meaning that methanogenesis ceases entirely and the fermentation stops with the 

accumulation of huge amounts of fatty acids, as is frequently encountered in unbalanced 

anaerobic reactors. Obviously, the hydrogenotrophic methanogens act as the primary 

regulators in the total methanogenic conversion process and the syntrophically fatty acid 

oxidizing bacteria are affected most severely by a failure in methanogenic hydrogen or 

formate removal (Schink, 1997). 

The function of homoacetogenic bacteria (Fig. 2.1, group 3) in the overall process is 

less well understood. They connect the pool of one-carbon compounds and hydrogen to 

that of acetate. Due to their metabolic versatility, they can also participate in sugar 

fermentation and degradation of special substrates such as N-methyl compounds or 

methoxylated phenols (Schink, 1994). In certain environments, for instance at lower pH or 

low temperature, they may even successfully compete with hydrogcnotrophic methanogens 

and take over their function to various extents. 

J)1ethanogens 

A large number of microorganisms belong to Archaea domain produce methane as 

an internal part of their energy metabolisms. Such microorganisms are called methanogens. 

Methanogens are a taxonomically and phylogenetically diverse group of microorganisms. 

As a group, methanogens use a small number of compounds, 1-12 or one-carbon atom 

compounds (Boone et aZ., 1993; Zinder, 1993). This specialization makes methanogens 

dependent on other organisms for the supply of substrates in most anaerobic environments. 

Without methanogens, effective degr2.dation of organic matter would cease due to the 

accumulation of nongaseous products of fermentation which have almost the same energy 

content as the original substrate. The ability of methanogens to use H2 plays a key 

regulatory role that controls the types of products made by fermentative bacteria and sets 
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the thermodynamic conditions required for the degradation of fatty and aromatic acids. The 

favorable thermodynamics of H2 use by methanogens allows them to metabolize I-b to vcry 

low partial pressures. Because of the large capacity for H2 use by methanogens, }h 

concentrations are normally very low in well operated anaerobic treatment systems, even 

though large amounts of I-h are produced. The ability of methanogens to maintain low 

levels of I-b affects the types of products formed by fermentative bacteria and is essential 

for the degradation of fatty and aromatic acids by syntrophic associations. Formate is a 

common fermentation product, especially by bacteria that use pyruvate-formate lyase in 

their metabolism, and may be an essential intermediate for syntrophic metabolism (Thiele 

and Zeikus, 1988). Many methanogens are able to use formate and it serves as a source of 

electrons for methane formation equivalent to I-h. Acetate is a major product of 

fermentative metabolism and is quantitatively the most important substrate for methane 

production. About 60-90% of the methane produced in anaerobic reactors is derived from 

the methyl group of acetate (Mountfort and Asher, 1978; Mackie and Bryant, 1981; Boone, 

1982). At thermophilic temperatures or at high ammonium levels, the oxidation of the 

methyl group of acetate to H2 may be the predominant route for acetate metabolism. 

Acetate using methanogens include members of the genera Jl;fethanosarcina and 

A1ethanosaeta (Boone el 01., 1993). Methanosarcina sp. have faster growth rates, higher 

apparent Ks (balf saturation constant) values for acetate use, and higher threshold acetate 

values than Methallosaeta sp. (Zinder, 1993). The differences in the apparent Ks values for 

acetate use have been attributed to ditTerences in respective enzymes used to activate 

acetate (Jetten et al., 1990). Since Melhanosarcina sp. and J.1efhanosaeta sp. have different 

threshold values for acetate use but use the same reaction for acetate metabolism, the 

threshold values cannot represent a thermodynamic limiLation. Acetate threshold values 

may result when a critical or inhibitory concentration of unionized acetic acid is reached 

which, for !\;fcfhanosarcina sp., is bet\veen 4 and 7 mM (Fukuzaki cf al., 1990). Consistent 

with the known growth characteristics of the acetoclastic methanogens, a drop in acetate 

concentrations below 1 111M was correlated with a displacement of J\1ethanOSCif"cina sp. by 

Methal1osaelo sp. in a thermophilic digestor (Zinder et a!., 1984). Generally, high-rate 

anaerobic sludge blanket reactors usually have granules composed of JViethcll10saela sp. 

rather than Methanosarcina sp. (Grotenhuis et al., 1991; Wu et al., 1993). Interestingly, 

Raskin ef al. (1996) found that Melhanosaefa sp. and Methanosarcina sp. were present at 

approximately equal levels in glucose degrading anaerobic biofilm reactors even though 



9 

acetate levels were below the threshold values for ]v[ethanosarcina sp. The maintenance of 

Aiethol1osarC;nCl in these biotllms could not be attributed to the utilization of other 

substrates such as methanol, suggesting that there may be MethanosCircina sp. t11;:1t have a 

lower threshold value than has been reported in the literature. Strayer and Tiedje (1978) 

found that acetate was converted to methane at or near the maximal rate in eutroDhic lake x 

sediments since the addition of acetate to these sediments did not result in a corresponding 

increase in the rate of acetate utilization or methane production. This suggests that there is 

little additional capacity to metabolize acetate if the acetate production rates increase. A 

similar conclusion was reached by Hickey and Switzenbaum (1991) for anaerobic sewage 

digestors. This is probably the reason why acetate concentrations in digestors increase 

,vhen orgamc or volume loading rates mcrease. Methanol, methylamine and 

trimethylamine also serve as substrates for Methanosarcina sp. and other methylotrophic 

methanogens (Boone ct af., 1993). These compounds may be important substrates for 

methanogenesis in marine systems (Oremland and Polcin, 1982). Some hydrogenotrophic 

methanogens can oxidize secondary alcohols to ketones and primary alcohols to carboxylic 

acids (Widclel, 1986). 

2.1.2. Start-up and Operation 

The bacteria involved in the fermentative step grovv relatively rapidly, because the 

fermentation reactions give a greater energy yield than the reactions that lead to methane 

formation. For this reason, the methanogens are more slowly growing and tend to be rate­

limiting in the process. This generalization is true with sev.rage, sewage sludges, and most 

industrial wastewaters. However, with certain organic materials, for example the anaerobic 

decomposition of lignocellulosic materials such as grasses, agricultural crop residues, or 

newsprint, the hydrolysis step may be very slow and rate-limiting. 

The successful start-up and operation of an anaerobic system requires that a proper 

balance be maintained between the fermentative and methanogenic organisms (Fig. 2.1). 

This balance is acco111plishecl through proper seeding, as well as through control of 

organic-acid production and pH during the start-up, when the microbial populations are 
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establishing themselves. Ideally, an anaerobic reactor is seeded with digested sludge or 

biomass from an active anaerobic treatment system. This kind of balanced, active seeding 

is necessary because of the slow doubling time (ca. 4 d at 35 DC) of methanogens. If the 

seed contains only a small number of methanogens, the start-up time may be long. For 

example, about 10
8 

to 109 of methanogens are required per ml of reactor volume to ensure 

successful operation of an anaerobic treatment system. If a seed with only 103 per ml of 

methanogens is available, the population would need to be increased by a factor of about 

106
. This requires about 20 doubling times, or about 80 d at 35 DC. At lower temperatures, 

the doubling time increases by a factor of about two for each 10 DC drop in temperature 

(Rittmann and McCarty, 2001). 

During reactor start-up, the operator must maintain a sufficiently small loading on 

the reactor so that organic acids produced by the much faster growing fermentative 

bacteria do not exceed the buffering capacity of the system. If this occurs, the pH will 

drop, and the methanogenic population can be killed. The crucial steps during start-up are: 

(1) begin with as much good anaerobic seed as possible, (2) fill the digester with this seed 

and water, (3) bring the system to temperature, (4) add buffering material in the form of a 

chemical such as sodium bicarbonate to protect against pI-I drop, and (5) add a small 

amount of organic waste sufficient to let the organic acid content from fermentation reach 

no more than about 2,000 to 4,000 mg/l, while keeping pH between 6.8 and 7.6. These 

organic acids are the food source required for the methanogenic population to grow. The 

time when sufficient doublings have occurred will be evidenced through a drop in the 

organic acid concentration. Feeding with additional waste can then be initiated, slowly at 

first, until a balance is reached between fermentation and methanogenesis in the system. At 

such balance, the organic acid concentration will generally remain below 100 to 200 mg/J, 

depending upon the loading on the system. 

Organic acid concentration and reactor pH should be determined on a daily basis can 

be evidenced through a sudden increase in the organic acid concentration. If the buffering 

capacity is becoming depleted, chemical base (bicarbonate) must then be added quickly to 

prevent a drop in pH from occurring, which would kill the critical methanogenic 

popUlation. Thus, monitoring the organic acids and the buffer capacity provides the first 
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line of defense for control of anaerobic systems so that the acid producers and the acid 

consumers achieve and maintain a proper balance (Rittmann and McCarty, 2001). 

2.1.3. Process MonitoriDg 

As with any biological treatment process, anaerobic treatment systems should be 

monitored to ensure successful operation. Upsets of the systems may be caused by both 

hydraulic and organic overloads, and the presence of inorganic and organic toxic 

substances. Some of the more commonly used indicators include; pH, alkalinity, volatile 

fatty acids concentrations, biogas production rates and biogas composition (methane and 

carbon dioxide) and volatile solids or COD reduction. Usually several of these are 

monitored together, as they supply complementary information. The best operation is 

achieved by daily monitoring and the charting of trends of these parameters and applying 

corrective actions before the process gets out of control (Switzenbaum et al., 1990). 

pH IS an important monitoring parameter ll1 the control of anaerobic treatment 

systems, because of the inhibitory effects of low pH on the activity of reactor 

microorganisms especially on methanogens. It controls the fraction of unionized fatty acids 

that freely permeate the cellular mCJ1l brane of microorganisms. After permeating the 

membrane, fatty acids internally ionized, thus lovvering the cytoplasmic pH and affecting 

microbial metabolism (Zoetemaycr et al., 1982). Nevertheless, the occurrence of low pH is 

the result of a well-developed unbalance and as such is not useful as an early warning 

indicator. 

Determination of volatile fatty acid (VFA) concentration in liquid phase is the most 

popular parameter for monitoring of system performance. The question is what organic 

acids should be measured on a routine basis, and how can this be accomplished? The key 

organic acids are the series of short chain fatty acids and which vary in chain length from 

formic acid with one carbon per mole to octanoic acid with eight carbon atoms per mole. 

These acids have been termed volatile acids because, in their unionized form, they can be 

distilled fi:ol11 boiling water. This meaning of the term volafile is different from its meaning 
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in volatile organic compounds, a term generally used to describe organic compounds that 

are readily removed from water by simple air stripping. The short-chain fatty acids cannot 

be removed from water by air stripping. 

The volatile acids that are generally found present in highest concentrations as 

intermediates during start-up of an anaerobic system or during organic overload are acetic, 

prOplOl11C, butyric, and isobutyric acids. These comprise the bulk of the organic acids 

found in anaerobic systems. Other nonvolatile organic acids also are formed as 

intermediates of waste organic degradation such as lactic, pyruvic, and succinic acids but 

their concentrations generally are much below those of the volatile acids and thus are of 

less general concern for control. The volatile acids are all quite soluble in their ionized and 

unionized forms and are present as dissolved species. At normal p1-1 of operating systems, 

they all are present lor the most part in the ionized form. Typical values at 35°C for the 

negative logarithm of the acidity constant, (the pH at which the acids are 50 percent in the 

acid form and 50 percent in the ionized form), vary from a low of 3.8 for formic acid to 

more typical values of 4.8 for acetic and n-butyric acids and 4.9 for propionic acid. 

The routine measurement of volatile acid concentration is of the greatest importance 

in the operation and control of anaerobic systems. Various analytical procedures can be 

used to measure volatile acids. Methods vary from those that require expensive 

instrumentation, such as gas chromatography and high performance liquid 

chromatography, to relatively inexpensive wet chemical procedures involving distilhtion, 

column chromatography, or acid/base titration. The instrumental approacbes allow one to 

differentiate among the various organic acids present, v.;hich can at times be used to help 

diagnose the cause of digester failure. The wet chemical procedures generally provide 

information only on the total organic acid or tolal vo-lati Ie and concentration present, but 

this is often sufficient for routine control (Rittmann and JV[CCarty, 2001). 

Alkalinity is another monitoring parameter. A direct relationship exists between 

alkalinity concentration in the system and VF A accumulation. However, as a control 

parameter effectiveness of alkalinity is not clear under toxicity circumstances (Jenkins et 

aI., 1983). 
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Biogas production rates and more specifically the methane yield can potentially be a 

good indicator of the metabolic status of the anaerobic treatment system. Reduction in 

methane production rates, when compared to the organic loading, gives \varning of the 

accumulation of soluble acid products in the liquid phase. Unfortunately, this is again the 

result of an unbalance rather than a warning of it. 

There is a potential to characterize the metabolic status of anaerobic treatment 

systems by monitoring the concentration of certain intermediate gases such as hydrogen 

(f-h) and carbon monoxide (CO) which are present at trace levels in the biogas. Besides, in 

contrast to liquid phase sampling, where sample pretreatment, extraction and etc are not 

adapted for on-line monitoring, gas analysis are amenable to real time data acquisition. 

CO and }h are two gases that appear to lend useful information concerning the two 

principal terminal reactions in methanogenic ecosystems. H2 monitoring allows some 

measure of the status of the carbon dioxide reduction to be obtained, while CO may give 

insight into the acetate cleavage reaction. Both trace gases have been found respond 

quickly to changes in loading and accumulation of volatile fatty acids and can be 

monitored on-line (Switzenbaum et al., 1990). However, as the microbial composition of 

the system is not completely determined, these parameters should also be used in concert 

with conventional indicators of process performance. 

A desirable monitoring analysis would be that for the active population of 

microorganisms present in the system, especially of the populations responsible for the 

critical steps, including the methanogens. At this point, microbial identification tools for 

such analyses are not available for routine use. However, through promising 16S 

rRNA/DNA based molecular methods, it is now possible to identify microorganisms 

present in anaerobic reactors - regardless of their cultivation capabilities (Raskin ef at., 

1994; Sekiguchi et (fl., 1999; Chan et (fl., 2001). Therefore, such monitoring analyses are 

becoming progressively more essential in control of anaerobic treatment systems 

(Fernandez et ol., 1999; :tv1cMahon et d, 2001). Insights into the diversity, structure and 

function of mixed microbial communities in anaerobic reactors are also necessary to 

improve the stability against inhibitory compounds. So far, oligonucleotide probes have 

been used successfully to determine the relative abundances of methanogenic and 

sui dido genic populations as well as to differentiate among different methanogenic and 



sulfidogenic populations (Raskin et aT., 1996). Analyses for more complex fatty acids, that 

comprise bacterial cell wall has also been used to characterize bacterial populations in 

complex systems (Nishihara et aI., 1995). 

2.2. Identification of rvlicroorganisms in Anaerobic Treatment Systems 

To start-up and operate an anaerobic treatment systems properly the microbial 

diversity in the bioreactor should be continuously investigated. These investigations should 

include the characteristics of microorganisms that lead to the formation and stability of 

biomass, and the physiological and ecological properties of the microorganisms in the 

anaerobic bioreactor. Insights into the diversity, structure and function of mixed microbial 

communities in anaerobic reactors are essential for advancing treatment efficiency and 

stability against inhibitory compounds. Knowledge about microbial diversity and activity 

of the seed biomass are needed for a successful start-up, however, as a general application, 

seed biomass is taken from another anaerobic reactor unadapted to the new wastewater. 

2.2.1. Chlssicai Identification Techniques 

Classical microbiology techniques used in the identification of microorganisms in 

anaerobic bioreactors are often based on cultivation dependent methods on selective 

growth media and direct microscopic analyses. 

CultivClfion dependel7t methodS': For many decades, the identification of 

microorganisms was limited to cultivation dependent methods. The major limi'lations of 

these traditional techniques are that only a relatively small fraction of all microorganisms 

making up a natural community can generally be cultured, and those that can be cultured 

are often difficult to identify. Environmental studies indicate that only 0.1-10 % of all 

microorganisms can be cultivated (Amann et aZ., \995; Hugenholtz e/ d, 1998; Muyzer et 

a1.1993; Muyzer, 1999; Torsvik ef af., 1998). Moreover, several studies proved the 
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existence of cultivation shirts, which means that sorne microbial groups are favored under 

cultivation conditions whereas other groups have no chance to compete. 

Cultivation dependent methods arc especially diiTicult to usc in anaerobic systems 

because syntrophic interactions, low growth rates, unknown growth requirements, and 

obligate anaerobiosis make anaerobic microorganisms difficult to isolate and identify. 

Particularly, methanogens are among the microorganisms that are most difficult to study 

by cultivation-based techniques. 

Aficroscopic Al1alyses: The methanogens are structurally diverse and display no 

unique fcatures by which all species can be characterized. All basic morphological types 

found among bacteria, including cocci and packets of cocci, rods of different shape and 

size, spirillum, and filamentous forms are represented in methanogens. Although, except 

for l\1efhanosaeta, methanogens can be recognized by epifluorescence microscopy by 

detecting coenzyme E l2o-dependent auto-fluorescence, this technique can be used only for 

counting not for identification. Moreover, fading of the autofluorescence and the presence 

of weakly or nOl1-i1uorescent methanogens (i\ifefhol1osaefa) create inaccuracy (Morgan e/ 

af., 1991). The conclusion was that, despite developments in microscopy, direct 

microscopic analyses alone still posses many limitations in identification of methanogens. 

IIowever, accurate identifications may be obtained by combining epifluorescence or 

confocal scanning laser microscopy vvith rRNA-based molecular hybridization techniques 

(Raskin c{ (Ii., 1994; Harmsen ef 01., 1996; Sorensen c{ ([1., 1997; Rocheleau cl 01., J 999; 

Sekiguchi ef 01., 1999). 

2,2.2. Mvkwlar Identification Techniques 

Recent studies 011 anaerobic bacteria and methanogens have been greatly augmented 

by the use of molecular methods as immuno detection, membrane lipid fatty acid analysis 

and rRNAIrDNA based identification methods. These molecular methods provide tools for 

analyzing the entire microbial community in anaerobic bioreactors, covering also those that 

have not been cultured on artificial growth medium in the laboratory. Therefore, sLlch 
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methods are becoming increasingly important in the optimization of anaerobic treatment 

processes. 

Imnnmo detection: Immuno detection techniques are based on the fact that microbial 

cell wall biopolymers have strong antigenic properties that can be used to raise antibodies. 

When labelled with fluorescent dyes or with gold particles, they can be used for the 

detection of specific microorganisms. Immunological methods for the detection of 

methanogens in anaerobic bioreactors have been presented in a number of papers in the 

literature (Bryniok and Trosch, 1989; Koornneef et aZ., 1990; Macario and Conway de 

Ivlacario, 1988; Macario et al., 1991). In the latest study, Sorensen and Ahring (1997) were 

dcveloped an enzyme-linked iml11unosorbent assay (ELISA) for the detection of whole 

cells of methanogens in samples from continuously stirred anaerobic bioreactors treating 

slurries of solid waste. The assay "vas found vvell suited for quantitative detection of the 

main groups of methanogens in complex samples from anaerobic digesters. They claimed 

that, the limited preparatory work required for the assay and the simplicity makes the test 

amenable for routine analysis of large numbers of sampJes. Nevertheless, to increase the 

applicability of this method pure mcthanogenic cultures are needed to raise specific 

antibodies. JVIoreover, sensitivity reduces with the cross-reaction of antibodies with other 

non-related strains. 

Afembrane lipidfatty acid analysis: Although, membrane lipid fatty acid analysis has 

been extensively used to identify unknown microbial isolates, it is not always suitable for 

the characterization and quantification of microorganisms in complex biomass (Bottger, 

1996). Bacteria and archaea that lack signature lipid biomarkers are especially difficult to 

distinguish in the mixed culture profile. In addition, lipid analyses are not very sensitive 

and therefore microorganisms that are present in low numbers are beyond detection. 

Moreover, changes ill the environmental conditions affect the membrane iipid fatty acid 

patterns. Nevertheless, there are some applications of lipid analysis in the literature to 

detect and quantify tbe methanogens (Ohtsubo c/ aZ., 1993; Nishihara e/ al., 1995), sulfate 

reducers and syntrophic propionate degrclC1ers (Ouele Elferink ct 01., 1998a). 

Ribosomal RNA/DNA (rRNA/rDNA.) based lIlefhods: Without doubt, rRNA/DNA­

based molecular methods have become the most important detection and identification 
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methods in the determination of genetic diversity of complex microbial populations. 

Sequence analysis of the rRNA or the rRNA gene (rDNA) has revealed that 16S and 23S 

rRNA can be used as evolutionary biomarkers (Stams and Oude Elferink, 1997; Ouele 

Elferink et aI., 1998b). The 16S and23S rRNA contain both highly conserved and highly 

variable regions. At present, a large database of 16S rRNA sequences is available, which is 

expanding daily, and 16S rRNA analysis has become a significant tool for the 

identification of new isolates. The results of the studies indicate that molecular techniques 

provide an excellent method for the rapid and quantitative monitoring of microorganisms 

in their communities. Therefore, these techniques are bridging the' gap' between engineer 

(reactor operation) and microbiologist (culture-based study) and lead to an interactive 

communication between them for improving the performances of reactors used in 

vv'astewater treatment (Sekiguchi et al., 2(01). 

Several rRNA based methods have been developed to identify and quanti[oy 

microorganisms in anaerobic bioreactors. These methods even can be used without 

cultivation of the microorganisms (Fig. 2.2) (Ouele Elferink et al., 1998b). 

One of the methods used for the identification of microorganisms in anaerobic 

bioreactors is hybridization with rRNA-based oligonucleotide probes (Raskin et al., 1994; 

P,-ocheleau ct al., 1999; Sekiguchi et al., 1999) "which are short single-stranded oligomers 

of 15-40 nucleotides that can be synthesized chemically. The oligonucleotide probes are 

complementary to either variable or conserved parts of the rRNA. For the detection and 

quantification of microorganisms, the oligonucleotide probes either are made radioactive 

by 32P-Iabeling or are chemically linked to fluorescent dyes. The best probe hybridization 

will be obtained vvhen all nucleotides bind to the target; one mismatch may weaken thc 

binding. The probes can be applied after extraction ofthc rRNA from the sludge (clot-blot 

hybridization), but can also be used in situ (fluorescent in-situ hybridization; FISH) in 

combination with fluorescent microscopy or confocal scanning laser microscope (CSLM). 

The major advantage of oligonucleotide hybridization methods over other 

hybridization methods (eg. immuno labeling) is the fact that the probe specificity can be 

controlled. Species-specific probes can be designed by targeting the most variable regions 

of the rRNA, whereas more general probes (group or genus) are complementary to the 
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more conserved regIOns. Various groups of microorganisms have been detected and 

quantified with rRNA hybridization probes in anaerobic bioreactors (Raskin e{ ([I., 1994; 

I-Iarmscn et al., 1996; Sekiguchi et aI., 1999; Tagawa et al., 2000). The combined use of 

different fluorescent dyes offers very interesting possibilities to study the ecology of 

certain strains within a community of related organisms. 

Hybridization 

Anaerobic sludge 
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/EX(raC(iOIl~ 

In-situ 
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rDNA ~-- crDNA 
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Figure 2.2. The 16S rl~NA/DNA based approach for identification and quantification of 

microorganisms in anaerobic bioreactors 

At present, the most time-consuming part of the rRNA hybridization method is the 

development of probes and the evaluation of their specificity. This explains why detailed 

sludge characterization studies are still hampered by the lack of suitable probes. 

Fortunately, the number of probes suitable for sludge studies is still increasing. There are 

also some limitations in rRNA hybridization methods including questions of RNA 
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extraction or probe insertion efficiency (Sekiguchi ct al., 1999) and molecular preservation 

(Raskin ef (/1., 1994). 

The PCR amplification or rRNA genes (rDNA) is another rDNA-based detection 

method. A few target rRNA genes can be amplified with polymerase chain reactions to 

make them detectable and quantifiable. The selection of peR primers determines which 

rRNA gene and which pmi of the rRNA gene will be amplified. If PCR amplification '/<.rith 

universal primers combined with cloning and sequencing analysis, it is possible to get 

information about the microbial composition of anaerobic sludges (Sekiguchi et 0/., 1998; 

Godon et al., 1997; Delbes et al., 1998; Fernandez et al., 1999; 2000; Zmnstein ct al., 

2000). Besides, if selective primers are used, it is possible to amplify rRNA genes from 

specific groups of microorganisms present in the biomass. PCR amplification with archae a 

and eubacteria -specific primers in combination with cloning and restriction fragment 

length polymorphism (RFLP) analysis or amplified rDNA restriction analysis (ARDRA) 

was used to identify the acidogenic and methanogenic populations in anaerobic bioreactors 

(I-Iiraishi e{ Lll., 1995; Fernandez et al., 1999; 2000; Ficker e{ al., 1999). 

Illstcad of difficult and expensive cloning technique, it is also possible to separate the 

PCR products with denaturing gradient gel electrophoresis (DGGE) or temperature 

gradient gel electrophoresis (TGGE). Separation of DNA fragments in DGGE or in TGGE 

is based on the decreased electrophoretic mobiEty of partially melted double-stranded 

DNA molecules in polyacrylamide gels containing a linear gradient of DNA denaturants (a 

mixture of urea and formamide) or a linear temperature gradient. Molecules with different 

sequences may have a different melting behaviour, and therefore "vill stop migrating at 

diflerent positions in the gel and similar fragments denalure at the same position. After 

staining, a banding pattern is obtained with each band theoretically representing a 

microbial species. By usiGg selective PCR-DGCE in combination with partial DNA 

sequencing or hybridization by using specific DNA probes, complex microbial populations 

in anaerobic bioreactors can be studied (Santegoecls et cd, 1998; Chan ef 01., 200 l; Perreira 

ct 01., 2002). 

Whereas DOGE analysis of PCR products is a powerful tool to analyze diversity and 

dynamics of microbial communities, it has some severe limitations. 
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The method involves extraction of nucleic acids and subsequent PCR, "vhich may 

both cause some bias: Not all cells lyses under the same conditions and preferential 

amplification of certain templates can occur. Therefore, different intensities of DGGE 

bands must not be interpreted as quantitative measures of the abundance of species relative 

to each other. For qualitative statements on the development of a certain band (population) 

over time, i.e., to monitor its appearance or disappearance, identical treatment of all 

samples has to be ensured. 

Separation of DNA fragments with high resolution is restricted to a maximum size of 

about 500 bp. Consequently, the phylogenetic information that can be retrieved by 

sequencing is relatively little. In case of full identity with an rRNA sequence in a database 

it might be sufficient for identification, but in cases in which only distantly related 

sequences are available classification becomes difficult if not impossible. Also 

characterization of bands by hybridization analysis with rRNA-targeted oligonucleotide 

probes is only possible if the probe target region is within the amplified fragment, which is 

only the case for a small fraction of the full set of available probes. 

The main difficulty, however, is the "one band - one species" hypothesis. Especially 

111 complex communities, bands might originate from two or more fi.-agments that co­

migrate on the denaturing gradient gel. Furthermore, single species might result in two or 

rnore DOGE bands due to intcr opcron microhcterogeneity (NLibel et aI., 1996). 

2.3 Toxic Substances in Anaerobic TreatIl1cnt 

To maintain a stable process in anaerobic treatmcnt, there should be a balance 

between volatile fatty acid production and consumption ratcs. Since the su:::;ceplibility of 

methanogens to toxic compounds is much greater than that of acidogens, the prescnce of 

toxic compounds in the reactor can easily disrupt the balance betwecn acidogenesis and 

methanogenesis. Therefore, this unbalance may be the start of a falal upsct of the anaerobic 

treatment process. If some precautions are not taken as reducing the organic loading rate 
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and pre-treating the toxicant in the influent, the ul1imate consequence will be a significant 

pH-drop below the tolerance level of methanogens, because of volatile faLty acid 

accumulation in the system (Stronach et af., 1986). In that case, recovery of the reactor is 

only possible by means of completely starting-up again after addition 0 f viable 

me1.hanogenic seed sludge. 

Inhibition of the anaerobic treatment process can be mediated to varying degrees by 

toxic compounds present in the system. These substances may be components of the 

int1uent waste stream, or by-products of the metabolic activities of the microorganisms in 

the reactor. Inhibitory compounds, for instance, may interfere with metabolic enzymes of 

one or more members of a trophic group, or with energy metabolism by uncoupling of 

growth and ATP production, or with cell membranes, creating intracellular changes of the 

pH or the salt concentration (Kadam and Boone, 1996; GaUert e{ al., 1998). 

C0l11l110n toxic substances in anaerobic digestion causing severe operational failures 

are volatile falty acids especially propionate, sulfide, ammonia, heavy metals, cyanide, 

organic solvents and etc. Ammonia inhibition yvill be discllssed in details in the following 

section. 

A very common metabolic end product in the ,macrobic digestion of proteii1-

containing wastes is ammonium-nitrogen. Although ilmmonium is an important buffer in 

anaerobic digestion processes and an essential nutrient for n1ethanogens, high 

concentrations can be a lIlcYOl" cause of operatiOIl<1] hl;lurc. Organic fraction of municipal 

solid 'vvaste (Kayhaniall, 1994; Gallert and \Vinkr, 1997; Varaldo c! 01, 1997; Gallert e/ 

aI., 1998), 'Naste activated sludge (Lay cf aI., 1998), Y\'astewaters originating from potato 

starch, baker's yeast, dairy and seafood processing industries (Koster and Lettinga, 1984 

and 1988; Koster, 1986; Omil e{ aI., 1995; Guerrero ef (fl., 1997; Vidal e{ a!., 2000), young 

landfill lcachates (Borzacconi et ol., 1999; Inanc e{ al., 2000a) and animal manures 
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(Angelidaki and Ahring, 1993 and 1994; BOlja et al., 1996; Krylova c{ aI., 1997; Hansen ct 

aI., 1998; Sterling e/ ol., 2001) contain ammonium concentrations at inhibitory levels. 

The inhibitory effects of ammonia, as far as is known, influcnce mainly the phase of 

methanogenesis in anaerobic reactors (van Velsen, 1979; Koster & Lettinga, 1984; Koster, 

1986; Koster & Lettinga, 1988; Bhattacharya & Parkin, 1989; Blomgren e/ af., 1990; 

Heinrichs ef ct!., 1990; Poggi-Varalclo e{ af., 1991; Angelidaki & Ahring, 1993; Kayhanian, 

1994; Gallert & Winter, 1997; Poggi-Varaldo et (fl., 1997; Lay e/ ClI., 1998). Other 

sensitive reactions, such as those performed by the acetogcnic bacteria, may also be either 

directly or illdirectly affected by accumulation of volatile fatty acids or hydrogen in the 

system (van Velsen, 1979; Koster, 1986; Koster & Lettinga, 1988; Heinrichs e/ al., 1990) 

Two species of ammonia nitrogen, the gaseous form free ammonia and the aqueous 

form ammonium exists together in equilibrium as indicated in the following equation. The 

relative abundance of the phases depends upon both pH and temperature of liquid phase of 

the anaerobic reactor 

(2.1 ) 

As pH increases, equilibrium shifts to the left and ammonium is converted to more 

inhibitory free ammonia form. Increasing pH from 7 to 8 actually leads to an eight-fold 

increase in free ammonia fraction of total ammonia nitrogen. 

Free <1l11l11011la concentration can be calculated by l1smg the following formula 

(Koster, 1986; Heinrichs ef {fl., J 990; Varaldo e{ cd., 1991; Angeliclaki and Ahring, j 993; 

BOlja e/ (ff., 1996): 

TAN (2.2) 
FAN = . 1 + 10(1'1,-" -pH) 

2729.92 (2 ") 
PK =0.09018+ .~ 

a 1'+273.15 
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FAN 

pKa 

T 

: Total ammonia nitrogen, mg/l 

: Free (unionized) ammonia nitrogen, mg/l 

: Dissociation constant for ammonium ion, 8.95 at 35°C 

: Temperature, °c 
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Despite the toxic form of total ammonia is the temperature and pH depending free 

(unionized) ammonia, most of the toxicity threshold concentrations in the literature are 

given as ammonium nitrogen. Therefore, there are difficulties in comparing the threshold 

concentrations given in different forms with lacking pH and temperature values. 

IV1cCarty (1964) reported ammonia inhibition to occur at TAN concentrations in the 

range of 1500 to 3000 mg/l at pH levels above 7.4, whereas at concentrations in excess of 

3000mg/l the ammonium ion was claimed to be toxic irrespective of pH. Likewise, Koster 

and Lettinga (1984) reported ammonia inhibition to occur at 1700 rng/l TAN at pH 7.5. 

These studies have mostly been carried out using anaerobic digester sludge, in which TAN 

concentrations were typically below 1000 mg/l, as a seed material. 

Van Velsen (1979) has determined that the time needed to achieve an acceptable 

anaerobic degradation was increased with increasing ammonium concentrations, when 

anaerobic digester sludge unadapted to high ammonia concentrations was used as seed. 

However, vvhen sludge from a swine manure digester adapted to 2400 J11g/1 TAN was used; 

the lag period was shorter or non-existent at ammonium concentrations as high as 5000 

l11g/l TAN 

Similar results have been given for granular sludge, INhere methane production was 

fully inhibited at 1900 mg/l TAN for a potato juice feel reactor (I(oster. 1986). AJlcr 

. ' , 1 1 . l 11 0 I[ '1" N .. 1)0°1, adaptatlOl1 01 the same slue ge, meL1Zlnogcnesls occurrec at .0 gi Ai IVILJ1 '/ ,0 

inhibition and at 16 gil TAN methanogenic activity became nil (Koster and Lcttinga, 

1988). After the adaptation process in which the sludge gained the ability to produce 

methane at ammonium concentrations exceeding the initial toxicity threshold level, the 

maximum tolerable ammonium concentration was 6.2 times higher than the initial toxicity 

threshold level. 
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Kayhanian (1994) reported that by adapting the methanogens to a111]11011n it was 

possible to operate the high-solids digester at TAl'\T concentrations up to 23 

whereas 1100 mg/l vvas originally considered to be the upper limit. 

rng/I, 

Free amm011lC1 has been pointed out as the active form of total aml110ma causll1g 

inhibition. 50-100 mglI FAN has been proposed as the minimum inhibitory level (Koster 

and Lettinga, 1984; DeBaere et al., 1.984; Soubes et a!., 1994). McCarty and McKinney 

(1961) f:Jund 150 mg/l FAN to be the inhibitory concentration. Anaerobic digesters 

operating with animal manures often have high pH values around 8 and especially at 

thermophilic temperatures (Angelidaki and Ahring, 1993; 1994; Hansen e{ cd., 1998) 

inhibitory FAN concentrations were reported as high as 700 - 1100 mg/l. 

Borzacconi ef 01. (1999) reported 2m ammonia inhibition at pH 8.5-9.0 and 1470 mg/l 

TAN in a lab-scale UASB reactor treating young landfill leachate. By adjusting the inlet 

n1-I, it is Riven that ammonia inhibition \vas reverted and 80(% COD removal efficiency at 
• u, 

20 kg COD/m3.day organic loading was obtained. Similar results wcre renortecl bv Inane ef 
L- ~ L "-' 1. J 

01. (2000a) in anaerobic filter, UASB and hybrid bed reactors treating high ammonia 

landlill leachate. High TAN concentrations of about 2700 mg/l with pH values around 8.0 

in anaerobic reactors were clail1lt2d to increase the possibility of ammonia inhibition. 

In another study conducted with a wastewater originating from a sea-food processing 

industry Omi! et af. (1995) reported that, however, the control of the influent protein 

content is necessary, FAN concentrations higher than 200 mg/l cause severe inhibitions in 

anaerobic treatment of this ,vastnvater. In a sirniJar study, Guerrero et ai. (1997) 

successfully operakd an npi10w anaer"bic filter in the li-Climent of the wastewater of a 

fishmeal factory. By using an acclimated biomass, no ammonia inhibition has been 

observed at 350 mg/l FAN even at the start-up. 

It has 'oeen sUGuested that the intemction bet ween free ammonia, volatile ratty acids 
bO 

and pH lead to an "inhibited steady state", which is a condition \vhere the process IS 

running stable but \vi1h a Imver methdlle yield. This hClS been shown to happen when the 

substrate has a higb ammonia concentration (A,ngelldaki and Ahring, 1993; Angclidaki et 

a!., 1993) 
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Acetoclastic methanogens seem to be more sensitive to ammonium, at conce;]tra~ions 

above the lhreshold JeveJ of 1700mg/] TAN, than the hyclrogentrophic methanogens 

(Koster and Letlinga, 1984). This corresponds with the imporlance of the acctocbstic 

methanogens for the overall performance of the anaerobic reactors. 

Calli e{ af. (2000) found 320 mg/l to be the inhibitory FAN concentration (3500 mg/l 

TAN, pH 8.0, 35°C) in granular ana.erobic sludge fed with acetate. In f10ccubnL sludge, 

lhis inhibitory concentration was reported as 130 mg/l (3500 mg/i T)\N, pH 7.5, 35 11
('). At 

higher ammonium concentrations vv-jth lower pH and free ammonia levels, reduction in 

biogas production that is the indication of ammonium inhibition was determined. Likewise, 

as to free ammonia inhibition, granular anaerobic sludge vvas found more tolerant than 

HoccuJcnt sludge to ammonium inhibition. 

For hydrogcllotrophic methanogens Angelidaki and Ahring (1993) and Hansen ct 01. 

(1998) reported higher ammonia inhibition concentrations (> 1200 mg/l FAN) than given 

for a whole anaerobic swine manure digestion process. Since about two thirds of the 

methane produced in an anaerobic reactor is derived from acetate, a decrease in the activity 

of acctoclastic methanogens severely affects the anaerobic degradation process (Blomgren 

e{ aI., 1990; Schntirci.· e( aI., 1994; 1999; Hansen et 01.,1998). 

l'>- sigmoidal pattern of ammonia inhibition of the act'ticbstic methanogens was 

observed by Varaldo cf Lll. (1991) and Angelidaki and Allring (1993), who found that the 

Qrowtb rate and the sDecifie acetate UIJtake rate were ~1 [jeeted bv the free (lcnmonia 
'--" 1 "' 

concentrZltiol1 in a three stage patlern: initial inhibition, plaleau and final il1hibitlon. This 

irlhibition paitern could indicate that two inhibition mechanisms are involved, (icting at 

ditTcrent concentration levels. The hyclrogenotrophic metlJanogens exhibited, hUiveva, ~l 

more linear pattern of inhibition. 

In the experiments conducted by Sprott and Patel (1986) v,rith pure cultures, rcD:'lTed 

to above, the acetic1astic meth,:nogcns Mcf/wl1osarcinCl borkcri and j\{clhanothrix concilii 

(MerhCl110Sac/a cOlicilii) also seemed to be more sensitive than the hyclrogenotrophic 

methanogens to increasing ammonium concentrations. J\iefhanospirillwl1 hUl1ga(ci, which 
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needs acetate as a carbon source even though it is a hydrogenotroph, was very sensitive to 

ammol11um. 

Methanogens used or identified in vcry limited ammonia inhibition studies in the 

literature are presented in Table 2.1 according to their sensitivity and tolerance to 

ammonia. For eacb methanogen, morphological properties, substrates and optimum growth 

conditions arc also given. 

Table 2.1. Classification of methanogens according to sensitivity and tolerance to ammonia 

Optimum grovvth 
conditions 

Ammonia sensitive Morphology Substrates pH Temp. Ref. 

A1ethanospirilllll71 hllngafe sheathed spiral I-I,F 6.6-7.4 30-37 [1] 

k/e{/zol1osorcim/ barkeri Lneg. coccus H, Ac, :tv1e 6.5-7.5 30-40 [1] 

AfethoJ1osoca{u concilii sheathed rod Ac 7.1-7.5 35-40 [1] 

}\iethuF1obacterium blyanfii rod H, 2P, 2B 6.9-7.2 37-39 [1 ] 

AieflwllobucteriulJI form iciclI771 rod H, F, 2P, 2B 6.6-7.8 37-45 [1] 

Afellwl1%hus I ayl ori i l1Teg. coccus Me, Ma, DS 8.0 37 [2] 
-------------~--. 

Ammonia tolerant 
---------_. 

}\1c1 /wllohre l'i hucler aboriph illis cocco bacillus I-I, F 7.8-8.0 30-37 [1] 

}\1elhul7obrel' ibuct ('f' S171 if h j i cocco bacill us H,F 6.9-7.4 37-39 [1] 

kfcfhcll70bucfcriulIl strain rod H, F 6.2-8.4 30-40 [ 1 J 

MethanoClIllclis bOi!!'gel1se irreg coccus H, F 7.4 37 [3 J 

A1efhanoi1a/opliilus zhiliJwcac irreg coccus Me,1Via 9.2 45 [2] 

U= hydrogen/cnrbon dio,\ick; F= formille; J\c= acetate; Me= methanol; Ma= meti1ylamines; 21'= 2-propanol; 

28= 2-butanol; DS= c1imethylsuliide 

[i] Sprott and Patel, 1986 

[2] Kadall1 and Boone, 1996 

l3] SchnUrer ('I aI., J 999 

It WclS reportl:~cl that A1efha77obacfcriwn jhrmiciclilil was partially inhibited in the 

presence of TAN conccntr8tion of about 3000 mgll and a pH of 7.1, with some loss of 

growth and CHrforming capacity, whereas 4000 mg/l completely inhibitcd the 
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microorganism (Hobson and Shaw, 1976). In another study, Haj arnis and Ranac~e (1993) 

reported a 50% inhibition for MethanobacteriUlIl at ammonium concentration of IOn/I b , 

which resulted in a FAN concentration of 113 mg/l at pH 7.0 and 35°C. Hovvcver, the 

efficient functioning of nOl1-methanogenic anaerobic bacteria has been noted al 

concentrations of TAN in excess of 6000 mg/l and a pH value of 8.0. 

Sprott and Patel (1986) had shmvn that some of the methanogens do not require 

adaptation period to resist high concentrations of ammonia. While an adaptation through 

genetic changes of an initially sensitive strain could occur, they claimed that the recovery 

period of a reactor is more likely to represent the growth period required to select for those 

resistant strains already present in the sludge. 

Similarly, Blomgren et al. (1990) and SchnUrer et al. (1994) suggested that 

acclimation to high levels of ammonium in enrichment cultures occurred through selection 

for methane production by synthrophic acetate oxidation. In the presence of high 

ammonium concentrations the aceticlastic methanogens were inhibited and acetate was, 

instead, converted to hydrogen and carbondioxide by a homoacetogenic bacterium. Then a 

hydrogenotrophic methanogen, presumably less sensitive to ammonium than aceticlastic 

methanogens, used the hydrogen formed to reduce carbon dioxide to methane. In the 

absence of ammonium, acetate was directly split to methane and carbon dioxide by 

aceticlastic methanogens. In their subsequent study, Schnlirer ef of. (1999) identitled the 

hydrogenotrophic methanogen as JvfefhoJ1ocullells bOllrgcilse with an identical partial 16S 

rDNA sequence. The conversion of acetate to hydrogen and carbon dioxide can only occur 

at low partial pressures of hydrogen in the presence of a hydrogen consuming 

ll1icroorgaJlis111. In stallc1ard COllc1itions the oxidation of acetate is a thernl0dynanlically 

unfavorable reaction. So far, methane formation by syntrophic acetate oxidation has only 

been reported by Zinder and Koch (198 /+), Petersen and Ahring (1991) and SchnLirer e{ al. 

(1994). 
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2.4.1. Engineering Solutions for Ammonia Inhibition in Anaerobic Treatment 

According to engll1eenng significance, it is reported that for ammoma toxicity, 

sludge or biomass retention time is a very important parameter in the design and control of 

anaerobic rectors (Bhattacharya and Pc~rkin, 1989; Varaldo et al., 1997; Angelidaki and 

Ahring, 1993). With continuous addition of ammonia, a high sludge retention time (SKI') 

system sho\vs less adverse effects than a low SRT system. With slug additions, however, 

low SRT systems have the advantage or lower toxicity because of a higher dilution rate of 

ammonia (Bhattacharya and Parkin, 1989). 

Toxic ammonia concentrations might be mitigated by the addition of ion exchangers 

or adsorbers, such as zeolite (Borja et al., 1996; Kayhanian, 1994) and phosphorites 

(Krylova et aI., 1997). Alternatively antagonistic cations like Mg+2
, Ca+2 or Na+ may be 

added to stabilize anaerobic degradation (lvIcCarty and McKinney, 1961; Sprott et al., 

1984; 1985; Sprott and Patel, 1986). 

Van Vel sen (1979) emphasized that to ensure the rapid and safe start-up of anaerobic 

reactors, which ammonium concentrations are expected to become high, it is essential that 

a proper inoculum be chosen. Koster and Lettinga (1984) reported that application of 

anaerobic treatment needs a careful management of the process, particularly during the 

start-up, even jf granular seed sludge is used. 

Control of the pH in the influent of anaerobic reactor is very important for reducing 

the ammonia inhibition possibility by maintaining lower free ammonia levels (Borzacconi 

e/ al., 1999; Inanc e/ al., 2000a). In case of insufficient butTering capacity of the reactor 

content, such a volatile fatty acid build-up because of ammonia inhibition may result in a 

beneficial pI-I-drop, naturally reducing the inhibitory effect of ammonium (Koster, 1986; 

Koster and Lettinga, 1988). Moreover, investigations of Angelidaki and Ahring (1994) 

clearly showed that decreasing the process temperature could be a good option for 

overcoming ammonia inhibition in anaerobic reactors. Besides, changes in gwwth rate and 

the effect on ammonia inhibition with temperature should be balanced. 
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Inanc et al (2000b) has reported that attached growth systems; anaerobic filter and 

hybrid bed reactors are more resistant 10 ammonia inhibition than VASB reactor. This 

might be explained by the diffusion limitation of the ammonia into the depths of the 

biofilms. Domination of ammonia resistant methanogens in the anaerobic filter and hybrid 

bed reactors is also possible (Inane et al., 2000b). The types and percent distribution of 

methanogenic populations should be determined in the reactors for bringing an explanation 

to the phenomenon. 

In a previous study (Calli et al., 2000) it was found that granular anaerobic sludge was 

more tolerant than flocculent sludge against free ammonia inhibition. A comparable 

suggestion \vas stated for biofilms by Inane et af. (2000b) that surface diffusion of free 

a1111110111a is limited to the deeper parts of biofilm as to the inner parts of granules. In 

addition, similar situations are also valid for some methanogens. For instance, 

A1elhol1osarcinC1 packets are more resistant since the cells inside the packets are protected 

from inhibitory compounds by comparison with single cells (Macario et al., 1999). 

2.4.2 Postulated Amm.onia Inhibition Mechanisms on Methanogens 

At least two possible formation mechanisms for a111m0111<1 inhibition have been 

postulated by pure culture studies (Spral et aI., 1984; 1985; Sprott and Patel, 1986; Kadam 

and Boone, 1996): 

1. The activity of methane synthesizing enzymes may be directly inhibited by free 

a1111110111a, 

2. Hydrophobic free ammonia molecule probably diffuses passively into the cell. Inside 

the cell ammonia is rapidly cOllverted to amlllonium owing to the intracellular pH 

conditions. Ammonium accumulated inside the cell may be toxic by altering the 

intracellular pI-lor the concentration of other cations such as K+ (Figure 2.3). 
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Figure 2.3. Model hypothesized by Sprott and Patel (1986) to illustrate tyVO separate 

interactions of ammonia with Meflianospirillum hZll1gafei 

Either way, high pH and total ammoma concentration could exert their toxicities 

synergistically. At higher pI-I values, a larger fraction of ammonia is unionized; about 1. J % 

at pH 7, but almost 78% at pH 9.S at 35°C. Passive diffusion of free ammonia into the 

cytoplasm disrupts the internal cell pH by taking up protons to establish the NI-h/NI-L}i' 

equilibrium. In order to try to maintain the internal pH, the cells will activate system,s, 

which actively import protons. I'viany methanogens can achieve this by exchanging 

potassium from the cytoplasm ,vj1h protons f)'om the environment, a so-called K+/H'-

Clntiporter. Also if methanogens growing at a higher pH establish a more negative pH 

difference between inside and outside to maintain a nem-l1C'utraJ cytosol, then the potentia! 

toxicity due to NH/ accumulation would also be greater (Sprott and Patel, 1986; Kadam 

and Doone, J 996). 
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3. ANAEROBIC TREATMENT OF HIGH AIVIMOl"UA LA"ND'TIL?-1 

LEACHATE "V\lITH P,j'''JD WITHOUT pH CONTROL 

3J. Amacrobic Treatment of LlWdfiH Lead:ate 

1n Istanbul, municipal solid wastes are disposed into Odayeri and KbmlircLiocb 

Sanitary Landfills located on the European and Asian sides of the city, respcctively. 

Kc)miircLioda Sanitary Landfill is under operation since 1995 on the Asian Side. It has been 

constructed on an old lignite and clay mining site with a total area of about 100 Ha. Its 

operating capacity is approximately 20 years and currently, about 4000 tons of solid waste 

is landfillecl everyday. 

Leachate generated in Kbl11iirciioda Landfill is collected in a concrete collection tank 

located at the lowest elevation of the sij.c witb perforated pipes laid on the impervious clay 

layer and gcornembrane liner. The concrete collection tank is connected to the adjacent 

large earthen basin geomembrane covered holding pond. Recently, the excess lc(~chale of 

about 1500-2000 111
3/day is transferred by tankers to the nearest sewer ending at Tuzla 

Municipal Wastewater Treatment Plant. Despite bigh leachate transportation costs, 

Istanbul !vfctropoliLm Municipality, the owner and the operator or the landJllls" would like 

to construct leachate treatment plants consisting of anaerobic and aerobic biological uniu, 

for current and future landfills. 

In literature, there are numerous studies about amerobic treatability of leachate 

generating from ditTerent landfills in dijTerenl countries. Some data Crom these studies arc 

presented in Table 3.1. However, because of the ditTerences in the COl11po~iilion of solid 

wastes lanclfilled, climatic conditions of the region, field operations and the landfill age, 

the leachate generated in other landfills may not resemble KOl11lirciioda Landfill leachate in 

characteristics and treatability. Therefore, to select the appropriate processes for the 

treatment of leachate, characterization and treatability studies should certainly be 

conducted. For this purpose, the anaerobic treatability and characterization study 



mcntioned in this and subsequent chapters vvas started in August 1998 to obtain cOll1palibic 

design parameters and to propose solutions for possible problems in the opnillion or 

anaerobic reactors cspecially at start-up. f./loreovcr, the data obtained from this study may 

also be usee! in the design and operation of other leachate treatn1'.:nt p1i1nts with similar 

leachate characteristics. 

Table 3.1. Delta of some previous studies about anaerobic treatability of leachatc 
.-._--_ .. 

Leachate source 

Colchester, 

England 

!:spoo, Finland 

A CorLln~l, 

Spain 

Montevideo, 

Uruguay 

IZl11ir, Turkey 

Reactor type 

Hybrid bed 

lJASB 

Anaerobic 

fi I ler 

UASB 

Anaerobic 

S13R 

llybrid Bcd 

II] Ncdwcll & Reynolds, 1996 
[2J KcltU!lCIl &. RinlalZl, 1998 
[3 J [Vlclldcz eI (fl., 1989 
[LI] BorZ(lCOlllli el al., 1999 
[5J TillllJl & Ozlurk. 1997 

---_. __ . 

Temp., 
(\C 

30+/··2 

13-23 

37 

30 

35+/-2 

35 +/-2 

.-.~~-

Operation~ll paramc~c.~ ____ ~ .. __ 
OLR, HRT, COD rem. Rei'. 

kgCOD/m3.day clays efT.. % 

3.75 5.0-2.5 81-97 [IJ 

1.4-4.0 50-75 [2] 

CJ.2-1.2 10.7-1.8 55-60 [3 ] 

9-15 2.0 75-95 [4.1 

6.5 10-1. 5 74 

0.8·16.5 5.1-0.9 81.4 

According to the first 250 davs of tbe anaerobic trcaLlbility study including the start-
~ . 

UD of the reactors, high ammonia concentrations or about 2700 mg/l with pH values as high 
" . ~ 

as 8.2 were claimed to be responsible for an increase in the possibility of ~lmll1ol1ia 

inhibition (Inane et crl., 2000a). In a similar study, iilhibition is reporlecl at pI-[ ~lrCl\\nd 8.5 

(lnd ammonium nitrogen concentration of 1470 mg/l in a laboratory scale UASi3 lTaetor 

treating young landfill leachate in Montc/ielco, tJruguay (I3or;;:C1cconi ef ClI .. 1999). 
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In tbis chapter, results of the long-term anaerobic treatability study under lovv and 

lllOdcrately high free ammonia concentrations concerning with pI-I control in th~; reactor 

ini1uents are presented. 

3.2. Charaeterization of Leachate 

For characterization of KbmUrcHoda Landfill leachate, samples were taken l1'om the 

leachate balding tank located at the lowest elevation of the landfill and brought to 

laboratory once every week between August 1998 and April 2001. The v,rameters 

analyzed were COD, BODs, total and volatile suspended solids, pH, alkalinity, total 

Kjeldahl and ammonium nitrogen, total phosphorus, chloride, metals as iron, manganese, 

copper, zinc, lead, cadmium, chromium and nickel. 

In this study, KomLircUoda LancHill leachate was characterized by high COD and 

ammonia concentrations ranging from 5850 to 47800 mg/l, and from 980 to 3260 mg/l, 

respectively. General characteristics arc listed in Table 3.2 as minimum, maximum and 

average values with the numbers of analyses and duration. 

Although pl1 values havevariccl between 7.0 and 8.2 in dry seasons, the orgal1lc 

content of the leachate \vas entirely composed of volatile fatty acids. Relati\'ely elevated 

DB values Vlere actuallv due to high alkalinit')T levels, which \vere affecled strongly b)! 
.l - . .J <.,..... '--' ... 

cxtraordimlrily high ammonia concentrations. BODs/COD ratio above 0.6 for most 

samples \vas an indication of high biodegradability <lnd acidic ph::lsC of decomposition in 

lhe young landfill. NH4-N/TI(N ratio around 0.9 il1dicates that; mo~t of the nitrogr>n '.vas in 

the form of ammonia nitrogen. 

Three different laboratory SC8lc anaerobic reactors namely upflow anaerobic sludge 

blanket (UASB), anaerobic upflow filter CAF) and hybrid bed reactors vvere operated for 
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1015 days in the treatment of high ammonia Kbmiirciloda landfill leachate. Configurations 

and dimensions of the reactors are shown in Figure 3.1. 

Table 3.2. Characteristics of Kbmlirclioc\a Lamlfiii leachate 

Numbers of 

P ammeters analyses Max. 1V11n. Average Duration 

pH n 8.5 6.2 7.6 Aug 98-Ap1' 01 

Alkalinity, mg/L 73 13050 3800 9960 Aug 98-Apr 01 

COO, mg/L 73 47800 5850 20650 Aug 98-Ap1' 01 

BOD), mg/L 67 38500 3790 13600 Aug 98-Apr 01 

NI-I 4-N, mg/L 73 3260 980 2135 Aug 98-Apr 01 

TKN, mg/L 66 3590 1050 2392 Aug 98-Apr 01 

SS, mg/L 62 4720 670 2171 Aug 98-Feb 01 

TP, mg/L 63 6.4 0.14 3.0 Aug 98-Jan 01 

Color, PlCo 70 47200 7400 18400 Aug 98-lVIar 0 J 

Chloride, mg/L 60 8500 725 3670 Aug 98-Feb 01 

J<'e,l11g/L 68 365 4.9 62 Aug 98-f7eb 01 

Ivln, mg/L 68 25.5 0.09 3.8 Aug 98-Feb 01 

Cu, mg/L 68 1.1 0.01 0.23 Aug 98-Fcb 01 

Zn, mg/L 68 3.6 0.17 0.98 Aug 98-Feb 01 

Pb, mg/L 66 3.6 0.10 0.78 Aug 98-Feb 01 

Cd, mg/L 68 30.4 0.02 1.00 Aug 98-Feb 01 

Cr, mg/L 68 10.2 0.01 0.53 Aug 98-Feb 01 

Ni, mg/L 68 4.6 0.12 0.67 Aug 98-Feb 0 I 

Sulfide, mg/L 12 37.5 0.50 10.4 Nov OO-May 01 

The 1"C~1Ctors were seeded with sludge taken from the anaerobic treatment pLmt or a 

baker's yeast factory. Mesophilic temperature range was maintained in the reactors by 

placing them in a constant temperature room at 35 ± 2"C. In the start-up and in some 

periods that COD in leachate suddenly jumps, dechlorinated tap water \vas used for 

dilution or the leachate to adjust the organic loading. Phosphoric acid was added to the 
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feed to provide a COD/Nitrogen/Phosphorus ratio of 5001711 due to phosphorus cleJieiency 

of the leaehate. 

Peristaltic 
Pump 

Feed Tank 

Heater 

e 

Constant Temperature Room ~ 35+/-2 "c 

Sampling 
Ports 

Anaerobic Filter Hybrid Bed 

+ 
/ 

t 
40C111 

~ 

UASB 

Figure 3.1. Experimental set-up and reactor configurations 

t 
::c- 20 em 

\jI 

I 
100 eIll 

In the reactor influents and effluents, pH and alkalinity were monitored daily, \'ihile 

COD and ammonium nitrogen were monitored three times in a week. Volatile ratty aeid 

analyses were also eonductecl in periods 'when COD removal efficiencies have dropped. 

Mcanvvhile, sludge concentrations along the height were measured severed times 

throughout the operation of the reaelors. The tlm.c schedule of the experimental study is 

given in Figure 3.2. 

The eharaeterized leachate was fed to the reaeturs without any pH adjustment until 

Day 175. Subsequently, pH was adjusted to 4.5 in Lh~ influents to keep the free ammonia 

concentration below inhibi10ry level in thc reactors bClyvecn Day 175 to Day 860. In thi:; 

period organic loading was inc-cased gradually .from 1.3 to 23.5 kg COD/m3.day during 

start-up and then fluctuated betvveen 2.9 and 23.5 kgCOD/m3.clay according to t1ucluatiolls 

in COD conccntrations in raw leachate. Hydraulic retention time was reduced from 2.4 to 

2.0 days after Day 180 and kept constant until the end of the study. Meanwhile, all the 

reactors showed similar performances vv'1th COD removal efficiencies between 75% and 

95% as free ammonia concentration kept below inhibitory levels. 
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No pl-I control 
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pH control pl-l ill!"" 4.5 No pH control 

Figure 3.2. Time schedule of the experimental study 

Arter Day 860, pH adjustment \vas terminated to 1110nitor the effects oC high free 

amlllonia and pH levels on COD removal etTiciency and microbial diversity in the reLlctors. 

Meantime, keeling to the Anaerobic Filter was stopped to investigate the biofilm 

popuiations on l~lter materials inside the reactor. After Day 860, organic loadings to UASB 

and Hybrid bed reactors were varied between 2.4 and] 8.7 kg COD/m
3
.day. 

3.4. ResuHs of Long Term Anaerohic Treatability :~tudy 

All lhree reactors ,vcre started \\'ilh an org,mic loading rale of 1.3 kL" COD/m
3
.clay. "-' '----' '-- .. 

The raw leachate was diluted vvith de-chlorinated UljJ \vater Cor adjusting thc appropriate 

organic loading. Therdore, thc paramcters other than COD were also diluted dming this 

start-up period. AfLer Day 150, the leachate was fed to the re,lctors without allY dilulion. so 

that inl1uent COD concentrations were increased from about 3000 mg/L to about 45000 

mgJ/L with stcnwise increase in orpanic loading lIl) 10 23 kg COD/m].c!av at Dav 421 (Fig. J 0 L..- '--- ,..J.) <-

3.3 and 3.4). Constant organic loading, rates coule! not be applied continually as a result of 

low COD concentrations due to precipitation dilutions in winter months. 
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Figure 3.4. Organic loading rate and COD removal efCicicncics 
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Until Day 175, all reactors showed similar performances against orgal1lC loadings 

vvith efficiencies between 78 and 94%. However the reactors have experien~C'd high 

ammonia concentrations several times throughout the experimental period am: showed 

diilcrent inhibition levels. The ammonia inhibition has occurred around between Day 75 

and Day 100. Other severe ammonia inhibitions vvere betvveen Day 130 and Day 145, Day 

150 and Day 170, Day 175 and Day 190. No p1-1 control Vias clone until Day 175 where 

amrnonia inhibition became more severe. Sinee free ammonia is more Loxic to 

methanogens, total ammonia concentration is not a good parameter for understanding 

ammonia inhibition. Therefore, free ammonia concentrations in the reactors have been 

ca1culC1ted and plotted with COD removal efficiencies as seen in Figure 3.5. pH values in 

the reactors were always above 8.0 and exceeded 8.5 for some duration in this period (Fig. 

3.6 and 3.7). In the meantime, total alkalinity concentrations above 11000 mg/l were 

experienced in the reactor effluents. 
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Ammonia inhibition was reversible, as it can be seen from rapid increases in COD 

removal efficiencies of reactors, immediately after drop of free ammonia concentrations 

after Day 175 (Fig. 3.5). Attached growth systems namely, anaerobic filter and hybrid bed 

reactors were more resistant to ammonia inhibition than UASB reactor. Until Day 175, 

COD removal efficiencies as high as 92% and 94% were observed in the hybrid bed 

reactor and anaerobic filter, respectively, while the lowest efficiencies were always 

associated with the UASB reactor (Fig. 3.4). Tbis was clearly seen in all cases of ammonia 

inhibition. The resistance of anaerobic filter and hybrid bed reactors to ammonia might be 

due to limited diffusion of free am1110nia into the biofilm or conversion of frec ammonia to 

ammonium ion at higher pH values in the biofilm. Another reason can be the dominance of 

amm0111a resistant methanogens in these reactors which will be discussed in the next 

chapter. 

To control the ammonia inhibition, pH of the influent was decreased to 4.5 'vvith 

concentrated hydrochloric acid after Day 175. Therefore, pH values of reactors decreased 

gradually below 8.0 following the pH control in the influent (Fig. 3.6). Besides, even 

though ammonium nitrogen concentrations were almost stable in the range betv'ieen 2200 

and 2400 mg/l, frce am1110nia concentrations also decreased from about 330 mg/L to 30 

mg/L parallel to drop in pH (Fig. 3.8 ancl3.9). COD removal dTiciency in all reactcrs were 

restored back to 80% levels soon after the drop in free ammonia concentrations anci levels 

as high as 95% were obtained until Day 580 (Fig. 3.4). 

Bet'vveen Day 580 and Day 860, COD removal eiTiciencies in the reactors v"ere 

usually in the range of 60 to 85% corresponding to low organic loading rates clue to low 

COD concentrations in the leachate (Fig. 3.4). In this period, contradictory to frce 

ammonia concentrations below inhibitory levels, high non-biodegradable portion in the 

leachate resulted in lower COD removal efficiencies in the reactors under lower organic 

loading rates. This situation was severely experienced bd\veen Day 776 and Day 805 and 

COD removal efficiencies dropped below 45% parallel to decrease in the organic 102ding 

rate to 2.6 kg COD/mJ.day with high non-biodegradable portion (Fig. 3.4). 
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The sudden increase in inHuent COD concentration from 5800 to 16000 mg/l at D(~y 

L99 fD' ,.., ,,). It rl' \TPA 1" b 1 O. V 19 .. L) lesu .e,-< 111 1" accumu,atlOn 111 OLl of the reactors and hence incren~eG~S 

in effluent COD concentrations, However, the increase in the effluent COD conc'-':iltratiollS 

was not clearly reflected to COD removal efficiencies since the easily biodegradable 

portion of COD has also increased, In this period, the highest organic loading rates were 

8.1 and 9,3 kg COD/m
3
,day at Day 703 and Day 734, respectively. In the meantime, 

ammonium concentrations flucluated between 1110 and 2690 mg/J according to vCLriations 

in the characteristics of leachate (Fig. 3.8), 

Before Day 860, by adjusting the influent pH to 4,5, free ammonia concentrations 

were kept below 30 mg/l in the reactors, despite fluctuations in pH values and ammonium 

concentrations of leachate (Fig. 3,6 and 3.9). To adjust the influent pH to 4.5, high 

amounts of hydrochloric acid were consumed in this period because of high alkalinity 

concentrations of about 10000 mg/l in raw leachate (Fig. 3.7). Thus to minimize the acid 

consumption that will be a significant cost in the operation of the full scale leachate 

treatment plant and to investigate the effects of increasing free ammonia concentrations 

and pH values on the performances of the reactors, pH adjustment in tIle influent of Hybrid 

bed and UASB reactors was terminated after Day 860. Meanwhile, feeding of Anaerobic 

Filter was stopped for further microbial studies on biofilm, 

Just after the termination of pH adjustment, between Day 860 and Day 890, organic 

loading rate was nearly stable between 4.9 to 6.4 kg COD/m
3
.day (Fig. 3.4), I-IO\vever, COD 

removal efficiencies dropped significantly from 82 to 42% within two weeks pmal1el to a 

sudden jump in the free ammonia concentrations up to 530 mg/J (Fig, 3.5). Nevertheless, 

after the unexpected decrease of the ammonium concentralion in raw leachate to 1400 111g/1 

levels (Fig, 3.8) and drop in pl-I values in the reactors clue to acetatc ([ccumulation, at Dc;y 

881 COD removal elTiciencies were restored back 10 81 % and 83% for UASB and Hybrid 

bed rcactors,respectivcly (Fig. 3.4). The rapid improvement in1.he reaclor performances has 

corroborated the reversibility of ammonia inhibition, which was also experienced several 

limes at the start-up until Day 175. 

At Day 891, the COD concentration of raw leachate brought [rom KbmlircUoda 

Landfill was unexpectedly increased to 20800 from 9500 mg/l (Fig. 3,3). Parallel to the 
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ll1crease 111 influent COD concentration, the organic loading rate jurnped to 11.3 

kgCOD/m
3
.day. After this shock organic load, the YFA accumulation did not scvcrely 

affect the performances of reactors beccUlse of high alkalinity in the influent (Fig. 3.7). In 

the meantime, ammonium concentration of the leachate decreased step by step to 1000 

mg/l contradictory to the increase in organic loading (Fig. 3.8). The reduction in 

ammonium concentration has sustained the rapid degradation of accumulated VFAs in the 

reactors by reducing the free ammonia concentration. Consequently, after three weeks 

COD removal efficiencies have restored back to 89% in UASB and to 82% in hybrid bed 

reactors (Fig 3.4). The difference in removal efficiencies can be explained with the 

presence of acetate and propionate in the effluent of the hybrid bed reactor as 525 mg/l and 

470 mg/l, respectively. 

Disregarding the period between Day 947 and Day 952, where there were prob:ems 

with heating, both of the reactors showed similar performances until Day 070 with 

efficiencies above 90%. In this period, low ammonium concentrations and pI-I values in the 

influent have kept the free ammonia concentration below inhibitory levels \vithin the firsL 

30 em of the reactors where COD removal \vas essentially carried out. 

In the last part of the study after Day 970, the organic loading rate has reached to its 

highest value since Day 486 as 18.7 kg COD/m3. day (Fig 3.4). In consequence of high 

organic loading rate with free ammonia concentrations in the range of 23 to 102 mg/l, 

COD removal efficiency slightly dropped anel fluctuated between 66 and 88<;'0 (fig 3.5). 

The leachate characteristics have indicated that, K6mlirclioda Landfill possesses the 

properties of a young landfill. High YFA concentrations and BODs/COD reliio above 0.6 

arc the indications of high acic10genic activity in the landfill. Relatively elevated pH values 

\vere mainly owing to ammonium nitrogen concentrations extraordinarily as higb as 3260 

mg/l. 



By adjusting the inHuent pH to 4.5 to keep the free ammonia concentrations below 

inhibitory !evd, COD removal cnieicncies above 90% were achie\'t~d with 1,lIxlrCltory 

scale, anaerobic filter, upl10w sludge blanket ,mel hybrid bed reactors in arlJerobie 

treatment high ammonia KomLirciioda landfi.!lleachate. 

Jt is understood that temporary pH adjustment in the iniluent can be used without 

discernible adverse efTeets on anaerobic microorganisms, for preventing free amm0111<.1 

inhibition when high p11 values and ammonium concentrations are experienced. 

Sudden and unexpected l1uctuations in the characteristics of leachate made it 

complicated to investigate the free ammonia inhibitiun in the reactors and understanel the 

cCfects on microbial populations and activities. Therefore, similar reactors \\ere operated 

under more stable COD loading and at higher free ammonia concentrations by feeding 

,vi th a synthet ic wastewater simulati ng the characteristics 0 f Komlirci.iocla Land fi II leachate 

which will be discussed in Chapter 5. 



4. INVESTIGATION O]? VArUATl0r'IS H~ MJCROIHAL D!YERSrr~t' 

iN ANAEROBIC REACTORS TREATH\{G LANDFILL LI~AChATE 

4.1. Introduction 

Anaerobic treatment is widely used in digestion or animal manures, prIiJlmy and 

waste activated sludges ane! in the stabilization of organic solid \vastes. Besides. the 

technology is particularly attractive for the treatment of biodegradable agro-industrial 

wastevvCltcrs and some otber complex wastes sLlch as those derived from petrochemical and 

pharmaceutical inclustries. Anaerobic treatment is also convenient as a pretreatment Cor 

young landlill leachate although some compounds such as ammonia. volatile I~\lty acids 

and heavy metals may reach to inl1ibitory concentrations in the reactor (BorzacC()ni e( ({f., 

1999; lnanc cf oz., 2000a; Calli ct al., 2002). 

To operate an anaerobic reactm properly, in addition to some elTiciency control 

pmamclers, such as pIL alkalinity, COD, volatile fatty acids and biogas composition, 

microbial activity and diversity should (llso be monitored by identifying the 

microorganisms [hal lead 10 biom<1ss stability. 13y this means, some other essential 

unknowns in anaerobic degwc1ation such as thl~ selection 0[' fermentation P~llh\\ays, 

physical manipulation or intermediale producls, i1Cc!illlation to inhibitory compo~ll1cb and 

Cormation of granules may be elucidated. i"Aorcovcc the reactor ol'cr~lliuns may be 

optimized in accordance \\ith the correlation bct\\ecn performances of the reactors ami 

variations ill microbial diversity. Knowledge abuul microbial acti\ity and di\"Cr~)ily is also 

l1l:cdcd in the selection or appropriate seed sludge 1(,r ~l sllccessful start-up. llcl\\cVCl" .. for 

litany ckcades the identificatioll of microorganisms in anaerobic reactors was iimikd to 

cultivation dependent methods because, syntrophie interactions, low gro\\lh rates, 

unknown grew/th requirements and ubligate anaerobiosis make these micW(11"gmlisl11s 

cliilicu]t to isolate (Ouele Elfcrink et uI., 1998a). Particularly_ l11ethanogens havil1g a key 

role in anaerobic biodegradation are among the microorganisms that are most difficult to 

study with these techniques (Stams and Oude Elferink 19')7). Through the promising 16S 
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rDNA based molecular methods, it is now possible to identify methanogenic archaca and 

fermentative bacteria present in anaerobic reactors - regardless of their cultiv:ltion 

capabilities (Raskin c/ at., 1994; Sekiguchi ct of., 1999; Chan c/ ct!. , 2001). Therefore, such 

methods are becoming progressively more essential for a proper start-up :lnd in the 

optimization of operational processes to advance the treatment efficiency (Fernandez ef 0/., 

1999; McMahon c/ 0/., 2001). Insights into the divcrsity, structure and function 0 r mixed 

microbial communities in anaerobic reactors are also necessary to improve the stability 

against inhibitory compounds. 

In this study, vari(ltions in microbial diversities in UASB and hybrid bed reactors 

treating Istanbul Komltrclloda Landfill leachate were monitored by using denaturing 

gradient gel electrophoresis (DGGE) and fluorescent in-situ hybridization (FlSH) 

techniques that are complimentary to each other. These are powerful techniques in the 

iclenliJication of microbial populations in combination ,vith cloning and DNA sequencing. 

The microbial distribution was monitored along the height of the reactors in addition to 

pH, COD, Cree ammonia, SS and VSS analyses. Aftenvarc!s, correlation between the 

vmiatiol1s in microbial diversity and performances of reactors were investigated. 

4.2. Experimental Nlcthods 

To investigate the variations in microbial diversity in hybrid bed and UASB reactors, 

sludge samples were taken from sampling ports located along the br.'ighl of the reactors on 

Days 794,824, 8GO, 895, 919, 953, 982 and 1012. These sludge samples \\ere stored l!1 a 

freezer at -20GC before DNA isolation. Experimental procedure fCillO\vec! 111 the 

identification of microorganisms in sludge samples is given in figure 4.1. 

4.2.1. DNA Isolation and peR Amplification 

To start with DNA isolation, initially sludge samples were mechanically bead beaten. 

AYLer the mechanical disruption, released DNA was isobtecl and purified according to the 



procedure outlined in OLlde EJferink c( of., 1997. 1 ml of sludge sample was lraI1S;;2rrcd to 

(l 3 ml polypropylene tube. 500 pI TE buffer (10 I11111oll1 Tris/IICL 1l11molll [DTA pI I 

8.0), 500 ~Ll Tris/HCl bufTered phenol (pI-I 8.0) aJld approximately 0.6 g zirconia/silica 

beads (diameter 0.1 tlll11 Biospec Products [nc., Bartlesville, OK) were added on the 

sludge 10 the same tube. The cells were disrupted by treatment for 15 to 20 minutes in a 

vortex mixer. The aqueous phase of the supernatant l1uicl, obtained after 10 min of 

centrifugation (14000 rpm), was extracted "vith phenol/chloroform/isoamyl alcohol 25:24:1 

(\:v:v), followed by chloroformlisoamyl alcohol 24: 1 (v:v). Subsequently, the volume of 

the sample was adjusted to 0.5 1111, and DNAs were precipitatcd \vith 0.5 ml of isojlropanul 

and 250 pi of ammonium acetatc (7.5 M) at _2011(' overnight. Aller 10 min centrii'itg,]liol1 

(14000 rpm). DNA pellet was \vashed with 70% ethanol, dried at room temper,llure and 

resuspended in 1 00 ~tl of TE buffer. The isolated DNA was used for peR alter judging the 

quality of the extract by agarose gel electrophoresis and ethiclium bromide staining. 

The VG to V8 region or the J6S-rDNA genes, from the isolated DNA, was amplified 

using polYlnerase chain reaction (peR) wilh two sets 01' P(,R primers for the D(jGE 

analysis. The primer set specific to tbe !Jue/eriC! domain \\as CJ(,-968 Cor and UNI-140 1 

rev. The other primer set specific to the An;hul!CI domain was A-109 for and GC-5J5 rev. 

Sequences of the primers used in peR are given in Table 4.1. For the amplification of thc 

16S-rDNA gene for clolling, as the primer set specific to the ilrclwco domain A-J 09 for 

and 15 I 0 rev, to BClcferia domain 7 for and 1510 rcv \yere used. The P(,R progr,\l11S were 

performed in a Prohem~ thermocycler Cl'ccl1l1e). In the peR feir total archaeal 16S-rDNA 
, c 

and for DGGE the following program was usee!: pre-denaturation (94°(" 5 min). 3~f cycles 

oC annealing (52°c' 40 sec), elongation (68°C, 1 min), and denaturation W+°c' 31J ~:cc), a 

fInal cmne::1.iing (52 ,40 sec) ,mel post elongation (613°C, 5 min). 1n the P(,R for bacLeriai 

16S-rDNA the following progrc1il1 was llsed: pre-dcl1alur,:lioll (94°C, 5 min): 25 cycles 01' 

dellaturation (9.:1°C, 30 s), annealing (52°('. 20 s), and elongalion (68"c' 40 s): lltdl; posl­

elongatioll (C) soc, 7 min). The reactions \\e1'e subsequently cooled lo 4"C. For 1)(;(; a 

specific region of cubacterial 16S rDNA (V6-VS region) was mnplilJecl using the same 

1lJermocycle program but with 35 cycles and an annealing temperature oC 56(lC'. FeR 

products were examined on ethidium bromide-slained agmose gels. and were lIs '.cci lell" 

DGGF analysis and cloning. 
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4.2.2. Denaturing CJradient Gel Electrophoresis (DeCE) and Cloning 
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DOGE uf the PCR ampliiied bacterial and archae21l partial 16S rONA was performed 

with the BioRad D--Code Universal Mutation Detection System (f3ioRad) in accordance 

with N1.ibel c/ (fl., 1996. The polyacrylamide concmtL'alions used in the analysis or DGGE 

\vere 8% and lhe denaturing gradients were 35~SOo;;) for arehaeal and 35-55% for bacterial 

16S-rDNA. The der.aluring gradienl gel was eleclrophoresed at 85 V anc! 60 0 e for 16 

hours. Previously a voltage of 200 V was applied for 5 min. Silver-staining and 

development of the gels were performed as described in Sanguinetti e/ af.) 1994. 
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The staining procedure consisted of an initial pre-stain fixation for 3 111111 111 1 O(>~ 

ethanol, 0.5% acetic acid, staining for 10 min in fixing solution plus 0.2% silver nitrate, 

washing of gel in water for 2 min and development Cor approximately 45-60 min in 1.5'% 

NaOl1 and O.3<Yo formaldehyde and 80 ~lg!l sodium borohydrate in deionized water. 

Follmving the staining, gels were fixed for a further 5 min ~md washed in deioni7.cci \yater 

to provide a permanent record of the experiment. Subsequent to this second fixation, gels 

were racked for 7 min in 25% ethanol and 1 O(~/() glycerol prcservation solution and covcred 

with porous hydrophilic cellophane. Finally, they are dried overnight at 37"C. 

Table 4.1. Primers Llsed in polymerase chain reaction (PCR) 

Primer Target Product Sequence (5' - 3 ') rZef. 
---~----------

.---~~~ 

7 for Bacterial ToLal 16S rDNA GAC GGA TCC AClA GTT TGA 

f'onvard T(C/T)(A/T) TGG CTC AG 

1510 rev Bacterial Total 16S rDNA GTG AAG crr ACG G(C/T)T ACC TTG 

TT/\ CG/\ cn 
reverse 

GC968 Cor Bacterial DGGE C(;C CCG GGG CGC GCC CCG GGC 2 

forward 
GGG GCG GGG GeA CGG GCiG GAA 

CGC G/\A C;/\/\ eCT TAC 

UN11401 rev Bacterial DGGE GCG TGT GTA C/\/\ G/\C CC 2 

reverse 

A-109 for Archac:lJ Total 16S rDNA /\C(Ci/T) GeT CAG 1'/\/\ CAC CIT " .J 

Corvv'ard &DGGE 

1510 rev Archaeal Total 16S rDNA GTG A/\G crr Ace G(C/T)T ACC Ire; 

TT/\ CG/\ CTT 
reverse 

GC-515 rev Archaeal DGCiE CGC (Cel GCJG CGC GCC CC(I GGC 

GCJG GCe; ClC;G C:;CA ((lei GGCi CliH 
reverse 

CGI ArT /\CC (jC(; eel (jeT (J(iC /\C 

Sequencing /\AT ACC; /\CT CAL Tin /\G(J I 

'1'7 Cor pGEfVI-T '1 

plasmid 

81'6 n:v pCJEM-T Sequencing ATT TAG GIG ACi\ CTA T/\G 4 

plasmid 

[11 Ll11C el u/., 1991 
ll.] NObel cl 0/" 1996 
[31 Grosskllp C cl aI., 1998 
L4] Zoelenclal cl aI., 1998 
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The amplified archaeal 16S rDNA products were purified with a QIAquick PCR 

purification kit (Qiagen) and cloned in competent E. coli JM109 cells by using the pGEM­

T Easy vector system (Promega) with ampicillin selection and blue/white screening, 

according to the manufacture's manual. The inserts were screened by Restriction Fragrnent 

Length Polymorphism (RFLP) analysis with the enzyme j\;fspJ CFermentas) and by mobility 

comparison on DOGE. Plasmids of selected transfonnants were purified using the Vlizard 

Plus SV mini prep DNA purification kit (Promega). Sequencing analysis yvas carried out in 

a private sequence laboratory. A similarity search, in the GenBank database, wi th the 

derived partial Cappo 600-800 bp) 16S rDNA sequences from the clones, was performed by 

using the NCB! sequence search service, available Oll internet. 

4.2.3. Fluorescent In-situ Hybridization (FISH) 

The sludge samples were fixed overnight in 4% paraformaldehyde-phosphate­

buffered saline at 4°C. Fixed cells were spotted on gelatin-coated [0. J % gelatin and 0.01% 

KCr(S04)2] multiyvell glass slides (10 \-vells/slide; 4 ,Ld of sarnplehvell) and allowed to elry 

at room temperature (Raskin et ol., 1994). 

Hybridizations were performed at 46°C far 2 b with a hybridization buffer (0.9 M 

NaCl, 20 111M Tris/llCl, pI-I 8.0,0.01 % SDS) containing each labeled probe (30 ng/well for 

Cy3 <mel TRITC 50 ng/well for FLUOS) (MWG Biotech, Ebersberg). Formamide was 

added to the final concentrations lisled in Tab)e 4.2 to ensure the optimal hybridization 

stringency. After hybridization, unbOllild oligonucleotides were removed by rinsing \vith 

washing buffer containing the same components of the hybridization buffer except the 

probes. 

for detection of all DNA, 4,6-diamidino-2-phcnylindolc (DAPI) vIas adcke! to the 

wash buffer (100 pl of 0.1 % DAPI). Slides were subsequently incubated at 48°C for 10 

min with washing buffer, rinsed bri('fly \vith ddH20 and immediately air-dried. 

V ectashield (Vector Laboratories) was used to prevent photo bleaching. The slides ,vere 
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examined with an Olympus BX50 microscope. Digital images of the slides were taken with 

a digital camera. 

Table 4.2. Oligonucleotide probes used in fluorescent in-situ hybridization 

Probe name Label Formamide Sequence Target group Ref. 
(%) (5' - 3') 

EUB 338 FLUOS 20 CTGCTGCCTCCCGT Bacteria domain 1 
AGGAGT 

ARC 915 Cy3 20 GTGCTCCCCCGCCA Archaea domain 2 
ATTCCT 

MX825 Cy3 35 TCGCACCGTGGCCG Methanosaeta 3 
ACACCTAGC 

MS 821 FLUOS 35 CGCCATGCCTGACA Met hanosarc ina 3 
CCTAGCGAGC 

MB 1174 TRITC 35 TACCGTCGTCCACT Methanobacteriales 3 
CCTTCCTC 

MC 1109 FLUOS 35 GCAACATAGGGCA Methanococcales 3 
CGGGTCT 

MG 1200 TRITC 35 CGGATAATTCGGG Methanogeniu111- 3 
GCATGCTG relatives 

[1] Amann et al., 1990 
[2] Stahl et a1., 1991 
[3] Raskin et a1., 1994 

4.3. Results of Experiments 

As mentioned in Chapter 3 KomlIrciioda Landfill leachate containing high ammonia 

concentrations in the range of 980 and 3260 mg/l was treated anaerobically for 1015 days 

in three different laboratory scale anaerobic reactors configured as upflow sludge blanket, 

anaerobic filter and hybrid bed. In this chapter, last 265 days of the study was presented by 

investigating the effects of high free ammonia concentrations on microbial diversity and 

performances of UASB and hybrid bed reactors. COD removal efficiency and organic 

loading rate, pH and ammonia graphs reflecting the performances of reactors in this period 

are presented in Figure 4.2. Sludge sampling days were also pointed out on time scale of 

the same graphs. 
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Until Day 860, the influent pH was adjusted to 4.5 to keep the free ammoma 

concentration in the reactors below inhibitory level experienced several times in the start­

up. Between Day 750 and 860, quite low organic loading rates in the range of 2.6-7.5 kg 

COD/m3.day were applied to the reactors because of low COD concentrations in raw 

leachate in the rainy season. As a result of low organic loading with high non­

biodegradable organic constituent, COD removal dropped below 45% similarly in both 

reactors (Fig. 4.2). 

A pH profile increasing from 4.5 to about 7 within the first 20 cm in hybrid bed 

reactor was determined in the port analysis at Day 794 and Day 860, while this was not 

observed in the UASB reactor until 50 cm. A similar pattern was also observed in COD 

profiles (Fig. 4.3). 
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Figure 4.3. Changes of pH, COD and free ammonia parameters with reactor heights 
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In-s itu hybridization results have indicated that archaeal cells representing the 

methanogens (ARC 915) were intensive ly dominant in the bottom sampling ports of UASB 

and hybrid bed reactors between Day 794 and Day 860 (Fig. 4.4 and 4.5). Although the 

methanogens were dominant in the low-pH bottom part of the UASB reactor because of 

sett ling clue to low upnow velocity. the COD profile and activity tests indicated that they 

were almost inactive in that pH level. In contrast, main reason of the dominance of 

methanogen ic archaea over acidogcni c bacteria is that acetic acid was the prevailing YFA 

present in the raw leachate in thi s period. Comparing the resu lts of' FISII experiments 

carried out with oli gonucleot ide probes (Table 4.1) specific for the different groups of 

methanogens. it is revea led that \I('lhanosaela (MX825) species was the major 

methanogenic archaea present in both of' the reactors (F ig. 4.6 and 4.7). Some 

methanogenic populations of Melhanobaclel'iaceae were also detected at Day 794 in both 

of the reactors during the low COD removal efficiency period between Day 774 and 806 

while other species were vi rtually absent unti l Day 860 in this period (Fig. 4 .8). 

Methanogens (Arch 9(5) Bacteria (Eub 338) All microorganisms (DAP!) 

Figure 4.4 . DAPI staining and FISH (Arch 915-Eub 338) photomicrographs at Day 824 
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Methanogens (Arch 915) Bacteria (Eub 338) All miaoorganisms (DAPI) 

Figure 4.5. DAPI staining and FISII (Arch 915-Eub 338) photomicrographs at Day 860 

Methanosaeta (Mx 825) All microorganisms (DAPI) 

Figure 4.6. DAP] staining and FISII (Mx 825) photomicrographs at Day 824 



Methanosaeta (Mx 825) All microorganisms (DAPI) 

Figure 4.7. DAPI staining and FISII (Mx 825) photomicrographs at Day 860 

Methanobacterjales 
(MB1174) 

Bacteria (Eub 338) All microocganisms (DAPI) 

Figure 4.8 . DAPI staining and FISII (Mb I I 74-Eub 338) photomicrographs at Day 794 
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The resu lts of DGGE anal ysis on sludge samples of this period have confi rmed the 

FISH results. The dominant bands on DOGE gels were defined as Melhanosaeta concilii, 

while the other few fa int ones were related to Melhanosarcina and hydrogentrophic 

Melhanoclillelis-related species (Figure 4.9). The results were also supported by the 
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morphological analysis, in which dominant cells were characterized as long fi laments wi th 

sheathed structure. 

UASB Reactor Hybrid Bed Reactor 

~ Enrichment ruIture E2IB2 (94%) 

"--
"-- Methanoculleus sp. (97"10) 

~ Methanococcus voIlDe (95%) 

~ "'-",(98%) 

-= Melhanosae/Q concilii (99"/e) 

r 

Figure 4.9. DGGE profiles and correspondent position of matching clones for PCR 

amplified parti al archaeal 16S rD A 

After Day 860, pH adjustment in the influent was terminated and free ammonia 

concentration in the reactors has started to ri se. Between Day 860 and Day 890, COD 

removal efficiencies have dropped significantly twice at Day 874 and Day 885 (Fig. 4.2). 

Parallel to the increase in free ammonia concentration up to 430 mg/l within two weeks 

after the termination of pH adjustment. COD removal efficiency has dropped significantly 

to 40% and 42% in hybrid bed and UASB reactors respectively at Day 874. After the 

unexpected decrease in ammonium nitrogen concentration from 2500 to 1400 mg/l and pH 

from 8.3 to 7.8 in raw leachate, at Da) 881 COD removal efficiencies were restored back 

to 81 and 83% for UASB and hybrid bed reactors, respectively (Fig. 4.2). The rapid 

improvement in the reactor performances has corroborated the reversibility of ammonia 
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inhibition, which was also experienced several times in the start-up period. At Day 885, the 

reactors experienced a second but a less severe inhibition when the free ammonia 

concentration reached to 350 mg/l. This time, the UASB reactor was affected more than 

the hybrid bed reactor. COD removal efficiency in the UASB reactor decreased to 61 % 

while this was about 69% in the hybrid bed after a slight initial drop. Contradictory to the 

fluctuations observed in free ammonia concentration, organic loading rate in this interval 

was more stable and remained between 4.9 and 6.4 kg COD/m3.day 

The sludge sample representing this period was taken at Day 895, ten days after the 

second free ammonia inhibition. Hybridization results revealed that in spite of causing 

serious drops in COD removal efficiencies, the short and intermittent jumps in free 

ammonia concentration in this period did not significantly affect the microbial diversity in 

the reactors (Figure 4.1 0). 

Though, Sprott and Patel (1986) has defined Methanosaeta concilii as an ammonia 

sensitive methanogen according to pure culture studies, many Methanosaeta like cells were 

again detected at Day 895 by both DGGE and FISH analysis (Fig. 4.9 and 4.11). However, 

the fascinating deterioration was in the morphology of long filamentous-sheathed rod 

Methanosaeta cells (Fig. 4.11). Their long filamentous morphologies shifted to shorter 

filaments and they lost their aggregating property. This alteration might also be a 

substitution between two different strains as it was concluded that two types of 

Methanosaeta existed in anaerobic reactors (Kamagata and Mikami, 1990). 

At Day 893, the orgamc loading to the reactors unexpectedly jumped to 11.3 

kgCOD/m3.day in pat·aIlel to the increase in COD concentration of raw leachate from 

9,500 to 20,800 mg/l as the dry season had suddenly started. Meanwhile, in addition to 

acetic acid, significant concentrations of higher fatty acids were fed to the reactors, an 

unusual occurrence in previous periods. Because of high alkalinity in the leachate, shock 

organic load did not result in any serious trouble on the performances of reactors. 

Meanwhile total ammonia concentration in the leachate decreased down to 1000 mg/l , 

contradictory to the further increases in organic loading. Thus, this diminished the 

ammonia inhibition possibility and furthermore rapidly sustained the degradation of 

accumulated VF As in the reactors. Consequently, after three weeks COD removal 
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ei'licieneics were restored bac'( to X7 and 85% In (le UAS3 and 'lybri d bed reactors, 

respectively (Fig. 4.2). 

Di sregarding the short interva l bctwecn Day 947 and Day 952. in which the heating 

problem caused sharp drops in COJ) rcmoval efficiencies. both lIAS I3 and hybrid bed 

reactors showed similar performanccs until Day 970 wi th eJ'Ji ciencics above 90%. In the 

last part aftcr Day 970. the organic load ing rate increased up to 18.7 kg CO D/m] day. As a 

result or high orga nic loading with somc increase in non-biodegradable portion, COD 

remova l efficiencies slightly dropped and iluctuated between 75 and 85%. 

Methanogens (Arch 915) Bacteria (Eub 338) All microorganisms (DAPI) 

Figure 4. 10 . DAPI staining and FISI I (Arch 9 I 5-Eub 338) photomicrographs at Day 895 

The alteration in VFA composition or iniluent leachate immediately affected the 

microbial di ve rsi ty in the reactors. 'I he results of FISH experiments have indicated that in 

both or the reactors. bacterial populations (CUB 338) have dominated over previously 

prevailing arch~lcal cells aner Day X95 (I:ig. 4.12). 
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Methanoseata (MX 825) All microorganisms (DAPI) 

Figure 4.11 . DAPI staining and I:ISII (Mx 825-Eub 338) photomicrographs at Day 895 

Methanogens (Arch 915) Bacteria (Bub 338) All microorganisms (DAPI) 

Figure 4. 12. I)AI'I stai ni ng and FISII (/\n:h 915-Eub 338) JhotomicrograJhs at Day 919 
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Intensive bacterial 16S-rDNA bands on DGGE gels that were not distinctly obtained 

before overloading have also supported the abundance of bacterial populations (Fig. 4.13). 

Meanwhile, the methanogenic di versity has also considerably changed . Instead of 

previously dominant long sheathed rod Melhanosaela popu lation, very few, shorter 

Melhanosaela-l ike ce ll s were identified II ith in-situ hybridi zation between days 919 and 

101 2. Thus, the total archaea l populat ion was almost represented by a rod and an irregular 

coccus-shaped methanogen belongi ng to order Melhanohaclel'iales (MB 11 74) and 

Melhanococcales (Me II 09), respect ively (F ig. 4.14). 

UASB Hvbrid Bed Reactor 

N N 
0 '" N ..... ..s- o '" N ..... ..s-

'" 'D ..... aD 0 '" 'D ..... aD 0 

'" ..... f"- aD '" '" ..... f"- aD '" 
~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 
A A A A A A A A A A 

Figure 4. 13. DGGE profiles or pe R amplified parti al bacterial 16S rDNA 

At Day 919 in both or the reactors and at Day 101 2 in the hybrid bed reactor, the 

intensity or Melhanobacleriaceae-relatcd cell s and syntrophic bacterial populations 

increased as the reactors became unba lanced. In a simi lar study, a sharp decrease in 

I I b d arallel to the inc rease in Melhanohaclel'iaceae-related cells in arc laea a un ance p 

I I I t· s also observed under unstable reactor operations (McMahon el aI., arc laea popu a Ion wa 
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200 I) . 1I0wever, the numbers or JII~II/(/II().\'{/ela-li ke cells have gradually increased from 

Day 919 to .Day 982 parallel to the improvements in the stability or reactor performances. 

According to FISII experiments more Melhal1()Saela-l ike ce ll s were identified in the hybrid 

bed reactor than in the UASB reactor belween days 919 and 982 (Fig.4.15). Consequently, 

it is concluded that, the upper filter media or the hybrid bed may maintain this difference 

by keeping more Il ocs in the reactor. 

Methanosaeta (Mx 825) MethanococcaJes 
(Me 1109) 

MethanobacteriD/es 
(MB 1174) 

Fi gure 4.14. FISH (Mx 825-Mc I I09-Mb 1174) photomicrographs at Day 919 

Methanogens (Arch 915) Bacteria (Eub 338) All microorganisms (DAPI) 

Figure 4.15 . DAPI sla ining and FISI I (A rch 915-Eub 338) pholomicrographs al Day 982 
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4.4. Discussions 

The results obtained in this long-term anaerobic treatability study have indicated that, 

the young landfill leachate containing total ammonia concentrations as high as 2700 mg/l 

can be treated successfully by using either an UASB or a hybrid bed reactor if the pH is 

kept below a critical level above which free ammonia inhibition is possible. Consequently, 

COD removal efficiency only depends on the biodegradable portion of the leachate. 

Stability of the reactors with low levels of acetate was also supported by the abundance of 

A1ethanosaeta population identified with DGGE, FISH and morphological analysis. 

However, after the termination of pH adjustment both of the reactors became unstable 

parallel to the jump in free ammonia concentration up to 400 mg/l and COD removal 

efficiencies have dropped significantly down to 42 and 48% in hybrid bed and UASB 

reactors respectively. Although, it is defined as an ammonia sensitive methanogen in 

literature, many A1ethanosaeta cells were identified after two free ammonia inhibitions. 

Their occurrence may be explained by their massive intensity before inhibitions and short 

durations of high free ammonia periods. However, it was observed that long filamentous 

morphologies of Methanosaeta cells have shifted to shorter filaments consequently loosing 

their aggregating property. Thus, it is concluded that temporary pH monitoring in the 

reactor influent is necessary when high ammonia concentrations are experienced. 
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5. EFFECTS OF HIGH FREE AMMONIA CONCENTRATIONS ON 

THE PERFORMANCES OF ANAEROBIC REACTORS 

5.1. Introduction 

Ammonia nitrogen is a very common metabolic end product in anaerobic digestion 

of protein-containing wastes. Although it is an important buffer in anaerobic reactors and 

an essential nutrient for anaerobic microorganisms, high concentrations can be a major 

cause of operational failure. Two species of ammonia nitrogen, the gaseous form free 

ammonia and the aqueous form ammonium exists together in equilibrium as indicated in 

the following equation. 

(5.1 ) 

The relative abundance of the phases depends upon both pl-l and temperature of 

liquid phase of the anaerobic reactor. As pH increases, equilibrium shifts to the left and 

ammonium is converted to more inhibitory free ammonia form (Sprott ef af., 1984; De 

Baere ef al., 1984; Koster and Koomen, 1988; Angelidaki and Ahring, 1993). Increasing 

pH from 7 to 8 actually leads to an eight-fold increase in free ammonia fraction of total 

ammonia. Concentration of free ammonia was calculated by using the formula given in 2.2 

and 2.3 (Henrichs et at., 1990; Poggi-Varaldo et CIt., 1991; Angelidaki and Ahring, 1993; 

Gallert et af., 1998). 

In literature, there are reports of vanous wastes containing high ammOl1la 

concentrations near or above inhibition levels for anaerobic treatment. These arc, organic 

fraction of municipal solid waste (Kayhanian, 1994; Poggi-Varaldo e/ aI., 1997; Gallert ef 

af., 1998) waste activated sludge (Lay e/ af., 1997), wastewaters originating from potato 

starch (Koster and Lettinga, 1984), dairy (Vidal et af., 2000) and seafood processing (Soto 

et af., 199]; Omil et af., 1995) industries, young landfill leachate (Borzacconi e/ aI., 1999; 

Inane et af., 2000) and animal manures (van Ve1sen, 1979; Wiegant and Zeeman, 1986; 

Ange1idaki and Ahring, 1993; BOlja et al., 1996; Kry10va e/ af., 1997). However, 
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noticeably different inhibition threshold concentrations were reported in these studies in 

consequence to differences in parameters which directly affect the form of ammonia such 

as pH and temperature and the adaptation level of anaerobic sludge used. 

In one of the basic studies in literature ammonia inhibition was reported to occur 

above pH 7.4 in the range of 1500 to 3000 mg/l TAN, whereas at concentrations in excess 

of 3000 mgll, ammonia was claimed to be toxic irrespective of pH (McCarty, 1964). 

Likewise, in another study ammonia inhibition was reported to take place at 1700 mg/l 

TAN at pH 7.5 (Koster and Lettinga, 1984). These studies have been carried out using 

anaerobic digester sludge, in which TAN concentrations were typically below 1000 mg/l, 

as a seed material. By using the seed sludge taken from a swine manure digester 

acclimated to 2400 mg/l TAN; methane production occurred even at 5000 mg/l TAN 

without any sign of inhibition. This was also verified when the methanogenic activity, even 

with 10%, was maintained at 11800 mg/l TAN after acclimation of the granular sludge 

which initially first completely inhibited at 1900 mg/l (Koster, 1986). 

The inhibitory effects of ammoma, as far as is known, influence mainly the 

methanogenesis phase in anaerobic reactors (van Velsen, 1979; Koster, 1986; Blomgren ct 

al., 1990; Angelidaki and Ahring, 1993). Other sensitive bioreactions, such as those 

performed by the acetogenic bacteria, may also be either directly or indirectly affected by 

accumulation of volatile fatty acids or hydrogen in the system (van Velsen, 1979; Koster 

and Lettinga, 1984; Wiegant and Zeeman, 1986). Within two distinct methanogenic 

groups, acetate consuming methanogens were in most cases found to be more sensitive 

than hydrogen utilizing ones (Koster and Lettinga, 1984; Poggi-Varaldo ef at., 1997; Lay 

ct al., 1997). Although some pure culture experiments supported this result (Sprott and 

Patel, 1986) in some studies under thermophiJic conditions, hydrogen utilizing 

methanogens were defined as the sensitive group (Wiegant and Zeeman, 1986; fujishima 

et al., 2000). 

Two different mechanisms were attributed to ammonia inhibition on methanogens. 

According to the first mechanism, activities of methane synthesizing enzymes are directly 

inhibited by free ammonia. In the second one, hydrophobic free ammonia molecule 

diffuses passively into the cell and is rapidly converted to ammonium owing to the 
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intracellular pH conditions (Fig. 2.3). Ammonium accumulated inside the cell may become 

toxic by altering the intracellular pH (Sprott et al., 1984; Kadam and Boone, 1996). 

In Chapter 3 and 4, results of the long-term anaerobic treatability study on Istanbul, 

Komlirclioda Landfill leachate, which frequently contains TAN concentrations above 3000 

mg/l, were represented regarding COD removal performances of the reactors and 

variations in the diversity of anaerobic microorganisms. Furthermore it was concluded that, 

by reducing the influent pH to 4.5 to keep FAN below inhibitory level, satisfying COD 

removal efficiencies were achieved without obvious adverse effects on anaerobic 

microorganisms. Nevertheless, in the start-up in which diluted leachate was fed, and in the 

periods after the termination of pH adjustment, FAN in anaerobic reactors exceeded 

inhibitory levels several times. Consequently, investigations were focused on the impacts 

of high FAN on the composition and activity of anaerobic microorganisms in the reactors. 

This was actually difficult because of unexpected perturbations in raw leachate 

characteristics in the form of sudden jumps and drops in biodegradability, pH, VF A and 

TAN concentrations. Thus, to stabilize and simplify the conditions for the evaluation of 

free ammonia inhibition and adaptation mechanisms, five upflow anaerobic reactors 

seeded with different sludges were fed with a synthetic wastewater. Organic loading rates 

were kept constant under gradually increasing FAN concentrations. 

5.2. Experim.entai Set-up and Methods 

In this study, five laboratory scale identical upflow anaerobic reactors inoculated 

with different seed sludges were operated for 450 days under a constant organic loading 

rate of about 1.2 kg COD m3/day and gradually increasing influent TAN concentration 

from 1000 to 6000 mg/l. 

Each reactor had an effective volume of 4.3 liters. Their diameters and effective 

heights were 10 cm and 55 cm, respectively. There were 3 sampling ports located along the 

height of the reactors. Reactors were feel from the influent funnels connected to the bottom 

and located above the effluent port level. Synthetic vvastnvater in the feed tank was 

pumped to these funnels with peristaltic pumps providing 4 days hydraulic retention time 
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III each reactor. To homogenize the solution and prevent precipitation, feed tank was 

intermittently stirred with a mechanical mixer. Meanwhile, a constant temperature room 

was used to maintain the temperature at 35±2 0c. Configurations and dimensions of the 

reactors and the details of the experimental set-up are shown in Figure 5.1. 
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Figure 5.1. Experimental set-up consisting of five upflow anaerobic reactors 

Three of the seed sludges inoculated to the reactors 'vvere taken from full scale 

anaerobic reactors treating corn processing, alcohol distillery and snack food processing 

wastewaters. The fourth one was the laboratory scale UASB reactor treating KomUrci.ioda 

Landfill Leachate mentioned in Chapter 3 and 4. The fifth seed sludge was obtained by 

concentrating the biomass in one of the leachate samples taken from KOl11tirctioda Landfill. 

Sources, physical forms and volatile to total suspended solids (VSSITSS) ratios of seed 

sludges are given in Table 5.1. 

A simple synthetic wastewater was fed to the reactors which was adapted from a 

dilution solution used in methanogenic activity assays (Valcke and Verstraete, 1983). It 
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was composed of 3230 mg/l acetic acid, 570 mg/l propionic acid, 550 mg/l butyric acid, 

150 mg/l CaCb.2H20, 120 mg/l Na2S.9H20 and 200 mg/l yeast extract and prepared with 

dechlorinated tap water to supply some of the trace elements that anaerobic 

microorganisms require. As the ammonium source, 25% NH40H solution was used and 

added in proper amounts parallel to gradually increasing concentrations. The pH of the 

feed was adjusted to 7.7 with HCI (4.5%) and I-i}P04 (12.5%) mixture instead of sole HCI 

to prevent chloride inhibition in the reactors. Furthermore, pI-I of the feed was elevated up 

to 8.1 to increase the FAN concentration in addition to increasing TAN loads. 

Table 5.1. Seed sludges and their characteristics 

Reactor Source Form VSS/TSS 

R1 Full scale EGSB reactor treating corn processing Granular 0.83 

wastewater (broken) 

R2 Lab scale UASB reactors treating Komurcuoda Flocculent 0.39 

Landfill leachate 

R3 Full scale UASB reactor treating alcohol distillation Granular 0.94 

wastewater (broken) 

R4 Concentrated biomass from KomLircUoda Landfill Flocculent 0,17 

leachate 

R5 Full scale UASB reactor treating snack food Granular (tiny) 0.54 

processing wastewater 

In the influent and effluents of the reactors pH, total alkalinity, COD and TAN were 

monitored three times in a week, while volatile fatty acids (VFAs), TSS and VSS \\/ere 

measured twice and soluble COD once a week. Meanwhile, sludge concentrations in the 

reactors were monitored once a month by taking samples from bottom sampling ports. All 

analyses were carried out in accordance with the Standard Methods (APPHAI A WW A and 

WEF, 1998) 
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5.3. Experimental Results 

All five reactors were fed with the synthetic wastewater having a COD concentration 

of about 5300 mg/l and operated for 450 days under almost constant loading rates in the 

range of 0.9 to 1.4 kgCOD/m3/day. In the meantime, influent TAN concentration was step 

by step increased from 1000 to 6000 mg/l with 500 mg/l increments (Fig. 5.2a). Influent 

pH was adjusted to 7.7 until Day 302 and then increased gradually up to 8.1 to elevate the 

FAN concentration in the reactors (Fig. 5.2b). 
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Figure 5.2. FAN concentrations increasing parallel to pH and TAN 
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In the start-up period until Day 75, performances of the reactors \vere unstable 

therefore influent TAN concentration was kept around 1000 mg/l not to elevate the FAN 

. b 50 19/1 (Fl'g 5 7a) In this period after Day 50, COD removal concentratlO11 a ove 11 .,- . 
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efficiencies of about 95% were observed in R2 and R4. 80% efficiency in R3 and 70% 

efficiencies in Rl and RS at Day SO reached to 85% at Day 75 and 90% at Day 98, 

respectively (Fig. 5.3). Meanwhile, reductions in acetic and propionic acid concentrations 

in the eff1uents corresponding to improvement in reactor performances indicated the 

termination of the start-up period (Fig. 5.3). 

Influent TAN concentration was elevated to 2000 mg/l at Day 98, to 2500 mg/l at 

Day 117 and to 3000 mg/l at Day 140. Thus, FAN concentration in the reactors reached to 

160 mg/l (Fig. S.2a). Although this level doubles the minimum free ammonia inhibition 

threshold indicated by Koster and Lettinga (1984), detrimental effects were not observed 

on the performances ofreactors. In contrast, 90% COD removal efficiency in RS at Day 98 

increased up to 95% at Day 150 and reached to the performances ofR2 and R4 (Fig. 5.3e). 

By increasing the influent TAN to 3500 mg/l at Day 189, to 4000 l11g/1 at Day 210 

and to 4500 l11g/1 at Day 230, FAN in the reactors exceeded 160 l11g/1 and elevated up to 

240 mg/l (Fig. 5.2a). FAN concentrations attained in this period were reported as 

completely inhibitory and responsible for unbalancing in the reactors (McCarty and 

McKinney, 1961). In addition to high FAN levels, problems in feeding pumps resulted in a 

shock organic load at Day 210. Consequently, acetic acid concentration in the effluent of 

Rl exceeded 500 mg/l at Day 212 which was usually around 100 mg/l. Thus, COD 

removal efficiency in R1 dropped from 91 % to below 85%. Corresponding drops were 

from 96% to 92% in R2 and from 89% to 81 % in R3. In spite of the shock organic load 

and FAN concentrations of about 240 mg/l, R4 and RS achieved 94 and 96% COD 

removal efficiencies, respectively without any decline in performclJ1cc (Fig. 5.3). 

Until Day 267, int1uent TAN concentration was kept at 4500 mg/l to provide an 

adaptation period for Rl, R2 and R3 'which were inhibited after the previous jump in FAN 

level. In this 37 day period, COD removal efficiencies of about 92% and 83% \vere 

restored back to 96% and 90% in R2 and R3, respectively. At Day 267, iniluent TAN was 

increased to 5000 mg/l which resulted in 280 mg/l FAN in the reactors. 
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Figure 5.3. COD removal efficiencies and effluent VFA concentrations of the reactors 
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However, until Day 275, TAN concentration in the feed could not be kept at 5000 

mg/l and fluctuated around 4800 mg/I. Therefore, the increase in FAN was tolerated until 

Day 285 in R2 and until Day 289 in Rl and R3. At Day 287, COD removal efficiency in 

R2 suddenly dropped from 95% to 86% within 3 days and acetic acid concentration in the 

effluent jumped to 130 mg/l at Day 292 and to 250 mg/l at Day 299 which was usually 

below 30 mg/l until then. Reductions in COD removal efficiencies in Rl and R3 were not 

severe as in R2 while R4 and R5 were still very efficient in this period (Fig. 5.3). 

At Day 303, influent pH was adjusted to 7.8 which had been kept at 7.7 until that 

day. After that, FAN level in the reactors reached to 340 mg/l on average. In this period, 

COD removal efficiency in Rl fluctuated between 81 % and 89% due to the presence of 

acetic acid in the effluent at concentrations as high as 600 mg/I. COD removal efficiency in 

R2 exhibited an increase up to 92% at Day 322 after the unexpected inhibition at Day 287, 

however it again dropped to 85% at Day 329 and nevermore exceeded 90%. Above 200 

mg/l propionic acid and about 400 mg/l acetic acid in the effluent of R3 were indications of 

inhibition and thus COD removal efficiency dropped from 91 % to 84%. Although Rl, R2, 

and R3 were more or less affected from FAN concentration of about 340 mg/I in this 

period, once more R4 and R5 had satisfactory COD removal of above 93% (Fig. 5.3). 

By increasing the influent pH to 7.9 at Day 340 and to 8.0 at Day 364, FAN 

concentrations in the reactors were elevated up to 537 mg/l (Fig. 5.2b). Consequently, 

effluent COD concentrations exceeded 900 mg/l and 600 mg/I in Rl and R2, respectively. 

Moreover, parallel to the increase in acetic and propionic acid concentrations of up to 470 

and 340 mg/l respectively, COD concentrations as high as 1085 mg/l were measured in R3 

at Day 376. Astonishingly, R4 and R5 tolerated even these increments in FAN and 

achieved 93% and 95% COD removal efficiencies, respectively vvith very low total VFA 

concentrations in the effluents ofIess than 50 mg/l (Fig. 5.3). 

At Day 383, TAN concentration in the feed was elevated from 5000 mg/I to 6000 

mg/l which resulted in about 620 mg/l FAN in the reactors (Fig. 5.2). I-Iencc, in the effluent 

of R1, both acetic and propionic acid concentrations approximately doubled and reached to 

400 mg/l at Day 404, 21 days after the increase. The same trend was observed only in R2 
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among the other reactors. In R3, acetic and propionic acid concentrations in the effluent 

dropped back to 200 mg/l level and about 85% COD removal rate was provided once more 

(Fig. 5.3). 

Finally at Day 406, pH was increased to 8.1 to increase the FAN concentration to 

750 mg/l on average (Fig. 5.2). In literature, usually severe or complete inhibition was 

reported at similar or lower FAN concentrations and most of these studies were conducted 

at thermophilic conditions. However, methanogenic activities were reported at FAN 

concentrations as high as 1100 mg/1 in thermophilic digestion of different animal manures 

(Ange1idaki and Ahring, 1993; Hansen et al., 1998). 

After Day 406, Rl and R2 exhibited constant COD removal efficiencies of 82 and 

87%, respectively until the end of the experimental period. Acetic acid of about 400 mg/l 

and propionic acid around 300 mg/l were measured in the effluents of RI while in R2, 

concentrations were almost half of these. R3 exhibited a sudden drop in COD removal 

efficiency from 85% to 78%. The most resistant reactor R5 was affected drastically at this 

FAN level and 96% removal decreased to 85% progressively within 40 days associated 

with the increase in effluent acetic acid concentration up to 370 mg/l. However, very low 

propionic acid concentrations of less than 10 mg/l in the effluent of R5 indicated the 

presence of propionate degraders that are resistant to these extremely high FAN levels. In 

R4, reduction in methanogenic activity was still inconsiderable, consequently 90% COD 

removal efficiency was obtained with acetic and propionic acid concentrations of less than 

100 mg/! in the effluent. 

In addition to effluent COD and VFA parameters, VSS concentrations 111 sludge 

samples taken from bottom sampling ports of the reactors exhibited interrelated results 

between inhibition and adaptation events. After start-up. biomass increased to signi fican! 

amounts in R4 and R5 which gradually adapted to elevated FAN concentrations and 

achieved high COD removal efficiencies. Nevertheless, even though no sludge wastage 

was observed, VSS concentrations in R1 and R3 remained almost constant. Continuously 

growing biomass in R2 started to decline after the sudden drop in COD removal efficiency 

from 94% to 87% at Day 282 (Fig. 5.4). 
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Figure 5.4. VSS concentrations in the bottom sampling port of reactors 

However, it is really difficult to understand the microbial behavior under extremely 

high free ammonia by using only the conventional VSS parameter. To define the 

adaptation phenomena as modification of the appropriate enzymes or as selection and 

domination of resistant microorganisms, microbial diversity and activity analyses should 

also be conducted in addition to the measurement of VSS. In this manner, recent 

molecular microbiology techniques should be used for identification of anaerobic 

microorganisms in their natural habitats, since especially methanogens are difficult to 

study by cultivation-based techniques. Therefore, methanogenic populations in the sludge 

samples taken monthly were identified and results will be discussed in the next chapter. 

5,4 Discussions 

As FAN concentrations gradually rose up to 800 mg/l throughout the 450 days 

experimental period, COD removal efficiencies in the range of 78 to 96% were observed in 

five identical upflow anaerobic reactors seeded with different sludges. High removal 

efficiencies indicated that seed sludges taken from anaerobic reactors treating also 

considerably' low ammonia containing wastewaters may be successfully adapted to 
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elevated free ammonia concentrations. Variations in the efficiency of reactors may be 

explained with the divergence in the amount of free ammonia resistant microoraanisms in 
b 

seed sludges. 

The results obtained in this study indicate that, like acetoclastic methanogens, 

propionic acid degrading acetogens are also sensitive to high free ammonia concentrations. 

Moderately high propionic acid concentrations in the effluents of Rl, R2 and R3 pointed 

out to this conclusion. However, low propionic acid concentrations of less than 10 mg/l in 

the effluent of R5 indicated the presence of propionate degraders resistant to extremely 

high free ammonia levels. On the other hand, there was no problem in the conversion of 

butyric acid at any free ammonia level in all reactors revealing the resistance of butyrate 

degraders. 

Granulated sludges are known to be resistant to environmental factors and toxic 

substances did not show the same resistance to high free ammonia concentrations in this 

long term study. Besides, the lowest removal efficiencies were observed in Rl and R3 

which were seeded with granular sludges. This revealed that, microbial content is more 

significant than physical structure of the sludge against ammonia inhibition. Thus, to 

elucidate the inhibitory effects and adaptation phenomena accurately, changes in the 

methanogenic community under increasing ammonia levels were investigated and the 

results will be given in the next chapter. 
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6. METHANOGENIC COMMUNITY CHANGES IN ANAEROBIC 

REACTORS EXPOSED TO INCREASING LEVELS OF AMMONIA 

6.1. Introduction 

To successfully start-up and operate an anaerobic bioreactor, a proper balance should 

be maintained in the biomass between fermenting bacteria and methanogenic archaea 

through volatile fatty acid production and consumption, respectively. As the reactions in 

fermentation give a greater energy yield than in methane formation, the fermenting 

bacteria grow relatively rapidly than the methanogens. For this reason, more slowly 

growing methanogens tend to be rate-limiting in anaerobic degradation of soluble 

substrates. Therefore, accumulation of volatile fatty acids should not be allowed for a 

proper balance in the reactor, especially during start-up, by controlling the organic loading 

rate and buffering capacity (Rittmann and McCarty, 2001). Since, methanogens have very 

slow doubling times; duration of the start-up period may be longer if the seed sludge 

contains only small numbers of active methanogens or methanogens unadapted to recent 

conditions. Thus, to decrease the start-up period, seeding from an active anaerobic reactor 

treating a similar waste is actually beneficial. 

As any biological treatment process, anaerobic treatment systems should be regularly 

monitored to ensure a successful operation. Furthermore, owing to sensitivity of slow 

growing methanogens, anaerobic reactors should be more strictly monitored. Imbalance in 

anaerobic reactors may be caused by both hydraulic and organic overloads, and 

introduction of inorganic and organic toxic substances. Some of the more com1110nly used 

indicators for monitoring include; pH, alkalinity, volatile fatty acid concentrations, biogas 

production rate and composition, volatile solids or COD reduction. In general, as they 

supply complementary information, combinations of these indicators are monitored 

together (Switzenbaum et aI., 1990). Meanwhile, the best operation is achieved by regular 

monitoring and applying corrective actions before the process gets out of control. 
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Nevertheless, a desirable monitoring analysis for anaerobic reactors should be 

directly associatcd with the active population or microorganisms cspecially 01' the 

populations responsible for the critical steps including mcthanogens. At this point, 

microbial identification tools for such analyses are not available Cor routine use due to the 

limitations of traditional microbiological techniques, including selectivc cnrichments, pure 

culture isolations, most probable number estimates, and phenotypic characterizations. 

However, through the 16S rRNAIrDNA based molecular methods, it is now possible to 

identify microorganisms present in anaerobic reactors - regardless or their cultivation 

capabilities (Raskin c( Clf., 1994; 1996; Rocheleau c{ of., 1999; Santegoeds ct CI/., 1999; 

Sekiguchi c{ oi., 1999). Therefore, such monitoring analyses are becoming progressively 

more essential in the control of anaerobic treatment systems (Fernandez c{ uf., 1999; 2000; 

McMahon cf (II., 2001; Chan ct (II., 2001; Angenent c( 01., 2002). On the other hancL even 

though methanogenic population dynamics in anaerobic treatment systems have been 

studied widely in more recent studies by using molecular methods, our understanding is 

still limited under stress conditions in the form of elevated concentrations of inhibitory 

compounds. Since the susceptibility of methanogens to toxic compounds is much greatcr 

than that of fcrmenting bacteria, the prescnce of toxic compounds in the reactor can easily 

disrupt the balance between fermentation and methanogenesis. Therefore, this imbalance 

may be the start of a hltal upset of the anaerobic treatment process. 

Ammonia nitrogen is one of the 1110st C0I111110n toxic substances experienccd during 

anaerobic treatment or protein-containing vvastes. Although it is ;tIl important buller in the 

process and an cssential nutrient for methanogens, high cOJ1centratioIls C,lIl he a major 

cause of operational f~lilure. The inhibitory effeelS 01' ammonia, as rar as is kn()\vn, 

influence mainly the phase or methanogenesis in anacrobic reactors (\ell1 V cls(n. 1979: 

Koster & Lettinga, 1984; Heinrichs ct a1., 1990; Angelidaki & AhriJ1g, 1 c)93; LIY et aL 

1998). Other sensitive reactions, sllch as those performccl by the syntrophic elcidogcnic 

fermenters, may also be either directly or indirectly allected b~! aCCU11lULltion or \"OLltilc 

fatty acids or hydrogen in the system (van Velscn, 1979: Kustcr. 1986: Koster allC! 

Lettinga, 1988; Heinrichs c( a/. , 1990). Within two distinct methanogenic gWUJlS, acetalc 

consuming methanogens were uSUCllly rouncl to be l11ure sensitivc thelll hydrogcn utili;,ing 

(1/ t i L'ttl'11()a 10 84' An"elidaki and Ahrim!., 1993: Scl1l1Lirer ef (fl, 1994; ones ,-os er ant c 0< , :;, b ~ ~ 

Varaldo e{ aI., 1997). Sprott and Patel (1986) supported this \\ith some'. pure culture 
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experiments. However, in some of the studies hydrogen utilizing methanogens were in 

contrast defined as the sensitive group (Wiegant and Zeeman, 1986; Fujishima et al., 

2000). 

As methanogenic population adapts to elevated ammonia levels in anaerobic reactors, 

there are obviously differing threshold concentrations for inhibition in the literature. In 

studies conducted with unadapted biomass, ammonia inhibition was reported to occur 

above J 500 mg/l TAN (total ammonia nitrogen) at pH of about 7.5 (McCarty, 1964; Koster 

and Lettinga, 1984). By using adapted sludge, methane production without any significant 

inhibition was reported even at 5000 mg/l TAN (van Vel sen, 1979). Sprott and Patel 

(1986) postulated that adaptation results from the selection of resistant methanogens 

already present in seed sludge rather than an alteration through genetic changes of initially 

sensiti ve methanogens, as proposed by Koster (1986). 

This study was conducted to increase our understanding on the inhibition of 

methanogens at elevated free ammonia concentrations. Furthermore, to elucidate the 

aforementioned postulates about the adaptation phenomena, changes in methanogenic 

populations in anaerobic reactors exposed to gradually increasing ammonia levels were 

monitored by using cloning, denaturing gradient gel electrophoresis (DGGE) and 

fluorescent in-situ hybridization (FISH) techniques and the collected popUlation data were 

linked with reactor performances. 

6.2. Material and Methods 

In this study, five laboratory scale identical upflo'vv anaerobic reactors inoculated 

with different seed sludges were operated for 450 days lll1der constant organic loading 

rates of about 1.2 kgCODm3/day (HRT = 4 clays) and gradually increasing inllucnt 

ammonia concentrations from 1000 to 6000 mg/l TAN. Approximately 5300 mgCOD/l 

synthetic feed was composed of acetate (3450 mgCOD/l), propionate (860 mgCOD/l), and 

butyrate (1000 mgCOD/l) as substrate. Details about the experimental set-up and seed 
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sludges are given in Chapter 5 0 . f I I d . - . pew lOna p an an sludge samplmg days are in given 

Figure 6.1. 

To investigate the changes in methanogenic communities, sludge samples were 

monthly taken from the bottom sampling ports of the reactors and stored at -20°C before 

DNA isolation. 
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Figure 6.1. Time schedule for sludge sampling days and changes in TAN, pH and FAN 

6.2.1. DNA Isolation and peR Amplification 

To extract and isolate DNA, initially I 1111 of sludge sample was mechanically bead 

beaten with zirconia/silica beads (BioSpec Products) in TrislHCI buffered phenol. After the 

mechanical disruption, released DNA was purified with phenollchloroformlisoamyl 

alcohol (25 :24: 1) and chloroform/isoamyl alcohol (24: I) extraction according to the 

procedure outlined in Oude Elferink et aI., 1997. Afterward, for DGGE analysis, \/6 to V8 

region of the 16S rDNA gene of the isolated DNA was amplified using polymerase chain 

reaction (PCR). The primer set specific to Archaea domain was AI09 for (5' AC(G/T) 

GCT CAG TAA CAC GT-3') (Grosskopf et af., 1998) and GC-515 rev (5' CGC CCG 

GGG eGe GCe CCG GGC GGG GCG GGG GCA CGG GGG GAT CGT A TT ACC 
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GCG GCT GCT GGC AC-3') (Lane et aZ., 1991). For amplification of the 16S-rDNA gene 

for cloning, the primer set specific to Archaea domain A-109 for and 1510 rev (5' GTG 

AAG crr ACG G(C/T)T ACC TTG TTA CGA CTT-3') (Lane ef aZ., 1991) was used. 

PCR programs were performed in a Pro gene thennocycler (Techne). In the PCR for total 

archaeal 16S-rDNA and for DGGE the following program was used: pre-denaturation 

(94°C,S min), 34 cycles of annealing (52°C, 40 sec), elongation (68°C, 1 min), and 

denaturation (94°C, 30 sec), a final annealing (52°C, 40 sec) and post elongation (68°C,S 

min). The reactions were subsequently cooled to 4°C. PCR products were examined on 

ethidium bromide-stained agarose gels, and subsequently used for DGGE analysis and 

cloning. 

6.2.2. Denaturing Gradient Gel Electrophoresis (DGGE) and Cloning 

DGGE of the PCR amplified partial 16S rDNA was performed with D-Code 

Universal Mutation Detection System (BioRad) in accordance with NObel e{ a/., 1996. The 

polyacrylamide concentrations used in the analysis of DGGE were 8% and the denaturing 

gradients were 32-50%. The denaturing gradient gel was electrophoresed at 85 V and 60°C 

for 16 hours after a voltage of 200 V was applied for 5 min. At the end, gels were silver 

stained according to procedure given in Sanguinetti et af., 1994. Community shifts in the 

reactors were described as changes in the DGGE profiles of the partial 16S rDNA 

amplicons. 

As DGGE gels contain many bands in one lane because of the microbial complexity 

of sludge samples, cloning and sequencing techniques were used to find out \vhich band 

corresponded to which species. For cloning, the amplified archaeal 16S rDN A products 

were purified with a QIAquick PCR purification kit (Qiagen) and cloned in E. coli JM 1 09 

by using the pGEM®-T Easy vector system (Promega) with ampicillin selection and 

blue/white screening, according to the manufacture's manual. The inserts were screened by 

Restriction Fragment Length Polymorphism (RFLP) analysis with the enzyme MspJ 

(Fermentas) and by mobility comparison on DGGE. Plasmids of selected transfonnants 

were purified using the Wizard Plus SV mini prep DNA purification kit (Promega). 
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Sequencing analysis was carried out in a private sequence laboratory. A similarity search, 

in the GenBank database, with the derived partial (app. 800 bp) 16S rDNA sequences from 

the clones, was performed by using the NCBI sequence search service, available on the 

internet. 

6.2.3. Fluorescent In-situ Hybridization (FISH) 

The sludge samples were fixed overnight in 4% formaldehyde-PBS solution at 4°C. 

Fixed cells were spotted on Teflon-coated multiwell glass slides and allovvecl to dry 

(Raskin cl of., 1994). Hybridizations were performed at 46°C for 2 h with 1 0 ~d 

hybridization buffer (0.9 M NaCI, 20 mM Tris/HCl, pH 8.0, 0.01 % SDS) and 1 ~d labeled 

probe (30 ng/well) (MWG Biotech, Ebersberg). A list of the oligonucleotide probes used in 

FISH is given in Table 6.1. Formamide was added to the final concentrations of about 20% 

for Arch 915 and 35% for the other probes to ensure the optimal hybridization stringency. 

After hybridization, unbound oligonucleotides were removed by rinsing with washing 

buffer containing the same components of the hybridization buffer except the probes. 

Slides were subsequently incubated at 48°C for 10 min with washing butTer. Then, 

washing buffer was removed by rinsing the slides with distilled water. For detection of all 

DNA, the sludge samples were additionally stained with 4,6-diamidino-2-phenylindole 

(DAPI; 1 ~lg/ml) for 10 min in the dark, finally again rinsed with distilled \vater and 

immediately air-dried. Vectashield (Vector Laboratories) was used to prevent photo 

bleaching. The slides were examined with an Olympus BX50 microscope. Digital images 

of the slides were taken with a digital camera. 

6.3. Results 

Five upflow anaerobic reactors seeded with different seed sludges were operated for 

450 days under nearly constant loading rates in the range of 0.9 to 1.4 kg COD m
3
/day. To 

investigate the methanogenic population dynamics during adaptQtioll to elevated free 

ammonia levels, influent TAN concentrations were step by step increased from 1000 to 
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6000 mg/l. In addition, influent pH which was constant at 7.7 until Day 302 increased 

gradually up to 8.1 to elevate the FAN in the reactors. 

Table 6.1. Oligonucleotide probes used in fluorescent in-situ hybridization 

Probe Label Sequence Target group Ref 

name 

Arch 915 Cy3 GTGCTCCCCCGCCAATTCCT Archaea domain Stahl et 

al., 1991 

Mx 825 Cy3 TCGCACCGTGGCCGACACCTAGC Methanosaeta 

Ms 821 Cy3 CGCCATGCCTGACACCTAGCGAGC lvJethanosarcina 

MsMx860 Cy3 GGCTCGCTTCACGGCTTCCCT !l1ethanosarcina &: Raskin 

Me/hanosaeta et aI., 

Mb 1174 Cy3 TACCGTCGTCCACTCCTTCCTC Methanobacteriales 1994 

Mc 1109 Cy3 GCAACATAGGGCACGGGTCT Methanococcales 

Mg 1200 Cy3 CGGATAATTCGGGGCATGCTG lvJethanogen iUI71-

relatives 

During the start-up until Day 75, influent TAN was adjusted to about 1000 mg/l 

resulting in FAN of about 54 mg/l (Fig 6.1). In this interval, within the five reactors, R2 

and R4 reached steady state conditions more rapidly until second sludge sampling at Day 

58 with almost no acetate and propionate in the effluent (Fig 6.2 b and d). Since the 

sludges seeded in these reactors have been adapted to TAN levels above 2000 mg/l, 

relatively shorter start-up periods seem consistent. However, as the DGGE banding 

patterns were compared, significant changes in methanogenic community were observed in 

both of the. reactors conflicting with this consistency (Fig. 6.3). Because, intensive 

Methanasaeta related DGGE bands in the seed sludge of R2 represented by clones CM6, 

CM21 and CM42 faded in this period and completely disappeared until Day 121. At Day 

58, abundant methanogens in R2 were a Jvfethanasarcina-like (CM80) acetoclastic species 

and a hydrogenotrophic uncultured archaeon clone ASDS 11 that belongs to order 

Methanabacteriales (CMI4). Methanogenic population shift in R4 was more rapid and 

momentous. As the low volatile solids (17%) inoculum seeded to this reactor was obtained 

by concentrating the biomass in the leachate taken from a municipal solid waste landfill, 
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the quantity of methanogens was very low. Therefore, among the very few faint bands on 

DGGE gel, only a Methanoculleus related species (CM20) could be identified which was 

also represented as the dominating archaea in another landfill leachate with similar 

characteristics (Huang et al., 2002). Hydrogenotrophic Methanoculleus species in R2 

disappeared just after one month (Day 37) and parallel to rapid improvement in the reactor 

performance, clone CM80 (Methanosarcina barkeri strain SAR, 98% similarity) 

dominated in the system as in R2. Additionally, another hydrogenotrophic methanogen 

(clone CM85) related to (98% similarity) the uncultured archaeaon LK33 was also 

identified at Day 58 which was almost invisible in the seed. Fascinatingly, this 

Methanospirillium- like uncultured archaeon was also recovered from the same 

aforementioned leachate (Huang et al., 2002). Sequencing and similarity search results of 

the clones matching with the bands on DGGE gels are given in Table 6.2. 

As revealed in Figure 6.2, VF A sampling and analysis in the eft1uents were started 

after Day 54. However, the decreasing trends in acetate and propionate levels at the 

beginning of VF A analysis period indicate that reactors were exposed to elevated 

concentrations of acetate and propionate in the stmi-up. In particular, high acetate levels in 

this period promote the presence of Methanosarcina- related species instead of 

Alethanosaeta as the main acetate utilizing methanogens in the reactors. In the literature, it 

is generally accepted that at high acetate concentrations species of Methanosarcina has a 

competitive advantage against Methanosaeta with relatively higher maximum growth rate 

(~llllax) and half saturation constant (Ks) values (.Tetten et al., 1992; Raskin et a!., 1994). 

Contrary to short start-up phases in R2 and R4, instability continued until Day 90 in 

R1 and R3 and until Day 115 in R5. Relatively lower COD removal efficiency in R5 in this 

period primarily originated from slightly high and gradually decreasing acetate and 

propionate concentrations in the eff1uent. As acetate and propionate were reduced to vcry 

low levels, COD concentrations of about 200 mg/l were determined in the effluent of R5 

after Day 115 and it was kept stable at this level for a long time (Fig 6.2 e). In addition to 

quite high effluent VF A concentrations, flocs escaping from the reactors resulted in 

relatively high COD concentrations in the effluents of R3 and R5. As the disintegration of 

granular seed sludges was also continued after the start-up in these reactors, effluent COD 

concentrations never decreased below 400 mg/l in average (Fig 6.2 a and c). 
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Figure 6.2. Effluent acetate, propionate and total COD concentrations 
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According to DGGE analysis. gr~lIlular sludges seeded to R I and R3 were very 

similar 10 each other and composl:d ()i clones CM6, CM17 and CM42 which were 

identified as Mcl hanosClcl a cOl7ci III. uncultured archacon c lone V adi n DC06 and 

MclhclI1os(fi'/CI\jJ- with very high similil's (>99%), respectively (Fig. 6,3), Clone CM17 
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representing a hydrogenotrophic Methanobaeterium-like species was also identified in R5. 

In addition to' clone CM17, there was another Methanobaeterium-related species specific to 

seed sludge of R5. It was (CM82) closely related to (>99%) uncultured archaeon clone A3 

detected in an expanded granular sludge bed reactor treating oleic acid (Pereira et aI., 

2002). 

Table 6.2. Sequencing and similarity results of the selected clones. 

Clone Sequence Similarity results Source 

Length Reactor 

CM6 572 bp Methanosaeta eoneilii (99%) RI, R2, R3 

CM14 835 bp Uncultured archaean clone ASDSII (95%) RI, R2, R3, 

R5 

CMl7 831 bp Unidentified archaean clone Vadin DC06 (99%), All 

Methanobaeterium formieieum (94%) 

CM20 585 bp Methanoculleus sp. (97%) R4 

CM21 834 bp Methanosaeta sp. clone Al (98%) R2 

CM27 835 bp Uncultured Methanosaeta sp. KuAl (96%) RI, R2, R3 

CM42 829 bp A1ethanosaeta sp. AMPB-Zg (99%) RI, R2, R3 

CM62 833 bp Jvfethanosarcina mazei Gael (99%) R3, R4, R5 

CM80 832 bp Methanosarcina barker; Sar (98%), All 

Methanosarcina acetivorans C2A (97%) 

CM82 568 bp Uncultured archaean clone A3 (99%), R5 

Methanobacterium sp. DSM 11103 (96%) 

CM85 572 bp Uncultured archaean LK33 (98%), RI, R2, R4, 

Methanospirillium sp. clone A2 (95%) R5 

During start-up, changes in methanogenic community in RI, R3 and R5 were quite 

mild and slow parallel to delay in adaptation of sludges seeded to these reactors. For 

instance, DGGE banding patterns of the inoculums and sludge samples taken at Day 58 

were very similar to each other in these reactors (Fig. 6.3). However, after Day 93, 

methanogens (CM80 and CM14) previously dominated R2 and R4 also started to be 
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abundant in R1, R3 and RS. Moreover, clone CM62 closely related to (99%) 

}vlethanosarcina 171C1zei strain Goe1 was also identified in R3. Nevertheless, despite the 

prevailing methanogens in the flocculent, sludges seeded to R2 and R4 almost completely 

disappeared during start-up, inoculum methanogens persisted in R 1, R3 and RS for a long 

time as a result of granular structure. 

With SOO mg/l increments at Day 7S, 98, 117 and 140, influent TAN concentration 

was elevated from 1000 to 3000 mg/l (Fig. 6.1). Thus, after Day 140, FAN reached to 161 

± 20 mg/l in the reactors (Fig. 6.1). In literature, generally free ammonia inhibition 

thresholds for mesophilic anaerobic treatment were reported in the range SO to 150 mg/l 

(Koster and Lettinga 1984; De Baere et al., 1984; Soubes et aI., 1994). However, although 

F AN level exceeded these thresholds, none of the reactors were affected severely until Day 

ISO. After Day lS2, a slight increase in VFA concentrations especially in the form of 

acetate were observed in R4 reflected as a small jump in the eff1uent COD (Fig. 6.2 b). The 

response of R3 was more remarkable ever since the jump in effluent COD concentration 

was up to 800 mg/l and it was kept on until Day 180 (Fig. 6.2c). 

By increasing the influent TAN to 3S00 mg/l at Day 182 and to 4000 mg/l at Day 

209, FAN concentrations exceeded 200 mg/l in the reactors (Fig. 6.1). Consequently, at 

Day 212 effluent acetate concentrations which were formerly less than 200 mgCOD/1 

exceeded 500 mgCOD/l in Rl and 300 mgCOD/l in R3 (Fig. 6.2 a and c). Additionally, 

effluent propionate concentrations of about 80 mgCOD/1 were also measured in R3 (Fig 

6.2 c). In spite of FAN concentrations exceeding 200 mg/l, R2, R4 and R5 achieved total 

COD removal efficiencies as high as 95%, vvithout any decline in their performances (Fig. 

6.2 b, d and e). 

At Day 211, according to their performances under 21S mg/l FAN, reactors could be 

classified as highly (R2, R4 and RS) and moderately (Rl and R3) efficient reactors with 9S 

and 8S% total COD removal efficiencies, respectively. At this point, abundant 

methanogens in RI and R3 were two A1ethanobacterium (CM14, CMI7) and a 

A1ethanosarcina- related (CM80) species. Moreover, there was an uncultured 

Methanosaeta sp. (CM27) represented by a faint band on DGGE gel "vhich was not present 

in the seed. In a previous study, we characterized the same clone (CM27) in an anaerobic 
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reactor treating moderately high ammonia bakers' yeast wastewater. In addition to species 

in R1 and R3, a Methanospirillium -like (CM85) hydrogenotrophic methanogen was also 

prevailing in R2 at Day 211. On the other hand, in RI and R3 intensive Methanosaeta -

related seed sludge bands represented by clones CM6 and CM42 completely disappeared 

(Fig. 6.3). Likewise, in a previous study investigating the ammonia toxicity in pure 

cultures of ri1ethanogens, Sprott and Patel (1986) found that Methanosaeta concilii was 

completely inhibited at 560 mg/l TAN, while Methanosarcina barkeri was not inhibited at 

2800 mg/l. Furthermore, a similar conclusion was also given in a more recent study on 

anaerobic digestion of high ammonia swine waste (Angenent et at., 2002). 

Since, the gaseous form of free ammoma IS considered to be more toxic than 

ammonium ion (Angelidaki and Ahring, 1993; Sprott et at., 1984; Koster and Koomen, 

1988) inhibiting effect of ammonia nitrogen occurs after the passive diffusion of 

hydrophobic free ammonia molecule into the cell. Methanosarcina species consist of large 

spherical cells and forms big clusters, thus they have a much higher volume-to-surface 

ratio than rod shaped A1ethanosaeta sp. which is normally interconnected end to end in 

long filaments. Hence, per unit mass the free ammonia diffusion will be less for 

A1ethanosarcina cells than Methanosaeta (Wiegant and Zeeman, 1986). This was also 

similar for diffusion of free acetic acid that explains why }.;lethanosarcina sp. has higher 

minimum threshold values for acetate than A1ethanosaeta sp. (Jetten et al., 1992). From 

another point of view, )\1ethanosarcina packets are more resistant since the cells inside the 

packets are protected from inhibitory compounds by comparison with single cells (Macario 

et al., 1999). 

After 500 mg/l increments in TAN concentration of synthetic feed at Day 230 and 

267, TAN and FAN levels in the reactors were elevated to 5000 mg/l and 268 mg/l, 

respectively (Fig. 6.1). Moreover, by increasing the influent pH from 7.7 to 7.8 at Day 303, 

FAN concentration reached to approximately 335 mg/l in the reactors. In this period, R3 

was the most inefficient reactor after Day 233 with acetate and especially propionate 

concentrations in the effluent as high as 300 mgCOD/I equivalent (Fig. 6.2c). Similar 

increases in effluent propionate concentrations were also observed in R1 and R2 after Day 

295. Between Day 335 and 365, even though there was not any noteworthy methanogenic 

community shift in the reactors, substantial improvements in VF A removal were observed 
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in Rl, R2 and R3. The only change was fading of DGGE band representing clone CM85 

(uncultured archaeon LK33, 98% similarity) in R2. On the other hand, despite Rl, R2, and 

R3 were more or less affected from FAN concentrations above 300 mg/l, satisfactory total 

COD removals above 93% were again achieved in R4 and R5 under these conditions. 

By increasing the influent pH to 7.9 at Day 340 and to 8.0 at Day 364, FAN 

concentrations were elevated up to 510 mg/l (Fig. 6.1). Consequently, effluent total COD 

concentrations exceeded 900 mg/l in Rl and 600 mg/l in R2 (Fig. 6.2a and b). Moreover, 

parallel to jumps in effluent acetate and propionate levels, COD concentrations as high as 

1085 mg/l were determined in R3 at Day 376 (Fig. 6.2c). Astonishingly, R4 and R5 

tolerated even these increments in FAN and achieved 93 and 95% COD removal 

efficiencies, respectively with very low total VF A concentrations in the effluents 

corresponding to less than 50 mgCOD/1 (Fig. 6.2d and e). 

Finally at Day 383, influent TAN and at Day 406, influent pH were elevated from 

5000 to 6000 mg/l and from 8.0 to 8.l, respectively (Fig. 6.1). In this way, as a final point, 

FAN in the reactors reached to approximately 750 mg/l. In the literature, usually severe or 

complete inhibitions were reported for similar or lower free ammonia concentrations in the 

aforementioned studies. However, Hansen et al. (1998) have reported relatively low but 

constant methane formation at FAN concentrations as high as 1100 mg/l in thermophilic 

swine manure digestion. 

The final increases in FAN resulted in noticeable drops in COD removal efficiencies 

except R4 although the preceding methanogenic populations (CM80, CM17 and CMI4) 

were still abundant in the reactors. Additionally, in R3 and R5, Methanosarcina -related 

clone CM62 and in R5 the seed sludge specific hydrogenotrophic uncultured archaeon A3 

(CM82) were also present. While graphs representing FAN concentration versus acetate 

and propionate removal efficiency, were drawn as in figure 6.4, the influence of increasing 

free ammonia was more easily recognized on propionate oxidation than on acetate 

removal. In the calculation of acetate removal efficiency, butyrate and propionate amounts 

converted to acetate were also taken into account. 
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In all of the reactors, while methanogenic acetate removal never dropped below 80%, 

syntrophic propionate oxidation was considerably affected by FAN above 290 mg/l in R1 

and above 220 mg/l in R3 (Fig. 6.4f and h). In the literature, mainly methanogenesis was 

reported as the most sensitive phase in anaerobic treatment systems under high ammonia 

levels (Koster and Lettinga, 1988; Bhattacharya and Parkin, 1989; Heinrichs et aZ., 1990). 

However, direct or indirect inhibition of acetogenic bacteria was also reported (van Velsen, 

1979; Wiegant and Zeeman 1986; Koster and Lettinga, 1988; Heinrichs et al., 1990; 

Fujishima et al., 2000). 

Meanwhile, after Day 398, as an indication of inhibition in propionate oxidation, 

effluent propionate concentrations above 400 mgCOD/I were observed in R1 and R3 (Fig 

6.2a and c). These remarkable results indicated that in addition to methanogenic population 

shifts, variations in syntrophic propionate degraders should also be investigated for more 

satisfying conclusions on ammonia inhibition. As revealed in figure 6.4g, the ammonia 

inhibition threshold for propionate degradation was as high as 600 mg/l for R2. Therefore, 

since the FAN level elevated up to 750 mg/l at Day 406, the influence on R2 was slighter 

than in R1 and R3 and after Day 429, effluent VF A concentrations started to decrease 

gradually (Fig. 6.2b). In R4, related with the stable methanogenic community (CM62 and 

CM80) for more than 350 days (Fig. 6.3), substantially high acetate and in addition 

propionate removal efficiencies were still available in this period with minor VF A 

concentrations in the effluent (Fig. 6.2d). On the other hand, R5, the most resistant and 

efficient reactor until Day 427, was significantly affected at this FAN level. Almost 100% 

acetate removal efficiency dropped to 90% (Fig. 6.4e) within 20 days associated with the 

increase in effluent acetate concentrations up to 390 mgCOD/l (Fig. 6.2e). However, in 

contradiction to diminishing propionate removal efficiencies in Rl, R2 and R3, very low 

propionate concentrations of less than 10 mg/l were obtained in the effluent of R5 (Fig. 

6.2e). This indicates that, in addition to methanogens, some propionate degraders can also 

resist to FAN levels as high as 750 mgtl after acclimation. 

At this point, to confirm the results of cloning and DGGE analysis and in addition to 

determine the activities of presenting methanogens FISH experiments were conducted by 

using the genus specific oligonucleotide probes given in Table 6.1. The rRNA based in-situ 
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hybridization provided valuable information about the abundance of active methanogens 

and gave opportunity to investigate the inhibitory effects of ammonia on structural forms. 

Resembling to the DGGE results, Methanosaeta-like cells (Mx 825) in filamentous forms 

were detected as the prevailing methanogens in Rl, R2 and R3 just after the start-up (Fig 

6.Sa). Thereafter, parallel to elevation in ammonia level, Methanosaeta species have 

gradually lost their activities as their filamentous forms deteriorated until Day 121. In R2 

and R4, after Day 37 and in R1, R3 and RS after Day 93, Methanosarcina-related cells (Ms 

821) were detected in abundance (Fig 6.Sb). Moreover, there was a superior correlation 

between reactor performances and abundance of Methanosarcina cells. Therefore, until 

Day 398, highly active Methanosarcina cells were identified in large multicellular packets 

in R2, R4 and R5 (Fig. 6.5c-f). There are also similar results in the literature revealing the 

abundance of Methanosarcina-like cells under extremely high ammonia levels (De Baere 

ct al., 1984; Angelidaki and Ahring, 1993). In this period, mainly .M.cthanosarcina-like 

cells were also dominant in R1 and R3; however they were in quite disturbed, fragile 

structures (Fig. 6.5g and h). When the FAN level exceeded 700 mg/l, disintegration of 

large Methanosarcina clusters were observed in R2 and RS as well. Nevertheless, in spite 

of extremely high FAN levels, rigid j\1ethanosarcina packets were detected in R4 (Fig. 

6.6a and b). As this reactor was seeded with the biomass concentrated from a landfill 

leachate, it contained high inorganic constituents which might reduce the inhibitory effects 

of high free ammonia levels. In a previous study, addition of phosphorite ore was found to 

prevent ammonia inhibition in anaerobic digestion of poultry manure, supposedly by either 

immobilizing methanogens on the mineral grains, which increase the buffering capacity of 

the medium, or by exchanging ammonium ion for cations such as K, Ca and Mg (Krylova 

et aI., 1997). 

Microscopic results supporting the first hypothesis were obtained in R4 during DAPI 

staining and FISH. Well developed A1ethanosarcina packets embedded in inorganic 

particles were abundantly present in R4 even at Day 425 under 750 mg/l FAN. On the 

other hand, despite some Methanobacterium and Methanospirillium -related methanogens 

were identified with DGGE analysis and cloning, only very few and weak hybridization 

signals were obtained with probes Mb 1174 and Mg 1200. The best hybridization signals 

with Mb 1174 were obtained at Day 93 in R3 and at Day 58 in R5 at rather low FAN 

levels. 
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Figure 6.5. Fluorescent in-situ hybridization and DAP! staining photomicrographs; sludge 

samples stained with DAP! and hybridized with Cy3 labelled (red) Mx 825, MS 821 and 

MsMx 860 probes. Couples in e-f, and g-h represent the same field of the view. 



Figure 6.6. DAPI stained (blue) and Cy3 labelled (red) Methanosarcina clusters 

embedded in inorganic particles (green) 

6.4. Discussions 

94 

After a gradual adaptation in 406 days, moderately high COD removal efficiencies in 

the range of 77 to 90% were obtained above 700 mgll FAN in five upflow anaerobic 

reactors seeded with different sludges. In three of these reactors, propionate degradation 

was affected more severely than acetate removal and degradation efficiency dropped below 

50% in RI and R3 . Meanwhile, acetate removal in R4 and propionate degradation in R5 

was in no way inhibited even at FAN level as high as 750 mgll. 

During adaptation, Methanosaeta-related species prevailing in seed sludges have 

noticeably lost their activities and their filamentous forms deteriorated when FAN level 

exceeded 100 mg/1. Afterward, although some Methanobacterium and Methanospiri/lium­

related hydrogenotrophic methanogens were identified with cloning and DGGE analysis, 

mainly Methanosarcina- like acetoclastic methanogens were abundantly detected in all of 

the reactors by using activity based FISH technique. Following the increase in FAN level 

above 150 mgll, single coccus shaped Methanosarcina cells tended to form large 

multicellular packets. Subsequently, at higher FAN levels, reactor performances were 

strongly correlated with the stringency of these clusters rather than any shifts in 

methanogenic community. When the FAN level exceeded 600 mg/I, disintegration of large 
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Methanosarcina clusters were observed in R2 and R5. However, inorganic particles 

originated from seed sludge provided a good support for Methanosarcina clusters in R4. 

Consequently with this special feature, R4 successfully resisted to FAN levels as high as 

750 mg/I. 
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7. CONCLUSIONS 

Results of the long-term characterization and anaerobic treatability studies on Istanbul 

KomUrclioda Landfill leachate were presented in chapter 3. High VF A concentrations and 

BODs/COD ratios above 0.6 determined in the leachate were indications of high 

acidogenic activity in the landfill. In contrast, relatively elevated pH (8.1) and 

extraordinarily high T AN (total ammonia nitrogen) (3250 mg/I) values were also 

determined in acidogenic KomUrcUoda Landfill leachate. These high pH and TAN levels 

increased the possibility of free ammonia inhibition during anaerobic treatment. By 

adjusting the influent pH to 4.5 to keep the free ammonia concentrations below inhibitory 

level, COD removal efficiencies above 90% were achieved with laboratory scale anaerobic 

reactors, namely, anaerobic filter, upflow sludge blanket and hybrid bed reactors. 

As influent pH was adjusted to 4.5, stability of the reactors and low levels of acetate 

in the effluent were supported with the abundance of Methanosaeta community identified 

with DGGE, cloning, FISH and morphological analysis. However, after the termination of 

pH adjustment, the reactors became unstable parallel to the jump in FAN (free ammonia 

nitrogen) concentration up to 400 mg/l and COD removal efficiencies have dropped 

significantly down to 42 and 48% in hybrid bed and UASB reactors respectively. 

Although, it is defined as an ammonia sensitive methanogen in literature, many 

Methanosaeta cells were identified after two free ammonia inhibitions. Their occurrence 

may be explained by their massive intensity before inhibitions and short durations of high 

free ammonia periods. However, it was observed that long filamentous morphologies of 

Methanosaeta cells have shifted to shorter filaments consequently loosing their 

aggregating property. Thus, it is concluded that pH adjustment should be applied in the 

reactor influent to prevent free ammonia inhibition when high pH values and TAN 

concentrations are experienced. 

Nevertheless, sudden and unexpected fluctuations in the characteristics of leachate 

resulted in complications in understanding of the inhibitory effects of ammonia on 



97 

microbial diversity and activity. Therefore, to investigate the methanogenic population 

dynamics during adaptation to free ammonia, five mesophilic anaerobic reactors seeded 

with different sludges were operated for 450 days under gradually increasing free ammonia 

levels and more stable COD loading rates by feeding with a synthetic wastewater. 

As FAN gradually rose up to 800 mg/l throughout the 450 days experimental period, 

COD removal efficiencies in the range of 78 to 90% were observed in all of the anaerobic 

reactors. High removal efficiencies indicated that seed sludges also taken from anaerobic 

reactors treating considerably low ammonia containing wastewaters may be successfully 

adapted to elevated free ammonia concentrations. 

In three of the reactors, propionate degradation and in one of them acetate removal 

was inhibited more severely. In no way, neither of the phases was inhibited in R4 which 

was seeded with the biomass concentrated from Komlirclioda Landfill leachate. 

Methanosaeia mainly prevailing in seed sludges were substituted for Methanosarcina­

related methanogens when F AN exceeded 100 mg/l. Afterward, although some 

A;lethanobacterium and Methanospirillium- related hydrogenotrophic methanogens were 

identified with cloning and DGGE analysis, mainly Methanosarcina- like acetoclastic 

methanogens were abundantly detected in all of the reactors by using activity based FISH 

technique. As FAN level elevated, rather than any shifts in the methanogenic community, 

single coccus shaped Methanosarcina cells started to form stringent multicellular packets. 

However, when the FAN level exceeded 600 mg/l, disintegration of Methanosarcina 

clusters was observed. In contrast, inorganic particles originated from seed sludge provided 

a good support for Methanosarcina clusters in R4 and with this special feature, it 

successfully resisted to FAN levels as high as 750 mg/l. 

The results obtained in this study indicate that, like acetoclastic methanogens, 

propionate degrading acetogens are also sensitive to high free ammonia concentrations. 

Moderately high propionic acid concentrations in the effluents of Rl, R2 and R3 pointed 

out to this conclusion. However, low propionic acid concentrations of less than 10 mg/l in 

the effluent of R5 indicated the presence of propionate degraders resistant to extremely 

high free ammonia levels. On the other hand, there was no problem in the conversion of 
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butyric acid at any free ammonia level in all reactors revealing the resistance of butyrate 

degraders. 

Granulated sludges known to be resistant to environmental factors and toxic 

substances did not show the same resistance under high free ammonia concentrations. 

Besides, the lowest removal efficiencies were observed in Rl and R3 which were seeded 

with granular sludges. Fascinatingly, despite granules couldn't tolerate high free ammonia 

levels, inorganic particles intensively present in R4 reduced the inhibitory effects by 

supporting the formation of large lvfethanosarcina clusters. 
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