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BIBLIOGRAPHIC ABSTRACT 

Koster, I.W. (1989) Toxicity in anaerobic digestion, with emphasis on the effect of ammonia, 
sulfide and long-chain fatty acids on methanogenesis, Doctoral dissertation, Wageningen 
Agricultural University, Wageningen, The Netherlands 

The dissertation concerns the problem of toxicity in anaerobic digestion, which to a 
large extent is the problem of inhibition of methanogenic conversions by chemical com
pounds. The dissertation begins with an extensive literature review in which the microbiol
ogy of anaerobic digestion and the chemical and physical requirements of the bacteria 
involved are discussed. A literature review concerning the general aspects of toxicity in 
anaerobic digestion is also included. The general aspects that are discussed include: syner
gism and antagonism, concentration dependency, influence of environmental factors (e.g. 
temperature and pH) on the effective concentration of toxicants, acclimatization of methan
ogenic populations to the presence of toxicants in the wastewater to be treated. The 
impact of modern reactor design on the ability of anaerobic wastewater treatment systems 
to deal with toxicant containing wastewater • is also discussed, as is the fact that biofilms 
increase the toxicant tolerance of methanogenic populations. 

Many of the general aspects of toxicity in anaerobic digestion that are discussed in 
the literature review are illustrated in the chapters concerning research projects. In the 
chapter concerning long-chain fatty acids toxicity the phenomena of synergism and lowering 
the effective toxicant concentration by means of formation of insoluble molecules are 
shown. The influence of pH on toxicity is shown in the chapter on sulfide toxicity and the 
chapter on ammonia inhibited growth rate. The latter chapter also deals with the influence 
of temperature. The chapter on ammonia inhibition of methanogenic activity illustrates the 
concentration dependency and the acclimatization potential of methanogenic biomass. The 
extreme tolerance of methanogenic populations for toxicants is illustrated in the chapter on 
amminia inhibition of methanogenic inhibition and in the chapter on manure digestion. 

keywords: anaerobic digestion; anaerobic waste water treatment; methane; biogas; toxicity; 
inhibition; long-chain fatty acids; sulfide; ammonia; acclimatization; adaptation; synergism; antagonism. 



INTRODUCTIONARY ACCOUNT 

Historical background 

My interest in anaerobic digestion arose in 1980, when as a student I was member of 
the "Projektgroep Veenkoloniaal Afvalwater", a group of seven students that studied the 
socio-economic and environmental problems caused by the potato-starch industry in the 
north-eastern part of The Netherlands.1 Most problems were caused by the enormous pol
lution potential: without treatment the water pollution caused by the potato-starch industry 
would amount to 12 million population equivalents, which is one third of the total was
tewater production in The Netherlands. The "Projektgroep Veenkoloniaal Afvalwater" pro
posed some technical solutions for the water pollution of the potato-starch industry. An
aerobic digestion was the heart of these proposed solutions. 

Since the wastewater of the potato-starch industry contains a lot of protein, ammonia 
inhibition could be an argument against the use of anaerobic wastewater treatment proces
ses. Therefore, the first research I ever did concerning the subject of the present thesis 
(which is toxicity in anaerobic digestion) was within the framework of the "Projektgroep 
Veenkoloniaal Afvalwater" and was aimed at finding out to what extent ammonia toxicity 
could limit the use of anaerobic wastewater treatment at the potato-starch industry. Be
cause the wastewater of the potato-starch industry is rather cold, I also did a lot of 
research concerning anaerobic digestion at psychrophilic conditions.2 

The practical work concerning ammonia toxicity in anaerobic digestion was used to 
write the three articles compiled in chapter 4 of this thesis. The data processing and 
actual writing of the articles was done as part of my work during my occupation as a 
temporarily employed additional researcher at the anaerobic digestion group of Lettinga at 
the Department of Water Pollution Control of the Wageningen Agricultural University. 
Chapter 5 of this thesis also stems from my period as additional researcher. The scientific 
interest I had in toxicity problems in anaerobic digestion was further stimulated by the 
work I could do for a research project concerning the anaerobic treatment of wastewater 
from the edible oil industry.3 The toxicity problems encountered with anaerobic treatment 
of these wastewaters concern sulfide and long-chain fatty acids. My research resulted in 
the articles compiled in the chapters 2 and 3. 

The work described in chapter 6 was done as part of a feasibility study concerning 
anaerobic digestion of highly concentrated ('thick') animal waste slurries. 

A lot of data processing, literature search and writing of articles has been done as 
part of my work as member of the permanent staff of the Department of Water Pollution 
Control of the Wageningen Agricultural University, with Valorization and treatment of 
organic wastes as my principal field of work. Anaerobic digestion is one of the many 
methods to make value of organic wastes, but because of the low water content in organic 
wastes toxicity problems are abundant. 

Projektgroep Veenkoloniaal Afvalwater (april 1981) Geen kater van schoon water, 
uitgave Vakgroep Waterzuivering, verkrijgbaar in het Centraal Magazijn van de 
Landbouwuniversiteit onder bestelnummer 06451107 

Koster, I.W. & G. Lettinga (1985) Application of the upflow anaerobic sludge bed 
(UASB) process for treatment of complex wastewaters at low temperatures, Biotechnol. 
Bioeng., 27: 1411-1417 

Rinzema, A. (1988) Anaerobic treatment of wastewater with high concentrations of 
lipids or sulfate, Ph. D. thesis, Wageningen Agricultural University 



Scope and organization of this thesis 

Except for chapter 1 the chapters of this thesis are the result of laboratory research 
concerning some details of toxicity in anaerobic digestion. The choice of toxicants to be 
studied was limited to ammonia, sulfide and long-chain fatty acids. This choice was to a 
great extent influenced by fund-raising opportunities. One chapter in this thesis concerns 
toxicity in anaerobic manure digestion; the other chapters concern research of a more 
general nature. Except in the manure digestion study, in all studies methanogenic popula
tions in granular form and dominated with Methanothrix sp. were used. The reason for the 
use of granular sludge is that UASB reactors (which generally contain granular sludge) are 
by far the most widely applied reactors in anaerobic wastewater treatment systems. 

This thesis contains as chapter 1 a comprehensive literature study concerning the 
microbial, chemical and technological aspects of toxicity in anaerobic digeston. 
This chapter serves as an introduction to anaerobic digestion and the problems that can be 
met when the waste or wastewater to be digested contains potential toxicants that may 
disrupt the digestion process by inhibiting the formation of methane. 

The toxicity of long-chain fatty acids is dealt with in chapter 2. The results in this 
chapter illustrate the phenomenon of synergism. Non-inhibitory concentrations of lauric acid 
enormously enhanced the toxicity of capric acid. Chapter 2 also provides an illustration of 
the fact that the formation of insoluble .salts can lower the concentration of toxicants to 
non-inhibitory levels. 

Chapter 3 concerns the toxicity of sulfide. It is an illustration of the pH influence on 
toxicity. It also illustrates the potential of biofilms to diminish the effect of toxicants, in 
this case by providing a biofilm pH which differs from the pH in the bulk environment. 

In chapter 4 a study concerning ammonia toxicity over the concentration range from 
non-inhibitory up to extremely high levels is presented. The potential of methanogenic 
populations to adapt to the presence of toxicants is dealt with in detail, and special atten
tion is paid to a quantitative comparison of the specific activity of methanogenic biomass 
before and after adaptation. 

Chapter 5 contains one of the few reports on the effect of toxicants (in this case: 
ammonia) on the growth rate of methanogenic biomass. Also this chapter illustrates the 
effect of temperature and pH on ammonia inhibition. 

Chapter 6, in which research concerning anaerobic manure digestion at extreme am
monia concentrations is presented, is included in this thesis to give an example of a prac
tical situation in which anaerobic digestion is desirable, but hampered by the presence of 
high concentrations of a toxicant. 
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MICROBIAL AND BIOCHEMICAL ASPECTS OF ANAEROBIC DIGESTION 

Introduction 

In anaerobic digestion organic matter is transformed into methane via a series of 
successive bacteriological processes. Bacterial methane production is common in nature and 
it even occurs in extreme ecosystems such as glacier ice (Berner et al., 1975), acid tundra 
peat (Svensson, 1983), thermophilic (55-80 °C) agricultural waste digesters (Varel, 1983), 
thermophilic waste water treatment systems (Wiegant, 1986), sedimentary rocks from oil 
fields (Belyaev & Ivanov, 1983), hypersaline sediment of the Dead Sea (Dosoretz & 
Marchaim, 1988) and possibly also in submarine hydrothermal vents at pressures of about 
250 bar and temperatures exceeding 300 °C (Baross et al., 1982). The subject of this thesis 
is methanogenesis at mesophilic temperatures in waste or waste water treating digesters, 
stressed only by the occurrence of potential toxicants such as ammonia, sulphide or long-
chain fatty acids ' ) . 

Anaerobic digestion is a general term for the process of biological degradation of 
organic material with the exclusion of oxygen which can take place in solid waste 
treatment, manure digestion, sludge digestion, waste water treatment, etc. 

The first time that anaerobic digestion was reported to be a useful method for waste 
treatment was in 1881 when the French engineer Louis Mouras reported about an anaerobic 
waste water treatment system more or less similar to the septic tank which is still in use 
today (McCarty, 1982). Since that time the applications of anaerobic digestion have grown 
steadily, as has the knowledge of the microbiology, chemistry and technology involved. In 
recent years, interest in anaerobic digestion has grown considerably, because anaerobic 
digestion applied to waste and waste water treatment requires much less energy than the 
conventional aerobic treatment methods. Moreover, the methane product of anaerobic 
digestion can serve as a useful fuel. A critical review of the microbial, chemical and 
technological aspects of the anaerobic digestion of organic material is presented elsewhere 
(Koster, 1988). In this chapter a comprehensive introduction of the conversion processes in 
anaerobic digestion will be presented, followed by a general introduction to the 
phenomenon of toxicity in anaerobic digestion. Since methanogens are by far the most 
sensitive of the bacteria involved in anaerobic digestion, emphasis will be on inhibition of 
methanogenesis. 

Methanogenic bacteria are part of a unique genealogical group (Woese, 1981; Balch et 
al., 1979). Apart from the eukaryotes (cells which have well-formed nuclei, e.g., fungi) and 
the prokaryotes (cells which do not have nuclei, the common bacteria) there is the primary 
group of the Archaebacteria, which includes three very different kinds of bacteria: extreme 
halophiles, thermoacidophiles, and methanogens. Archaebacteria differ from prokaryotes at 
the molecular level, especially in ribosomal RNA sequences. Methanogenic bacteria also 
differ from other bacteria in the composition of the cell wall (Kandier & König, 1978). The 
genealogical differences between methanogens and common bacteria makes that several 
compounds which are severe toxicants for common bacteria do not affect methanogens. 
Cell-wall active antibiotics may serve as example. Because muramic acid is not present in 
the cell walls of methanogenic bacteria, they are resistant to cell-wall active antibiotics 
such as penicillin, vancomycin, D-cycloserine and cephalosporin (Sahm, 1983). On the other 
hand, the specificity of methanogens also makes that there are inhibitory compounds which 
are very specific for methanogens, even at high concentrations (Sparling & Daniels, 1987). 

Comparing natural ecosystems with digesters 

Much information concerning methane-producing bacterial populations can be derived 
from natural anaerobic ecosystems such as sediments or the rumen. The rumen especially 

1 It should be noted that in this text the term "digesters" is used to describe any reactor 
in which anaerobic digestion occurs, including the manure- or sewage-sludge treating 
reactors for which the term is usually reserved. 



has been the subject of extensive microbial research (Hobson & Wallace, 1982a; Hobson & 
Wallace, 1982b). From the rumen a novel high-rate process for the digestion of solid cellu
losae waste has been derived (Gijzen, 1987). It should be realized, however, that these 
natural ecosystems in many cases are not in all aspects comparable with anaerobic waste 
water treatment systems or sludge (or manure) digesters. Marine sediments are character
ized by a sulfate pool which cannot be exhausted (Zehnder, 1978). Under conditions of 
sulfate sufficiency, sulfate-reducing bacteria will win the competition for hydrogen and 
acetate from the methanogenic bacteria (Winfrey & Zeikus, 1977; Laanbroek & Veldkamp, 
1982). 

The main difference between the rumen and a manure digester or an anaerobic waste 
water treatment system is on the basis of the turnover time (Hobson, 1973). The rumen 
turnover time is about 1 day, whereas a manure digester turnover time is always longer, 
generally about 30 days. This implies that many bacteria whose growth rates are such that 
they are washed out of the rumen are able to occupy a habitat in a manure digester which 
in fact is fed with material that has passed the rumen. 

SUSPENDED SOLIDS 
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Fig. 1 Substrate flows in anaerobic digestion of complex organic material. 
1: hydrolysis, 2: fermentation, 3: oxidation of long-chain fatty acids, 4: intermediary aceto-
genesis, 5: nonmethanogenic conversion of methanogenic substrates, 6/7: melhanogenesis 



Substrate flows in anaerobic digestion 

The effective conversion of complex organic material into methane depends on the 
combined activity of a miscellaneous microbial population consisting of various genera of 
obligate and facultative anaerobic bacteria. The activities of the mixed population present 
in an anaerobic digester can be summarized in seven distinct processes (Figure 1): 

1. Hydrolysis or liquefaction of suspended solids 
2. Fermentation of amino acids and sugars 
3. Anaerobic oxidation of long-chain fatty acids 
4. Anaerobic oxidation of intermediary products, mainly volatile fatty acids such as prop

ionic acid, butyric acid, etc. 
5. Nonmethanogenic conversions of acetate and hydrogen 
6. Acetoclastic or acetotrophic methanogenesis 
7. Hydrogenotropic methanogenesis 

These processes can be arranged into four distinct metabolic stages (Mclnerney et al., 
1980): 

1. In hydrolysis or liquefaction, complex, nonsoluble organic compounds are solubilized by 
enzymes excreted by hydrolytic bacteria. Since these enzymes work outside the bacteria, 
they are called exoenzymes. In fact, hydrolysis is the conversion of polymers into 
monomers. 

2. In acidogenesis, soluble organic compounds, including the products of the hydrolysis, are 
converted into organic acids such as acetic acid, propionic acid and butyric acid. 

3. In acetogenesis or intermediary acidogenesis, the products of the acidogenesis are con
verted into acetic acid, hydrogen, and carbon dioxide. 

4. In methanogenesis, methane is produced from acetic acid or from hydrogen plus carbon 
dioxide. Methane can also be formed directly from some other substrates, from which 
formic acid and methanol are the most important. 

A diagram of the four metabolic stages that can be distinguished in anaerobic digestion is 
shown in Figure 2. In well-balanced anaerobic digestion, all products of a previous 
metabolic stage are converted into the next one, so that the overall result is a nearly 
complete conversion of the biodegradable organic material in the influent into end products 
such as methane, carbon dioxide, hydrogen sulfide, ammonia, etc. without significant build
up of intermediairy products. 

In the next paragraphs the four metabolic stages of anaerobic digestion will be dis
cussed in more detail. However, the discussion is limited to the aspects that influence 
inhibition or can themselves be influenced by inhibition of certain processes in anaerobic 
digestion. A much more detailed description can be found elsewhere (Koster, 1988). 

Hydrolysis of Suspended Solids 

Hydrolysis of complex organic compounds is a slow process, which depends on the 
action of extracellular enzymes such as cellulases, amylases, proteases and lipases. The rate 
of hydrolysis is to a great extent influenced by pH and detention time (Ghosh & Klass, 
1978; Verstraete et al., 1981; Gujer & Zehnder, 1983). 

The optimum pH for hydrolysis is different for various substrates. For easily 
degradable carbohydrates, hydrolysis and acidogenesis proceed at maximum rates in the pH 
range 5.5 to 6.5 (Zoetemeyer et al., 1982; Zoetemeyer, 1982). The optimum pH for hydrolysis 
of proteins is at pH 7 or even higher (Breure & van Andel, 1984; Breure, & van Andel, 
1983). The optimum pH for hydrolysis of lipids has never been assessed. In an acid-phase 
sludge digestion operated at pH 5.15, lipids are not degraded at all (Eastman & Ferguson, 
1981). O'Rourke (1968) found that in a conventional (one-phase) sludge digestion operated 
in the pH range 6.7 to 7.4 lipid hydrolysis is not the rate-limiting step in the anaerobic 
digestion of lipids. The fact that he recovered most of the lipid COD as fatty acids indi
cates that the anaerobic oxidation of these fatty acids was the rate limiting step. The 
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Fig. 2 Metabolic stages and products in anaerobic digestion of complex organic material 

optimum pH for the hydrolysis of solid cannery vegetable wastes has been reported to be 
pH 6.5 (Roy et al., 1983). For hydrolysis of a mixture of garbage and sewage sludge the pH 
optimum is at pH 5.8 (Verstraete et al., 1981). 

In sludge digestion at 35 °C hydrolysis becomes the rate-limiting step at hydraulic 
retention times exceeding 15 days (Pfeffer, 1968). In a separate acid-producing reactor fed 
with sewage sludges the hydrolysis is always the rate-limiting step (Eastman & Ferguson, 
1981; Ghosh, 1981). Hydrolysis also is the rate-limiting step in the anaerobic degradation of 
proteins (Nagase & Matsuo, 1982). Lipids are hydrolyzed very slowly, with the result that 
hydrolysis might be the rate-limiting step in the anaerobic degradation of wastes containing 
considerable amounts of lipids (Henze & Harremoës, 1983). Below 20 °C, the anaerobic 
degradation of lipids in primary sewage sludge digestion is nil, even though methanogenesis 
continues at a reduced rate (O'Rourke, 1968). The slow rate of hydrolysis appeared to be 
the limiting factor to the application of one-stage anaerobic treatment of slaughterhouse 
waste water, especially at low temperatures (approximately 20 °C) (Sayed, 1982; Sayed et 
al., 1984). That particular (swine) slaughterhouse waste water contained 40 to 50% suspend
ed solids, 5% of the total solids as grease. 

Acidogenesis 

Fermentation of amino acids and sugars 
Fermentations can be defined as those biological processes that occur in the dark and 

that do not involve respiratory chains with oxygen or nitrate as electron acceptors. The 
absence of respiratory chains causes a low ATP yield for the fermentative reactions. Con-



sequently, the amount of biomass attained per mole of substrate is much smaller than with 
aerobes and, in addition to cell material, large amounts of fermentation end products are 
formed (Gottschalk, 1979). 

Most bacteria present in anaerobic digesters are obligate anaerobes. However, a small 
fraction of the fermentative population is also able to use oxygen. In general, 
approximately 1% of the nonmethanogenic population in a digester consists of facultative 
anaerobic bacteria (Toerien & Hattingh, 1969). 

The products of the fermentative population vary depending on environmental 
conditions applied. In an acid producing reactor of a two-phase digester the product 
pattern from the fermentative bacteria is influenced by the pH. At pH values below pH 6, 
the main product of the fermentation of glucose is butyric acid, but with increasing pH the 
product pattern changes, first to lactic acid and subsequently to acetic acid, formic acid, 
and ethanol (Zoetemeyer et al., 1982). Hydrolysis and subsequent fermentation of gelatin in 
an acid-producing reactor of a two-phase digester at pH values above pH 6 result in the 
following products: acetic acid, propionic acid, valeric acid, and minor amounts of other 
volatile fatty acids. However, at pH values below pH 6, the relative amount of acetic acid 
decreases and the relative amount of propionic acid increases (Breure & van Andel, 1984). 

Removal of hydrogen by hydrogenotrophic bacteria (e.g., methanogenesis, sulfate 
reduction, or denitrification) can significantly influence the kinds of products formed by 
fermentative bacteria (Wolin & Miller, 1982). When hydrogen is continuously consumed by 
hydrogenotrophic bacteria, the fermentative bacteria are able to produce further-oxidized 
products than they would be capable of at increased hydrogen levels, which supplies more 
energy per unit of substrate to the bacteria (Wolin, 1976; Wolin, 1979; Mah, 1983). 

In fermentation, the oxidation of substrate is coupled with the reduction of metabolic 
intermediates (Wolfe, 1983). Some fermentative bacteria are able to form H2 from reduced 
pyridine nucleotides, but the accumulation of H2 inhibits this reaction. Other major mecha
nisms for formation of H2 include those from formate and pyruvate. These routes are not 
susceptible to inhibition by H2. The importance of the ^ - inhibi ted and -uninhibited routes 
in the fermentation of glucose can be illustrated by the fermentation pathway of Rumino-
coccus albus (Wolin, 1979). In pure culture, this bacterium ferments glucose to ethanol, 
acetic acid, hydrogen, and carbon dioxide. However, in coculture with a hydrogenotrophic 
bacterium, it ferments glucose to acetic acid, hydrogen, and carbon dioxide; ethanol is not 
a product. The effect of instant removal of hydrogen by methanogenic bacteria on the 
products formed by other bacteria was first demonstrated during the studies on the nonme
thanogenic bacterium isolated from M. omelianskii. In pure culture, this so-called S-
organism ferments pyruvate to ethanol, acetic acid, carbon dioxide, and only a trace of 
hydrogen. In coculture with a hydrogenotrophic methanogen, acetic acid, carbon dioxide, 
and methane (but not ethanol) are formed. When cocultured with a methanogenic bacterium 
that keeps the hydrogen partial pressure low, the S-organism uses the electrons generated 
during pyruvate catabolism for H2 production rather than for the production of ethanol 
(Reddy et al., 1972). Inhibition of methane formation from H2 will cause an elevation of 
the hydrogen partial pressure. This will trigger a chance in the fermentation product 
pattern. 

An important end product of the fermentation of amino acids is ammonium. Ammonium 
is the source of nitrogen for methanogenic bacteria (Bryant et al., 1971; Kenealy et al., 
1982). On the other hand, at concentrations exceeding about 700 mg nitrogen per liter, 
ammonium inhibits methanogenesis (Koster & Lettinga, 1983; Koster & Lettinga, 1984). 

In anaerobic digestion, alkalinity is mainly provided by ammonium and bicarbonate 
ions. A reduction in the ammonium content of a digester leads to a decrease in alkalinity 
and perhaps pH, thus illustrating that, apart from being essential as a nutrient, ammonium 
is also essential for the buffering capacity (Kotzé et al., 1969). The contribution of am
monium ions to the buffering capacity in an anaerobic digester will only be of considerable 
importance if the ammonium concentration is of magnitude of a few grams N per liter, such 
as in some industrial waste waters, manure, and concentrated sewage sludge. 



Anaerobic oxidation of long-chain fatty acids 
Experiments with 14C-labeled, long-chain fatty acids revealed that the anaerobic 

degradation of long-chain fatty acids occurs by ß-oxidation (Jeris & McCarty, 1965; Weng & 
Jeris, 1976). Unsaturated fatty acids are hydrogenated before being degraded by ß-oxidation. 
The overall reaction for ß oxidation of even-carbon-numbered fatty acids, including the 
formation of hydrogen (which is the main sink for electrons) is as follows: 

CH3(CH2)nCOCr + nH20 -+ (in + l)CH3COCT + ±nH+ + nH2 

In this equation n is an even number. Anaerobic ß-oxidation of odd-carbon-numbered fatty 
acids results in the same products plus propionate. Anaerobic ß-oxidation of long-chain 
fatty acids is thermodynamically unfavourable unless the hydrogen partial pressure is 
maintained at a very low level (Hanaki et al., 1981). For this reason, pure cultures of long-
chain fatty acids degrading bacteria cannot exist. The dependence of a low hydrogen partial 
pressure makes that long-chain fatty acids degradation can be inhibited indirectly via 
inhibition of hydrogen consuming organisms, such as methanogens. 

Table 1 : Some acetogenic reactions 

CH3CHOHCOO" + 2 H20 —» CH3COO" + HCO3 t H* • 2 H; A G Q = -4 .2 kJ/mol 

CH3CH20H + H20 —» CHCOO + H + 2 H2 

CH3CH2CH2COO"+ 2 H20 —» 2 CH3COO + H+ + 2 H2 

AGg = +9.6 kJ/mot 

A G Q = + 4 8 - 1 kJ/mol 

CH3CH2COO" + 3 H20 —> CH3COO" + HCC3 » H* t 3 H; AGg = +76.1 kJ/mol 

Values of f ree energy changes from Thauer et a l . (1977) 

Acetogenesis 
The products of the acidogenic bacteria are converted into substrates for the methan-

ogenic bacteria by the acetogenic bacteria, which produce acetic acid, hydrogen and carbon 
dioxide. Some acetogenic reactions are shown in Table 1, together with the associated 
values for the standard free-energy change (AGO) (Thauer et al., 1977). The standard condi
tions for the calculation of free-energy changes in biochemical reactions are the following: 
temperature of 25°C, pH 7.0, pressure of 1 atm, activity of all solutes is 1 mol/kg, and 
water is a pure liquid. At these standard conditions the acetogenic conversion of ethanol, 
butyrate and propionate is not possible, because these reactions do not yield energy (i.e., 
the free-energy change is positive). The actual free-energy change for the reaction aA + 
bB —» cC + dD may be calculated from the standard free-energy change by means of the 
following equation (Chang, 1977): 

(1) AG' = AGJ, + R.T. In [ A ] 3 - [ B ] 

[C]c.[D]d 

in which R is the molar gas constant (8.31 J .mor ' .T" ' ) and T is the absolute temperature. 
A very low hydrogen partial pressure is necessary to make the acetogenic conversion of 
ethanol, butyrate and propionate possible. This is illustrated in Figure 3. 

The high substrate affinity of the hydrogen-consuming microorganisms in methanogenic 
ecosystems makes it possible to maintain sufficiently low hydrogen concentrations. The 
Michaelis-Menten half-saturation constant (Km) for hydrogen has been reported to be 5.8 
ßM for rumen fluid, 6.0 ßM for the contents of a sewage sludge digester, and 7.1 ßM for 
sediment taken from the pelagic zone of a hypereutrophic lake (Robinson & Tiedje, 1982). 
These values are equivalent with a hydrogen partial pressure of 6.89 x 10"-', 7.09 x 10% 
and 7.82 x 10~3 atm, respectively (Schumpe et al., 1982; Wilhelm et al., 1977). 
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Fig. 3 Effect of the partial pressure of hydrogen (pHj) on the free energy change (AG') 
for the acetogenic conversion of lactate, ethanol, propionate and butyrate, as well as for 
the formation of methane from hydrogen and carbon dioxide. 

In a well-balanced methane fermentation, the hydrogen partial pressure does not 
exceed 10"4 atm (Zehnder, 1978), and is in most cases approximately 10"" atm (Zehnder et 
al., 1982). Such a low hydrogen partial pressure can only be maintained if all hydrogen 
produced by acidogenic and acetogenic bacteria is instantly and very effectively removed by 
hydrogen-consuming bacteria. It can be calculated that, in a well-balanced methane fermen
tation, a hydrogen molecule will be consumed within 0.5 sec after being produced, which 
means a maximum diffusion path of <0.1 mm (Gujer & Zehnder, 1983). This illustrates that 
the symbiotic relationship between hydrogen-producing and hydrogen-consuming bacteria is 
not only biochemical, but spatial as well. This symbiotic relationship makes it impossible to 
obtain pure cultures of acetogenic bacteria. It is obvious that acetogenic conversion can 
easily be disturbed by a hydrogen build-up caused by inhibition of hydrogenotrophic 
methanogens. 

Table 2 : Methanogenic react ions 

CH3COO + H20 

4 CH3OH 

4 HCOO" + 2 H+ 

4 H2 + C02 
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-139.2 

-185.1 

-101.6 

- 86.3 

- 80.2 

Values of free energy changes from Zehnder et al. (1982) 



Methanogenesis 

In methanogenic environments supplied with a complex organic substrate, approximate
ly 70% of the methane is produced by acetate cleavage (Jeris & McCarty, 1965; Smith & 
Mah, 1966; Mah et al., 1977; Boone, 1982). Approximately 30% of the methane is produced 
by carbon dioxide reduction with hydrogen. Some methanogenic bacteria are able to utilize 
other substrates, such as formic acid, methanol, or methylamines, but except for the case 
of some methanolic waste waters, these substrates play only a minor role in anaerobic 
waste water treatment. The methanogenic reactions and free energy changes are shown in 
Table 2. Methanosarcina barkeri by far is metabolically the most versatile of all methano
genic bacteria isolated in pure culture so far. It has been shown to form methane by all 
the reactions compiled in Table 2, except for the reaction with formate (Shapiro & Wolfe, 
1980). 

The relatively slow growth rate of acetotrophic methanogenic bacteria (which grow 5 
to 10 times slower than hydrogenotrophic methanogenic bacteria) is a consequence of the 
fact that energetically acetic acid is a poor substrate. 

The acetotrophic methanogenic bacteria can be divided into two groups: (1) the 
Methanosarcina group, characterized by a maximum specific growth rate (pm) of 0.3 day"1 

and a substrate saturation constant (Ks) of 200 mg/1 and (2) the Methanolhrix group, 
characterized by a maximum specific growth rate of 0.1 day and a substrate saturation 
constant of 30 mg/1 (Gujer & Zehnder, 1983). The facultative acetotrophic methanogenic 
bacterium Methanococcus mazei, which was reported in 1980 (Mah, 1980), is now believed 
to belong to the genus Methanosarcina. Because of a high substrate affinity (i.e. small Ks) 
Methanolhrix sp. will outcompete other acetotrophic methanogenic bacteria at detention 
times above approximately 15 days (at 35°C). For this reason, in most digesters Methanolh
rix sp. will be the predominant acetate-cleaving organism. 

In general, of the total bacterial population involved with methane production from a 
complex substrate, the methanogenic bacteria are the most sensitive with respect to pH, 
temperature, toxic compounds, etc. A stable anaerobic digestion process can only be ac
complished if the methanogenic bacteria function well, because they are needed to remove 
acids formed in earlier metabolic stages and they play an important role in maintaining a 
low hydrogen concentration. Therefore, monitoring of the concentrations of methanogenic 
substrates is a very suitable way of controlling the performance of a methane-producing 
system. An increase in the hydrogen partial pressure is an indication of an instantaneous 
upset of the process, whereas the augmentation of acetic acid is an early warning for a 
possible forthcoming pH drop (Zehnder & Koch, 1983). Since hydrogen is rather difficult to 
analyze in the extremely low concentration range present in anaerobic digestion processes, 
the propionic acid concentration is often used as an indirect parameter for the activity of 
the hydrogenotrophic population (Kennedy & van den Berg, 1982). 

CHEMICAL AND PHYSICAL REQUIREMENTS OF METHANE FERMENTATIONS 

Acidity and buffering capacity 

A crucial factor in the operation of anaerobic digestion processes is the acid toler
ance of the fermentative bacteria. Apart from methanogenesis in acid bogs, which might be 
explained by the existence of neutral microenvironments (Zehnder et al., 1982) and direct 
methanogenesis from methanol (Lettinga et al., 1979), which might be related to the fact 
that methanol is unionisable, the methanogenic activity severely drops at pH values below 
pH 6. Methanogenesis is optimal in the pH range 6.7 to 7.4 (Zehnder, 1978, Clark & Speece, 
1971). Many fermentative bacteria are still active at pH values below pH 6 (Rüssel & 
Dombrowski, 1980). In the fermentation of green crops as silage, bacterial activity only 
stops at pH 4 (McDonald, 1981; McDonald, 1982; Wieringa & de Haan, 1961). The same 
happens in the acidification of other organic material, e.g., waste tomatoes (Koster, 1984). 

Under balanced digestion conditions, the biochemical reactions tend to automatically 
maintain the pH in the proper range. The acidogenic reactions alone would result in a 
reduction of the pH caused by the production of organic acids, but this effect is counter-



acted by the degradation of these acids and the concomitant reformation of the bicarbonate 
buffer during the methanogenic reactions. However, if an imbalance of the digestion process 
occurs, for example, by a sudden change in temperature, the introduction of a toxic com
pound, or an overloading with degradable organic material, the acid-producing bacteria will 
outpace the acid-consuming bacteria, therefore causing a build-up of organic acids in the 
system. If a balanced digestion is not restored, the buffering capacity of the system is 
exhausted, followed by a decrease in pH. Since a decreasing pH hinders methanogenesis (= 
acid consumption) more than it hinders acidogenesis, a "sour" digester will be the result. 
Once the digester has become sour, the time needed to restore a methanogenic bacterial 
population after the environmental stress has been removed will be very long, since the 
viable methanogenic population left in the digester will be small and methanogenic bacteria 
are very slow growing. In fact, the best way to achieve a balanced anaerobic digestion 
again will be, in many cases, to start with a new seed (Sahm, 1984). 

The fact that methanogenesis is an acid consuming process implies that acidic waste 
waters can be subjected to anaerobic digestion without addition of neutralizing chemicals, 
provided the influent flow rate is such that the acid input rate does not exceed the acid 
consumption rate. It has been shown that even a waste stream with a pH in the range 3.2-
4.2 can be treated anaerobically at loading rates as high as 22 kg COD/(m3.dag) without 
any need for chemical neutralization (Koster, 1986a). 

In anaerobic digesters where methanogenic bacteria are the main hydrogen-consuming 
organisms, even a relatively small pH drop (which may be caused by a toxic compound 
inhibiting methanogenesis) may be the start of a severe upset of the digestion process, 
because it influences the hydrogen metabolism by inhibiting the hydrogenotrophic methano
genic bacteria, thus leading to a build-up of hydrogen in the digester environment. Hydro
gen build-up is a very rapid process, and therefore is an almost immediate warning for 
digester instability (Heyes & Hall, 1981; Mosey, 1983). Since the product pattern of the 
fermentative bacteria is influenced by the pH and to an even greater extent by the hydro
gen concentration in the digester environment, a pH drop followed by a build-up of hydro
gen will lead to a change in the composition of the fermentation products which are the 
substrates for the acetogenic and methanogenic bacteria. This substrate change might cause 
a decrease in the conversion rate of volatile acids, thus accelerating the pH drop which 
initially was very small. 

The pH can also indirectly influence the rate of anaerobic digestion processes. For 
many compounds with a potential toxicity for bacteria active in anaerobic digestion, the 
molecular form is much more toxic than the ionized form. This has been shown to be the 
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case for acetic acid (Andrews, 1969; Andrews & Graeff, 1971; Duarte & Anderson, 1982),am-
monia (De Baere et al., 1984; McCarty & McKinney, 1961) and hydrogen sulfide (Kroiss & 
Plahl-Wabnegg, 1983). The effect of pH on the dissociation equilibrium of ammonium is 
shown in Figure 4. The effect of pH on the dissociation of hydrogen sulfide is shown in 
figure 1 of chapter 3 of this thesis. 

The precipitation of toxic heavy-metal ions such as carbonate salts is also influenced 
by the pH. In situations where heavy-metal toxicity occurs, it might be advisable to oper
ate the digester in the pH range 7.4 to 8.0 instead of operating in the pH optimal for 
uninhibited methanogenesis (Yang et al., 1979). 

Temperature 

Since the early research efforts concerning the effect of temperature on the anaerobic 
digestion of sewage slude, which were performed in the 1930s (Rudolfs & Heukelekian, 1930; 
Fair & Moore, 1932; Fair & Moore, 1934; Fair & Moore, 1937; Imhoff, 1936; Imhoff, 1939), 
it is clear that in anaerobic digestion at least two different temperature ranges, corre
sponding with two different groups of bacteria, exist. Mesophilic methanogenic bacteria 
grow at temperatures up to 40 °C, with an optimum at about 35 °C. Thermophilic methano
genic bacteria grow at temperatures over 50 °C, with an optimum between 55 and 75 °C, 
depending on the particular species. It is generally assumed that in anaerobic digesters 
operated at psychrophilic temperatures (i.e., temperatures below 20 °C) the methanogenic 
population is basically similar to the one in digesters operated at mesophilic conditions, but 
recently evidence for the existence of psychrophilic methanogenic bacteria has been pre
sented (Svensson, 1984). 

Undoubtedly, thermophilic anaerobic digestion will become a very attractive alternative 
to mesophilic anaerobic digestion in the near future. At thermophilic temperatures higher 
loading rates can be achieved, higher methane yields can be obtained from complex wastes, 
and the killing of pathogens is much more effective (Wiegant & Lettinga, 1981). In various 
cases waste water temperatures are in the thermophilic range or thermophilic temperatures 
can be applied by using waste heat available from the production process generating the 
waste water. Important drawbacks of thermophilic anaerobic digestion are the high costs 
for heating in case waste heat is not available and the fact thermophilic anaerobic digest
ing presumably is more sensitive (compared with mesophilic anaerobic digestion) to toxi
cants. Thermophilic digestion has been reported to be more sensitive to high ammonium 
concentrations than mesophilic digestion, which presumably is caused by an increase in the 
fraction of free ammonia (NH3) with temperature (van Velsen et al., 1979; van Velsen & 
Lettinga, 1981; Wiegant & Lettinga, 1982). The effect of temperature on the dissociation 
equilibrium of ammonium is shown in Figure 5. 

Nutrient requirements 

One of the major advantages of anaerobic digestion over aerobic waste water treat
ment is the low growth yield of the bacteria involved, resulting in relatively small quanti
ties of excess sludge. The low cell yield during anaerobic digestion also implies a relatively 
small uptake of nutrients from the waste water to be treated. 

Since in waste water treatment the substrate for the biomass in the treatment process 
is usually expressed in terms of COD, the nutrient requirement of the biomass present in a 
digester is often expressed as a ratio to the COD concentration in the waste or waste 
water to be treated. 

It is not possible to give a general value for the appropriate COD to nutrient ratio, 
because it is subjective and depends on the required COD removal, the detention time, and 
the allowable nutrient leakage in the effluent (Lohani & De Dios, 1984). Apart from these 
considerations, the COD to nutrients ratio required for a stable anaerobic digestion process 
depends mainly on the yield coefficient of the biomass, that is, the amount of biomass 
produced per amount of digested organic material. 

Based on an extensive literature review, Henze and Harremoës (1983) concluded that 
the yield coefficient decreases with a decreasing organic loading rate, resulting in a re
quired COD to nitrogen ratio of 1000:7 or more at organic loading rates lower than 0.5 kg 
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COD per kilogram VSS per day, whereas at organic loading rates of 1.0 kg COD per kilo
gram VSS per day or higher a COD to nitrogen ratio of 400:7 would be necessary. This 
relationship between the yield coefficient and organic loading rate is deduced from results 
obtained in experiments with a variety of different waste waters, so a considerable effect 
of waste water composition on the yield coefficient should have been accounted for. Never
theless, the resulting relationship between the COD to nitrogen ratio and organic loading 
rate might be useful in certain cases. Lettinga et al., (1981) account for the different yield 
coefficients of methanogenic plus acetogenic bacteria (assumed biomass yield on a waste 
water containing mainly volatile fatty acids: 0.05) and acidogenic bacteria (assumed biomass 
yield on a waste water containing mainly carbohydrates: 0.15). They advise a COD to 
nitrogen to phosphorus ratio of 1000:5:1 if volatile fatty acids serve as the main substrate, 
as is the case when the waste water is already acidified in the sewer system, and a COD 
to nitrogen to phosphorus ratio of 350:5:1 if complex, not-yet-acidified material serves as 
the substrate. 

However, there are indications that a simple nutrients to COD ratio is only sufficient 
if it takes into account that for the nutrients the concentration itself (instead of the total 
dosage) can be the rate-limiting factor. Unfortunately the microbial kinetic constants 
(especially K,) are unknown for almost all inorganic nutrients including trace elements 
(Speece, 1987a). In a recent study concerning the anaerobic digestion of sucrose containing 
influents in UASB-reactors it was concluded that a COD:N:P ratio of 500:5:1 (w/w) was 
only sufficient if the ammonia-nitrogen concentration was at least 100 mg N/1 (Mendez et 
al., 1989). 

Apart from the macro-nutrients N, P and S, the environment of a methanogenic 
bacterial population should contain trace elements, mainly metal ions. On the basis of a 
number of case histories and a lot of experiments with acetate to methane conversion 
studies in their own laboratory Speece et al. (1986) argued that the need of available trace 
metals is grossly under-estimated. They claim that in about half of the cases in which 
trace metal supplementation has stimulated the rate of anaerobic digestion, "common wis
dom" would have indicated that no such definciency should have existed because the feed 
stock was rich in these total trace metals. 

The addition of nutrients and trace metals to enhance anaerobic digestion has been 
reported several times. It has been found that in the methanogenic conversion of methanol 
solutions as well as in the anaerobic treatment of waste water containing methanol and 
higher alcohols one or more trace metals are of eminent importance with respect to the 
stability of the conversion process (Lettinga et al., 1979 & 1981). Trace metal additions are 
further discussed in this chapter's section on toxicity, especially the paragraph concerning 
the concentration dependent effect of compounds on methanogens. Addition of phosphate 
has been reported for a UASB-reactor treating liquid sugar factory waste water in which 
methanogenesis dropped to an intolerable low level before phosphate was applied (Lettinga 
et al., 1980). Phosphate addition also appeared to be necessary in the anaerobic treatment 
of rendering wastes (Lettinga et al., 1983). 

It is very difficult, if not impossible, to give exact figures for the amount of 
nutrients and trace elements that should be added to secure a stable digestion process, 
even if the theoretically required amount has been determined and kinetic constants are 
taken into account, because it is the available amount of nutrients and trace elements that 
counts. The precipitation of metals with carbonate or sulfide can cause serious metal 
déficiences. Precipitation and chelation of metal ions play a very important role in anae
robic digestion, determining the availability of metals as nutrients (Callander & Barford, 
1983a; Callander & Barford, 1983*3). Phosphorus deficiency can occur in the presence of 
excessive amounts of iron, aluminium, and calcium ions that cause precipitation of insoluble 
phosphate salts (Pfeffer & White, 1964). 
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TOXICITY: EFFECT OF INHIBITORY CHEMICALS ON METHANE FERMENTATIONS 

Introduction 

To maintain a stable anaerobic digestion process, there should be a balance between 
the acid production rate (as a result of hydrolysis and acidogenesis) and the acid consump
tion rate (as a result of acetogenesis and methanogenesis). There is little if any informa
tion available concerning the direct inhibition of acetogenic bacteria by chemicals. The 
indirect inhibition of acetogenesis via a build-up of hydrogen as a result of inhibition of 
hydrogenotrophic methanogenesis is well-understood. It is described in detail in an earlier 
section of this chapter. 

Since the susceptibility of methanogenic bacteria to toxic compounds in the environ
ment is much greater than that of the acidogenic bacteria, the presence of toxic (= 
inhibitory) compounds in the waste or waste water that is being digested can easily disrupt 
the balance between the acid production rate and the acid consumption rate, therefore 
being the start of a fatal upset of the digestion process. The introduction of a toxic 
compound in a digester will lead to inhibition of methanogenesis. Even if the toxicant 
affects acidogenesis, methanogenesis will be slowed down to a much greater extent than 
acidogenesis, resulting in a build-up of volatile fatty acids in the reactor environment. If 
the digester loading rate is not adjusted to the lower acid consumption capacity of the 
methanogenic biomass, the ultimate consequence will be a pH-drop below the physiological 
tolerance level of methanogenic bacteria, so that recovery of the digester is only possible 
by means of completely starting-up again from the point of addition of fresh, viable 
methanogenic seed sludge. 

Since it would be rare to find an industrial waste water completely devoid of all 
potential toxicants, there is a commonly held belief that anaerobic digestion is not ap
propriate for treatment of most industrial waste waters. However, this misbelief is based 
mostly on results obtained in the early days of scientific interest in anaerobic digestion as 
a waste water treatment process. At that time, experiments concerning toxicity problems in 
anaerobic digestion were performed for periods too short to allow any adaptation of the 
bacteria to occur, or they were performed with systems characterized by a relatively short 
sludge retention time such as in the anaerobic contact process. The modern high-rate 
anaerobic waste water treatment systems are all characterized by a very high retention 
time of the biomass, which is present as biofilms (Lettinga et al., 1984). This increases the 
potential to tolerate toxic compounds in the waste water to be treated. At present also 
many mechanisms such as adaptation and antagonism that increase the tolerance of the 
anaerobic digestion process are known and more or less understood. Moreover, it should be 
realized that in many cases the actual effective concentration of a potential toxicant in the 
digester environment is much less than the concentration in the waste water to be treated. 

Because methanogens are the most vulnerable to toxicity and they play a key-role in 
anaerobic digestion, the next sections will concentrate on the effect of toxicants on 
methanogenic bacteria. 

Concentration dependent effect of chemicals on methanogens 

For compounds that are normally present in anaerobic environments, three concentra
tion ranges, each characterized by a different effect of the particular compound on the 
methanogenic bacteria, can be distinguished (McCarty, 1964). Initially, an increasing con
centration will result in an increasing bacterial activity. This concentration range is fol
lowed by a range in which the concentration is optimal (an increasing concentration nei
ther stimulates nor inhibits the bacterial activity). Increasing the concentration further 
than the optimal range will result in inhibition of the bacterial activity. Depending on the 
nature of the compound, this inhibition starts at concentrations of several tens to several 
hundreds of mg/1. In general, this inhibition increases as the concentration increases. This 
type of dose-effect relation is valid for trace elements (e.g. nickel, sodium), nutrients (e.g. 
ammonium) and substrates (e.g. acetate). 

Sodium has been reported as an essential component of media in which methanogenic 
bacteria are cultivated, because a transmembrane Na+ gradient is involved in the biochemi-
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cal process of methanogenesis (Peinemann et al., 1988) and because sodium plays a role in 
controlling the internal pH of methanogens (Schoenheit & Beimhorn, 1985). Apparent Ks 
values for Na+ ranging from 9-25 mg/1 have been found with pure cultures of hydrogeno-
trophic methanogens (Perski et al., 1982). For a hydrogenotrophic methanogen strongly 
resembling Methanobacterium formicicum optimal growth was found at 350 mg Na+/1 (Patel 
& Roth, 1977), a value which is in accordance with the findings of Kugelman and Chin 
(1971) who in their famous comprehensive study concerning toxicity in anaerobic digestion 
suggested 230 mg Na+/ ' as the optimum sodium concentration in waste treatment processes. 
Inhibition of methanogenesis has been reported at concentrations that are 20-100 times 
higher (Kugelman & McCarty, 1965; Lettinga & Vinken, 1981; De Baere et al., 1984; Dolfing 
& Bloemen, 1985; Rinzema et al., 1988). 

The high nickel content of methanogenic bacteria (Scherer et al., 1983) reflects the 
fact that they belong to the unique Archaebacteria and not to the common prokaryotes. 
Nickel is generally not essential for growth of bacteria, but it is essential for methanoge
nic bacteria because they contain nickel tetrapyrroles (e.g., factor F430) which are involved 
as catalysts in methane formation (Thauer, 1982; Diekert et al., 1981). 

A specific nickel uptake and transport system has been identified in the acetoclastic 
methanogen Methanothrix concilii (Baudet et al.,- 1988). 

In the presence of nickel, the specific acetate utilization rate of an acetate-enriched 
methanogenic culture (in which Methanosarcina was the predominant organism) was two to 
five times higher than in the absence of nickel. This stimulatory effect of nickel was 
enhanced by concomitant addition of iron and cobalt (Speece et al., 1983). Growth of a 
pure culture of M. barkeri on methanol was found to be dependent on cobalt and molyb
denum, whereas nickel and selenium had a stimulatory effect on growth on methanol 
(Scherer & Sahm, 1981). In the presence of 0.117 mg Ni^+/1 the methane production by a 
pure culture strain of Methanothrix soehngenii was very much stimulated (Fathepure, 1987). 
In the same study nickel was found to be inhibitory at 0.294 mg/1. 

Apart from these reports on enriched or pure cultures, there are also some reports 
concerning nickel addition in anaerobic digestion of complex substrates by a mixed popula
tion. The addition of nickel together with iron and cobalt greatly enhanced the perfor
mance of an anaerobic fixed film expanded bed reactor treating a powdered, whey-based 
solution. In this study, the methanogenic bacteria were more affected by nutrient limitation 
(i.e. shortage of iron cobalt and nickel) than were the nonmethanogenic bacteria (Kelly & 
Switzenbaum, 1983). The conversion of acetic acid to methane and carbon dioxide by the 
mixed microbial population from an anaerobic fixed film digester treating bean-blanching 
waste water was stimulated by the addition of nickel and cobalt, especially if these ele
ments were added in combination. Molybdenum addition was only slightly stimulatory when 
added in combination with nickel and cobalt (Murray & van den Berg, 1981). During treat
ment of a petrochemical waste water in a fixed film reactor the reactor efficiency marked
ly increased after addition of trace metals, including nickel (Nel et al., 1985). The concen
trations applied were in the order of magnitude of 10"^-10~3 mg/1. Inhibition of methanoge
nesis during sludge digestion has been reported for nickel concentrations exceeding 10 mg/1 
(Hayes & Theis, 1978). Acetate fed methanogenic enrichment cultures were reported to be 
inhibited by nickel at concentrations of 100-200 mg/1 (Yang et al., 1979; Parkin et al., 
1981). 

It has been established that ammonia is the nitrogen source for methanogenic bacteria 
(Bryant et al., 1971; Kenealy et al., 1972). McCarty (1964) reported stimulation of methano
genic activity in the ammonia-nitrogen concentration range 50-200 mg/1. The optimum 
concentration of ammonia-nitrogen for methanogenesis by granular sludge from UASB-
reactors treating sugar factory waste water has been reported to be in the range 130-390 
mg/1 (Dolfing & Bloemen, 1985). For a similar sludge methanogenesis was found to be 
inhibited by ammonia-nitrogen concentrations exceeding approximately 700 mg/1 (Koster & 
Lettinga, 1984). In general, ammonia has been identified as potential inhibitor of methano
genesis which plays a key-role in the process stability of all kinds of anaerobic digestion 
of animal wastes (Kroeker et al., 1979). 

Acetate is an important substrate for methanogenic bacteria, but at higher concentra
tions it also acts as inhibitor of methanogenesis (Anderson & Duarte, 1980; Duarte & 
Anderson, 1982; Andrews, 1969; Andrews & Graef, 1971; Belay et al., 1986). Probably hydro-
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genotrophic methanogenic bacteria are less susceptible to acetate than acetoclastic 
methanogens. Methanobacterium formicicum, which is the main hydrogen consuming 
methanogen in manure digesters, was found to tolerate 10 g/1 acetate without any sign of 
inhibition (Hobson & Shaw, 1976). 

Effective concentration of potential inhibitors 

In many cases, the extent of the inhibitory effect of a compound is influenced by the 
pH. Examples of compounds showing a pH-related toxicity are ammonia (McCarty & McKin-
ney, 1961; De Baere et al., 1984; Koster & Koomen, 1988), acetate (Andrews, 1969; Andrews 
& Graef, 1971; Duarte & Anderson, 1982; Attal et al., 1988), and sulfide (Kroiss & Plahl-
Wabnegg, 1983; Lawrence et al., 1966; Koster et al., 1986; Rinzema & Lettinga, 1988). 

The unionized forms of these compounds are supposed to be the toxic agents, whereas 
the ionized forms have much less effect. It has been shown that the pH-controlled opera
tion and a suitable choice of temperature can prevent the inhibitory effect of ammonia in 
manure digestion (Braun et al., 1981) 

Another mechanism that decreases the effective concentration of potential toxicants is 
the formation of insoluble precipitates. Precipitation of metal sulfides is probably the best 
example, since sulfide is the end product of the anaerobic conversion of sulfur-containing 
organic material. The precipitation of metal sulfides can be used to prevent sulfide toxicity, 
but the mechanism is better known in relation to toxicity of heavy metals (Lawrence & 
McCarty, 1965). The precipitation of metal carbonates also plays a role in the prevention of 
heavy metal toxicity (Mosey & Hughes, 1975; Mosey, 1976). More than 70% of the heavy 
metal removal occurring in a completely mixed anaerobic filter treating landfill leachate 
was reported to be due to precipitation as carbonates (DeWalle et al., 1979). Precipitation 
of metal carbonates needs a relatively high pH to be important. For the formation of 
cadmium carbonate, a pH ' above pH 7.2 is necessary; for the formation of zinc carbonate 
the pH should be even higher than pH 7.7. In cases of potential heavy-metal toxicity, it is 
advised to add sulfate (which will be reduced to sulfide) to the waste water and operate 
the digester at a somewhat higher pH than normal (Hayes & Theis, 1978; Yang et al., 1979). 
Addition of sodium sulfide in combination with hydrated lime has successfully been used to 
cure "sour" sludge digesters suffering from inhibited methanogenesis initiated by heavy 
metals (Regan & Peters, 1970). 

A somewhat different method of lowering the concentration of inhibitory heavy metals 
is binding them to Al-silicates. In laboratory scale sludge digesters addition of synthetic 
Al-silicates (zeolite A) decreased the toxicity of copper, cadmium, zinc and mercury (Roland 
& Smid, 1978). 

Cyanide toxicity can also be reduced by means of precipitation. A coking operation 
waste water containing 5 mg/1 of cyanide was successfully treated by an immobilized-cell 
anaerobic system when iron was added to precipitate the cyanide (Speece, 1983). Complex-
ation of cyanide is an even better method to reduce its toxicity (Lettinga, personal com
munication). 

Another example of precipitation reducing toxicity is the interaction between calcium 
ions and long-chain fatty acids (Hanaki et al., 1981; Koster, 1987). Metal cations also form 
precipitates with long-chain fatty acids and can therefore also be applied to reduce long-
chain fatty acids inhibition of methanogenesis (Galbraith & Miller, 1973). Experiments with 
lauric acid showed that interaction between the methanogens and the inhibitor is very 
rapid, and that the precipitates should be formed within minutes to prevent inhibition 
(Koster, 1987). 

With many organic inhibitory compounds adsorption plays an important role in reduc
ing the concentration in the environment of the methanogens (Johnson & Young, 1983). 
Therefore addition of activated carbon to digesters can reduce or completely eliminate 
inhibitory effects of organic compounds known to be toxic to methanogenic biomass (Ng et 
al., 1988). Activated carbon additon to digesters treating waste water from coal conversion 
processes (which are rich in aromatic inhibitory compounds) increases digestibility (Harper 
et al., 1983; Suidan et al., 1987). In the Anaerobic Expanded Bed Granular Activated Carbon 
reactor the activated carbon granules provide an excellent surface for microbial attachment, 
but also its adsorptive properties provide a buffer capacity for absorbing shock loads of 
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inhibitory compounds as present in coal and petroleum distillation waste waters (Suidan et 
al., 1988). 

The effective concentration of volatile inhibitory components in a digester can be 
lower than in the influent as a result of stripping from the digester fluid with the biogas. 
This phenomenon plays an important role in the anaerobic treatment of sulfate-rich waste 
waters, from which a considerable part of the potentially inhibitory sulfide is removed via 
the biogas (Kroiss & Plahl-Wabnegg, 1983; Rinzema & Lettinga, 1988). Vinyl chloride was 
found to be inhibitory at concentrations exceeding 5-10 mg/1 in batch toxicity tests, 
whereas in semicontinuous assays even the highest concentration of 64 mg/1 did not result 
in adverse digester performance. This could be explaned by volatilization of the vinyl 
chloride during the semi-continuous digestion (Stuckey et al., 1980). 

Antagonism and synergism 

Antagonism is the reduction of the toxic effect of one compound by the presence of 
another. Syngerism is an increase in the apparent toxicity of one compound caused by the 
presence of a second compound. As with toxicity, antagonism and synergism are concentra
tion dependent. Antagonism and synergism- have been studied in detail using acetate con
suming enrichment cultures exposed to various cations (Kugelman & McCarty, 1965a; Kugel-
man & McCarty, 1965°; Kugelman & Chin, 1971). Table 3 gives an overview of antagonistic 
and synergistic relationships in cation toxicity adapted from the work of Kugelman and 
Chin (1971). 

Table 3: Antagonism and synergism in cation tox ic i ty in anaerobic digestion 

primary tox 

Na+ 

K+ 

Ca2+ 

Mg2+ 

NH£ 

cant antagonist 

K+ 

Na+, Ca2+, Mg2+, 

Na+, K+ 

Na+, K+ 

Na+ 

NH£ 

synergist 

< . Ca2+, Mg2+ 

NH4, Mg2+ 

NH4, Ca2+ 

K*. Ca2+, Mg2+ 

They reported that peak antagonism is achieved at 0.01 M with monovalent cations as 
antagonists and at 0.005 M when divalent cations serve as antagonists. They also found 
that the concentration of the synergist at which the synergistic effect begins is below the 
concentration at which the synergistic cation will produce inhibition when present alone. 

Results of experiments with pure cultures of methanogenic bacteria confirm the an
tagonistic role of sodium in ammonia toxicity. Sprott and Patel (1986) found that sodium 
ions countered ammonia toxicity with Methanosarcina barkeri, Methanobacterium bryantii 
and Methanothrix concilii. They applied concentrations which were several times higher 
than those recommended by Kugelman and Chin (1971) for optimum antagonistic action. 
Antagonism of ammonia toxicity by sodium has also been found with Methanobacterium 
thermoautotrophicwn (Schönheit & Beimhorn, 1985). In contrast with the findings of Kugel
man and Chin (1971), Sprott and Patel (1986) also reported antagonsim of magnesium and 
calcium for ammonia inhibition of some species. 

The biochemical background of synergism and antagonism in cation toxicity for 
methanogenic bacteria is beginning to be revealed. One possible mechanism of ammonia 
toxicity is passive diffusion of NH3 into the cytoplasm, where it disrupts the internal cell 
pH by taking up protons to establish the NH3/NH4+ equilibrium. In order to try to maintain 
the internal pH, the cells will activate systems which actively import protons. Many 
methanogenic species can achieve this by exchanging potassium from the cytoplasm with 
protons from the envrionment, a so-called K+/H+-antiporter (Sprott et al., 1984 and 1985). 
This might explain the synergistic action of potassium with ammonia toxicity. A higher 
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potassium concentration in the environment increases the concentration gradient against 
which the H+/K+-antiporter has to operate. 

Some methanogenic bacteria have a Na+/H+-antiporter which is involved in the energy 
fluxes during methanogenesis. This antiporter is competatively inhibited by ammonia 
(Schönheit & Beimhorn, 1985), so an increasing environmental sodium concentration will 
depress the inhibitory action of ammonia. 

Synergism and antagonism have mainly been researched for cation toxicity, but some 
reports concerning other inhibitory compounds are known. In pure cultures of thermophilic 
methanogenic bacteria the toxicity of copper and cadmium decreased when trace amounts 
of nickel were added in the medium (Ahring & Westermann, 1985). Since nickel is an essen
tial trace element for methanogens, it is not clear whether this nickel addition really 
suppressed the biochemical action of coppper and cadmium, or that the addition of nickel 
stimulated the general well-being of the methanogens to such an extent that the inhibitory 
effect of the metals became masked by the generally improved activity. 

Another report about synergism in toxicity for methanogenic bacteria concerns the 
inhibitory action of long chain fatty acids. A background concentration of lauric acid of 
1.25 mM (which is below the minimum inhibitory concentration of 1.6 mM) was found to 
enhance the toxicity of capric acid moderately, whereas at the same background concentra
tion the toxicity of myristic acid was enormously enhanced (Koster & Cramer, 1987). 

Acclimatization of methanogenic populations to toxicants 

One of the most important aspects of toxicity in anaerobic digestion is the capacity 
of the methane producing bacterial population to get acclimatized to the presence of poten
tial toxicants in the waste or waste water to be digested. Acclimatization takes place 
during application of gradually increasing concentrations of toxicants (McCarty, 1964; 
Melbinger & Donnellon, 1971; Guthrie et al., 1984; De Baere et al., 1984), but also after a 
period of apparent death (i.e. zero gas production caused by the toxic compound) recovery 
of the bacterial activity can occur (Koster & Lettinga, 1983; van Velsen, 1979; Parkin & 
Speece, 1982; Koster, 1986; Parkin et al., 1983; Healy & Young, 1979; Yang et al., 1980). 
Acclimatization can be the result of adaptation of the methanogenic bacteria. Such adapta
tion implies that the cells are able to change their biochemical behaviour in such a way 
that they can deal with envrionmental stress that before their adaptation caused complete 
inhibition of activity and/or growth. A probably more common way of acclimatization is the 
introduction in the inhibited methanogenic population of the capability to degrade the toxic 
component. Both types of acclimatization will be discussed in more detail in the next para
graphs. 

Adaption of methanogenic bacteria 
Pure culture studies have supplied definite proof of the hypothesis that methanogenic 

bacteria can alter themselves in order to become more or less resistant to toxic compounds. 
This may be called "true" adaptation. In cultures of Methanobacterium strain FR-2 that 
were exposed to bacitracin spontaneous mutants were found to occur at the frequency of 
10"'. These mutants tolerated bacitracin at concentrations 8-16 times that of the wild type 
organism (Harris & Pinn, 1985). Pure cultures of Methanobacterium autotrophicum rapidly 
acquired resistance towards fluoro-uracil, which probably inhibits nucleic acid synthesis 
(Grinbergs et al., 1988). Dellinger and Ferry (1984) found that pure cultures of Methano
bacterium formicicum showed inhibition of growth when exposed to monensin, but that 
eventually the cultures recovered from this inhibition. Before or during the recovery, nor 
during growth after the recovery monensin was inactivated. Hence the recovery must have 
been due to biochemical changes of the organism. 

"True" adaptation has also been reported in studies concerning more or less undefined 
mixed methanogenic cultures. Such a recovery of methane production after an apparent 
death phase during which "true" adaptation occurred is shown in figure 5, which is based 
on results of a batch experiment in which diluted potato juice (approximately 2.3 g nitro
gen per liter) was digested by unadapted granular methanogenic sludge. This sludge has a 
toxicity threshold level for ammonia-nitrogen of approximately 1700 mg/1 (Koster & Lettin
ga, 1984). In the initial stage of the digestion, methane production was possible because a 
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Fig. 5 Cumulative methane production as a function of time in the anaerobic digestion of 
twice-diluted potato juice. Ammonia concentrations at the start, prior to the adaptalionon 
period (arrow) and at the end were 620, 2000 and 2300 mg N/l respectively. 

large fraction of the nitrogen was still bound in proteins and amino acids, but as soon as 
these had been broken down and the nitrogen had been converted into ammonia, the 
methane production stopped. Kinetic analysis of the methane production after the lag phase 
indicated that growth of ammonia-resistant mutants or other (during non-inhibitory cultiva
tion non-dominant) species was very unlikely (Koster, 1986), so that probably "true" adapta
tion had occurred during the lag phase. Similar observations were reported by Parkin et al. 
(1983), who concluded that the recovery of methanogenesis after a period of zero gas 
production resulting from exposure to toxicants was too fast to be accounted for by bac
terial (re)growth alone. 

Other evidence of "true" adaptation in mixed methanogenic cultures was provided by 
Yang and Speece (1986). Their radio tagged chloroform studies indicated that recovery of 
methane production in acetate fed enrichment cultures occurred due to adaptation of the 
methanogens to the presence of chloroform in their environment, and not from the disap
pearance of chloroform by microbial degradation. Other experiments with radio-active 
cyanide have led to similar conclusions concerning the adaptation of methanogens to cya
nide toxicity (Speece & Parkin, 1983). 

Microbial degradation of the toxicant 
If a certain compound which is a potential inhibitor of methanogenesis can be degra

ded in an anaerobic environment, it should in principle be possible to treat waste streams 
containing that compound anaerobically without inhibition problems, just by providing the 
right conditions for microbial break-down of the inhibitor in the digester. This principle is 
similar to the approach of treating an acidic waste water with an extremely high organic 
acids concentration in a one stage UASB reactor without pretreatment or chemical neutral
ization, just by means of adjusting the influent flow to the acids consumption rate 
(Koster, 1986a). 

A lot of petrochemicals that are classified as toxicants can in fact be degraded anae
robically, so petrochemical waste waters need not be excluded from anaerobic digestion 
based biological treatment systems if these systems have a cell residence time that is long 
enough to allow the proper petrochemical degrading bacteria to colonize the digester bio-
mass (Speece, 1987*'). A recent overview of the state-of-the-art in anaerobic degradation 
of petrochemicals and other halogenated molecules as well as other aromatic compounds is 
presented by Hollinger et al. (1988). A review of the role of phenolic compounds (many of 
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which are degradable methanogenic toxicants) in anaerobic digestion is presented by Field 
and Lettinga (1988). Since organic toxicants are the subject of the Ph.D. thesis of J. Field 
(planned for 1989) this will not be dealt with in detail here. Instead some examples will be 
presented. 

Several toxic compounds in paper making waste water are anaerobically degradable so 
that acclimatization of methanogenic populations can occur (Benjamin et al., 1984). Ex
amples of the practical implications of this finding are the biodégradation of chlorophenols 
and chlorocatechols which enables anaerobic digestion of Kraft-bleaching effluents 
(Salkinoja-Salonen, 1983) and the biodégradation of pentachlorophenol in methane producing 
reactors, thus enabling anaerobic treatment of waste waters containing 5 mg/1 of penta
chlorophenol while 0,2 mg/1 is the toxicity level for methanogenic bacteria (Guthrie et al., 
1984). Unfortunately, not in all types of industry related to paper making the organic 
toxicants in the waste water can be degraded in the digester. For example tannin com
pounds wefe found to be responsible for the majority of methanogenic toxicity in waste 
water from debarking and bark pressing operations in the forest industry, while these 
tannins were also found not to belong to the readily degradable substrates in these waste 
waters during anaerobic digestion (Field et al., 1988). Moreover, in batch toxicity assays 
the methanogenic toxicity of gallotannic acid (a model tannin) was found to be persistent 
despite the rapid anaerobic degradation (Field & Lettinga, 1987). Many toxicants in forest 
industry waste water which cannot be degraded during anaerobic digestion may be elimi
nated with a variety of detoxification methods (either biological, physical or chemical) prior 
to the digester (Welander et al., 1988). 

Acrylic acid has been reported as a versatile inhibitor of methanogenesis, with a 50% 
inhibition level of 0.86 g/1 (Chou et al., 1978). However, in methane producing biofilm 
reactors an acrylic acid degrading microflora could be obtained so that waste water con
taining acrylic acid and its methyl-, ethyl- and butylesters could be treated successfully. In 
the same reactors even an influent containing acrylic acid as the only substrate at 10-12 
g/1 could be treated without recirculation at loading rates up to 2.5 kg/(m^.day). The 
effluent acrylic acid concentration was zero and the COD treatment efficiency was above 
98 % (Dohânyos et al, 1988). 

Long-chain fatty acids are also examples of anaerobically degradable compounds that 
are versatile inhibitors of methanogenic conversions taking place in anaerobic waste water 
treatment processes (Hanaki et al., 1981; Koster & Cramer, 1987). Long chain fatty acids 
containing waste waters can be treated satisfactorily in continuously operated digesters 
(McCarty, 1964), although shock loads should be avoided and good mixing should be provi
ded (Rinzema, 1988). 

Formaldehyde is an organic toxicant which is present in the waste water of many 
petrochemical industries, where it is often accompanied by phenol. Although formaldehyde 
and phenol both are used as desinfectants, at lower concentrations they are biodegradable, 
so that degradation of these compounds can eliminate their toxicity in anaerobic digestion 
(Speece, 1985). That it may be very difficult to achieve anaerobic digestion of formaldehyde 
containing waste water was shown by De Bekker et al. (1983) who concluded from research 
with waste water containing 20 g/1 acetate and 3-5 g/1 formaldehyde that "both in batch 
and (continuous) upflow experiments it appears to be impossible to treat formaldehyde 
containing waste water successfully in an anaerobic system, for bacterial die-off surpasses 
bacterial growth". Nevertheless, in later years reports appeared claiming that waste waters 
containing phenol and formaldehyde can be treated in UASB reactors. One waste water with 
800 mg/1 phenol and 1200 mg/1 formaldehyde could be treated at a loading rate of 8-9 kg 
COD/(m'.day) with more than 95% removal of the toxicants (Koevoets et al., 1986). Another 
waste water containing 450 mg/1 phenol and 900 mg/1 formaldehyde could be treated in lab-
scale UASB reactors after an adaptation period of only 6 weeks. Phenol and formaldehyde 
were removed with an efficiency of 95 and 99% respectively. The success of this research 
has led to the construction of full scale UASB reactors treating phenol and formaldehyde 
containing waste waters at several factories (Borghans & van Driel, 1988). 

In all of the above-mentioned examples the organic toxicants could be degraded 
completely. However, it should be noted that often a slight change of the molecule is 
enough to detoxify it. For example, inhibition of methanogenic mixed cultures by 4-nitro-
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