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STELLINGEN: 

Het herhaaldelijk genoemde euvel dat thermofiele hoogbelaste anaerobe zuiverings-
systemen per definitie samengaan met een hoge concentratie aan vetzuren in het 
effluent, is te wijten aan onvoldoende inzicht ten aanzien van de toe te passen 
procestechnologie. 

Dit proefschrift 

Niet de anaerobe omzetting van acetaat, maar de afbraak van propionaat is limiterend 
voor de maximaal toelaatbare temperatuur voor thermofiele anaerobe mineralisatie 
processen. 

Zinder SH (1990). FEMS Microbiol. Rev., 75: 125-138. 
Dit proefschrift 

Het feit dat de acetoclastische methanogene populatie van bij extreem lage substraat 
concentraties gekweekt thermofiel korrelslib vrijwel uitsluitend bestaat uit 
Methanosarcina spec., is voornamelijk toe te schrijven aan het gebruikte entmateriaal 
en de toegepaste lage vloeistof- en gasbelastingen. Het belang van dit type korrelslib 
voor reactoren op praktijkschaal is dubieus. 

khvmgetal. (1993). Appl. Environ. Microbiol., 59: 2538-2545. 
Schmidt et al. (1992). Appl. Environ. Microbiol., 58: 862-868. 

Het gebruik van de term "adaptatie" voor een microbiologische respons op een grote 
verandering in milieucondities (bijvoorbeeld van mesofiel naar thermofiel) maskeert 
een ernstig gebrek aan microbiologische inzicht. 

Indien "het gezin" wordt gezien als het belangrijkste zorgsysteem voor de opvoeding 
van kinderen, blijft het, ongeacht haar samenstelling, de hoeksteen van de 
samenleving. 

Het niet voldoende uiting hebben kunnen geven aan de liefde voor een dierbaar 
persoon wordt het pijnlijks gevoeld indien de dood je van hem/haar scheidt. 

Aangezien het in het leven niet eens zo zeer gaat om de levensduur maar om de 
kwaliteit van het bestaan, is de enorme druk uitgeoefend op "dertigers" om super te 
presteren binnen de werkkring, familieverband, alsmede op het sociale vlak, uiterst 
laakbaar. 

Het najagen van economisch groei-herstel in de zeer welvarende gei'ndustrialiseerde 
landen (waaronder Nederland) en het streven naar de ontwikkeling van een duurzame 
samenleving zoals verwoord in het manifest van de VN wereld-milieu-conferentie in 
Rio de Janeiro (1992), vormt een onoplosbare paradox binnen de geldende 
economische principes van die landen. 

Het bevorderen van het aanbrengen van een wijdvertakt rioolstelsel tezamen met 
decentrale conventionele aerobe zuiveringsinstallaties in een armoedig gebied zoals 
de Fayoum, Egypte, staat lijnrecht op de intenties welke de minister van 
Ontwikkelingssamenwerking, Pronk, uitspreekt in zijn beleidsnota's. 

i 



10 De kosten van onderzoek (analyses, apparatuur, salaris, enz.) zouden aanzienlijk 
omlaag kunnen indien onderzoekers zich beter zouden realiseren dat "Meten = 
Weten" alleen geldt indien je weet wat je meet. 

11 Het boven de rivieren niet (kunnen) erkennen van Carnaval als een volwaardig 
cultureel volksvermaak is karakteristiek voor een bekrompen calvinistische zienswijze. 
Door deze tekortkoming blijft dit landsdeel verstoken van "nonsense-plezier" 
waarvoor daar op soms krampachtige wijze compensatie wordt gezocht. 

12 Het getuigt van commercieel opportunisme van de LUW dat men levensgrote "bill 
boards" in openbare LUW gebouwen wel toe laat, maar reglementair verbiedt dat 
gelijksoortige advertenties in proefschriften worden afgedrukt. 

13 Om in een land als Nederland op grond van het argument "de wereld is te vol" af te 
zien van het krijgen van kinderen getuigt van weinig realiteitszin. 

14 Een effectieve integratie van migranten-minderheden is alleen te realiseren indien de 
migranten de Nederlandse taal in voldoende mate leren beheersen, hetgeen in 
belangrijke mate tot hun eigen verantwoordelijkheid behoort. 

15 Het contact tussen de sexen zal pas veel meer worden dan snuffelen en confronteren, 
wanneer men kenmerken van de andere sexe in zichzelf ontdekt en gebruikt. 

16 Snuffelen en confronteren is best lekker. 

Stellingen behorende bij het proefschrift "Thermophilic anaerobic wastewater treatment; 
temperature aspects and process stability". 

Jules B. van Lier 
Wageningen, 13 September 1995 
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ABSTRACT 

Van Lier, J.B. (1995). Thermophilic Anaerobic Wastewater Treatment; Temperature 
Aspects and Process Stability. Ph.D. thesis, Wageningen Agricultural University, 
Wageningen, The Netherlands. 

The main objective of this thesis was to assess the thermostability of thermophilic anaerobic 
wastewater treatment processes and the possibility to optimize the performance of 
thermophilic high-rate systems. 

Experiments were conducted to study the suitability of two types of seed material to start a 
thermophilic anaerobic process. Both mesophilic granular sludge and digested organic 
fraction of municipal solid waste were used as inoculum. The fate of mesophilic granular 
sludge under thermophilic conditions was studied in detail. Due to the temperature increase 
the mesophilic methanogens are replaced by thermophiles. In fact, the mesophilic granules 
appeared to serve mainly as carrier material for the thermophilic bacteria during the start-up. 
Since the thermophilic organisms attach quite well, the thermophilic specific methanogenic 
activity increased very rapidly in this period. Treatment of completely acidified wastewater 
leads to a deterioration of the 'mesophilic-thermophilic' granules. It therefore appeared 
extremely difficult to develop thermophilic granular sludge on this type of wastewater for 
both types of inocula. However, the thermophilic granulation process proceeded easily when 
sucrose was added to the influent. 

The temperature sensitivity of the various types of thermophilic anaerobic sludge depends 
strongly on the process conditions applied, such as temperature and reactor type. 
Thermophilic sludge cultivated in high-rate reactors with high solids retention shows a high 
thermostability. Therefore, thermophilic anaerobic treatment in high-rate reactors can be 
applied in a wide temperature range, even under mesophilic conditions. In contrast, sludge 
cultivated in batch reactors is very sensitive to relatively small temperature variations. 
Regarding the thermostability of the process, application of high-rate reactors is preferred 
over batch reactors or completely mixed reactors. The presence of granular sludge enhances 
the stability towards temperature fluctuations quite substantially. The maximum specific 
activity of the cultivated granules appeared to be limited by the mass transfer rate. 
Consequently, a 'biomass buffer' is created which can be drawn on if the specific activity 
drops as a result of a temperature decrease. 

A high process stability and high removal efficiencies were obtained in upflow staged sludge 
bed (USSB) reactors under extreme loading conditions. This USSB reactor consisted of 5 
compartments along the reactor height. From each separate compartment of this reactor the 
produced biogas is withdrawn. The major effect of staging the thermophilic process is a very 
low concentration of intermediate products, such as hydrogen and acetate, in the last 
compartments of the system. A low concentration of these products enhances the anaerobic 
thermophilic degradation of all fatty acids. The properties of the sludge grown in the various 
compartments of the staged reactor depend on the environmental conditions prevailing in each 
compartment. Therefore, withdrawal of the produced excess sludge should be performed 
from each compartment or from the first compartment when an upflow reactor is used. 
Otherwise, a stable operation on the long term cannot be guaranteed because the voluminous 
acidifying sludge will eventually force out the extremely active acetogenic and methanogenic 
consortia in the subsequent compartments. 
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Chapter 1 

Introduction 
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1.1 Thermophilic Anaerobic Wastewater Treatment, General Introduction 

Anaerobic treatment of waste and wastewater is presently accepted as a proven technology 
(Nyns, 1994; Wheatley, 1990). The applicability of the anaerobic treatment technology is 
growing each year. Several kinds of wastewaters which were believed to be unsuitable for 
anaerobic treatment are now treated with advanced reactor systems (Frankin et al., 1992; 
Frankin et al., 1994a, 1994b; Tseng and Yang, 1994; Nagano et al., 1992; Narayanan et al., 

1993a, 1993b; Vellinga et al., 1986). In addition, recent research shows that various 
recalcitrant compounds, like chlorinated aliphates, chlorinated aromates, nitroaromates and 
other xenobiotics, can be degraded under either anaerobic conditions or in aerobic-anaerobic 
sequences (Pavlostathis, 1994; Field et al., 1994). These recent developments show that the 
full potentials of anaerobic digestion are still underestimated. 

One of the major contributors to the success of anaerobic wastewater treatment is the 
introduction of high-rate reactors in which biomass retention and liquid retention are 
uncoupled, such as the upflow anaerobic sludge bed (UASB) reactor (Lettinga et al., 1980) 
the (upflow) anaerobic filter ([U]AF) (Young and McCarty, 1969; Young and Yang, 1989), 
the downflow stationary fixed film reactor (DSFF) (Duff and Kennedy, 1982), the fluidized 
bed (FB) reactor (Jeris, 1983), the anaerobic baffled reactor (ABR) (Bachmann et al., 1985), 
the anaerobic attached film expanded bed (AAFEB) reactor (Switzenbaum and Jewell, 1980), 
and the anaerobic gas lift reactor (AGLR) (Beeftink and Staugaard, 1986). High-rate reactors 
can accommodate very high organic loading rates as a result of the high concentration of 
bacterial mass and the sufficient sludge-water contact. The biomass is generally present as 
biofilms and/or granular aggregates (Hulshoff Pol, 1989; Jeris, 1983; MacCleod etal, 1990; 
Wu et al, 1993; Young and McCarty, 1969). Among the above reactor systems, the UASB 
reactor is undoubtedly the most successful, and the total number of UASB reactors in use is 
increasing every year (De Zeeuw, 1987; Lin and Yang, 1991; Nyns, 1994). In most cases, 
the anaerobic reactor is only a pre-treatment unit of a complete wastewater treatment system. 
Competition between aerobic, anaerobic and other treatment technologies should, therefore, 
be replaced by taking stock of the advantages of each of the systems for the different types 
of waste(water) (Field et al, 1994; Jianrong et al, 1994; Kortekaas et al, 1994). 

The possibilities of the anaerobic treatment technology could be increased if the process 
could also be applied at high temperatures. Thermophilic treatment could be an attractive 
alternative (§ 1.3), particularly when the wastewater is discharged at high temperatures, 
Furthermore, in the thermophilic range (> 45 °C) reaction rates proceed much faster than 
under mesophilic conditions (25-40°C) so that the loading potentials of anaerobic bioreactors 
can be significantly higher (Buhr and Andrews, 1977; Zinder, 1986). This may lead to 
considerably shorter retention times and/or smaller reactor units (e.g. Cecchi et ah, 1991; 
Lo et al., 1985; Harris and Dague, 1993). The feasibility of anaerobic thermophilic treatment 
of waste and wastewater has been researched in many laboratories over the past 100 years. 
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The interested reader is referred to the literature reviews of e.g. Buhr and Andrews (1977), 
Cooney and Wise (1975), Wiegant (1986), Zinder (1986), and Ahring (1994). Over the last 
decade(s) much research has been done on thermophilic high-rate reactors with solids 
retention. A concise literature review is given in Table 1.5. The results obtained with the 
various kinds of wastewaters are very promising. However, due to the different types of 
wastewaters treated and the different kinds of systems used, it is impossible to judge whether 
the mesophilic or the thermophilic temperature range is more appropriate for the various 
cases. More defined laboratory-scale experiments showed that higher conversion rates were 
achieved under thermophilic conditions than under mesophilic conditions (Borja et al., 1995; 
Rintala and Lepisto, 1992; Romero et al., 1993). On the other hand, comparative studies on 
mesophilic and thermophilic wastewater treatment processes demonstrated that thermophilic 
processes were less stable (Disley et al., 1992; Fernandez and Forster, 1993; Seif et al., 

1992; Soto et al., 1992). While some investigations revealed the higher susceptibility of 
thermophilic systems to temperature fluctuations (Zinder et al, 1984b; Zinder, 1986), other 
studies revealed that thermophilic high-rate processes were characterized by high 
concentrations of volatile fatty acids (VFA) in effluents, particularly under high loading 
conditions (Rudd et al, 1985; Wiegant and Lettinga, 1985; Wiegant et al, 1985). For 
instance, Wiegant et al. (1985) found a clear correlation between the strength of the 
wastewater from an alcohol distillery process and the VFA concentration in the effluent of 
a thermophilic UASB reactor. Organic loading rates (OLR) of 25-40 kg chemical oxygen 
demand (COD).m 3 reactor.day"1 resulted in total effluent VFA concentrations of 3,000-8,000 
mg COD./"1 (Wiegant et al., 1985). On the other hand, moderately low loaded thermophilic 
high-rate reactors perform much better in removing residual VFA (Ahring et al, 1993; 
Schraa and Jewell, 1984). It was also found that immobilization of anaerobic biomass is more 
difficult to achieve under thermophilic conditions than under mesophilic conditions (see § 
1.5.3). Nevertheless, immobilization of anaerobic biomass by formation of granular sludge 
is a common phenomenon in thermophilic methanogenic upflow reactors (Ohtsuki et al., 

1992, 1994; Schmidt and Ahring, 1993; Souza et al., 1992; Uemura and Harada, 1993, 
1995; Wiegant and Lettinga, 1985; Wiegant and De Man, 1986). Due to the conflicting and 
sometimes disappointing results found by the various researchers (Disley et al., 1992; Soto 
et al., 1992), thermophilic anaerobic wastewater treatment has, so far, hardly been applied. 

In this thesis, results are described of experiments which were conducted on the stability 
of thermophilic wastewater treatment in high-rate reactors under defined conditions. With 
respect to the temperature sensitivity, several aspects were studied which may influence the 
thermostability of the sludge: i) the height of the process temperature, ii) the mode of reactor 
operation, and iii) the presence of immobilized biomass. Also, the response of the bacterial 
population to an upward temperature shift from mesophilic to thermophilic conditions was 
investigated using immunological methods. In the second part of the thesis, experiments are 
presented which deal with the frequently cited phenomenon of high concentrations of volatile 
fatty acids in effluents of thermophilic reactors. A high VFA level indicates a high degree 
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of substrate-, product-, or non-competitive inhibition in the thermophilic sludge bed. In order 
to minimize possible inhibition effects, experiments were conducted using plug-flow reactors. 
In contrast to (partly) mixed sludge bed reactors, like the UASB reactor, high VFA 
concentrations are only experienced in the first and separated part of the sludge bed. 

1.2 Effects of temperature on biotechnological processes 

Temperature has a considerable effect on the intracellular and extracellular environment of 
bacteria. Temperature acts as an accelerator of conversion processes, and it also determines 
whether or not a reaction can be performed by specific bacteria. The intercellular 
environment requires several adaptations to resist the high temperatures. This is discussed 
in more detail in § 1.2.1. The effects of temperature on the physical-chemical properties of 
the solution are discussed in § 1.2.2. 

1.2.1 Factors determining the optimum growth temperature 

Denaturation of enzymes and nucleic acids (DNA, RNA) are examples of possible limitations 
of bacteria at elevated temperatures (Brock, 1986). Generally, the nucleic acids of 
thermophilic organisms are much more stable and contain relatively more Guanosine (G) -
Cytidine (C) bonds with 3 hydrogen bridges instead of Adenosine (A) and Thymidine (T) 
bonds, with only 2 hydrogen bridges. However, a clear correlation between the optimum 
growth temperature and the G-C content was never found (Winter and Zellner, 1990). The 
nucleic acids can also be stabilized by DNA-binding proteins, which are more frequently 
observed in thermophiles than in mesophiles (Brock, 1986). Enzymes and other proteins of 
thermophiles generally appear to be more stable because of a more stable tertiary structure 
due to the presence of more S-containing amino acids like cysteine, leading to S-S bond 
interactions. 

In addition to the above adaptations on the molecular level, various cell organelles and/or 
cell structures of thermophilic bacteria also need extra provisions to increase the 
thermostability of these vital components. For example, the membranes of thermophilic 
bacteria have to be much stronger because of the increased fluidity and the possible loss of 
selective permeability at high temperatures. In general, the glycolipid content of the bacterial 
membranes increases with the increasing growth temperature from psychrophiles to 
thermophiles (Russell and Fukunaga, 1990). It was hypothesized that a higher degree of 
sugar-containing lipids increases the hydrogen-bonding capacity of the lipid bilayer surface, 
stabilizing the membrane at high temperatures, perhaps through additional interactions with 
cell wall components. Also, membranes of thermophilic bacteria generally have a higher 
content of saturated fatty acids. Thermal adaptations were also found for stabilizing the 
structure of ribosomes (Brock, 1986). 
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The degree of thermostability of the various cell components determines the temperature 
span of a specific bacterium. In general, a temperature span of 20-40°C is common for 
(micro)organisms. However, some bacteria have a much wider span, like the thermophilic 
hydrogen-consuming methanogen Methanobacterium thermoautotrophicum AH which is able 
to grow between 22 and 78°C (Wiegel, 1990). It is obvious that such a bacterium needs 
various adaptations to stabilize proteins, nucleic acids, membrane lipids, etc. The number of 
high temperature requirements needed indicates that an adaptation of common mesophilic 
bacteria to the thermophilic temperature range is impossible. However, various authors claim 
a 'conversion' or adaptation of mesophiles into thermophiles or extreme thermophiles, as 
mentioned in the review of Wiegel (1990). These so-called cryptic thermophilic organisms 
possess: i) thermostable enzymes, lipids, membrane components, and the means to stabilize 
their DNA at high temperatures; or ii) a facultative system for synthesizing thermostable 
isoenzymes and/or the capability to alter their lipids into the thermostable form but 
apparently are not using it (Wiegel, 1990, Tsien et al, 1980). Another mechanism of 
thermo-adaptation was proposed by Hensel and Konig (1988) who observed an upward shift 
of the optimum growth temperature of methanogenic bacteria. This phenomenon was 
attributed to a high intracellular ion concentration, and it was concluded that potassium 2,3-
diphosphoglycerate enhanced the thermostability of thermolabile enzymes. Similarly, Zellner 
and Kneifel (1993) found an increase in the proportion of long-chain polyamines with 
increasing growth temperature (50-85°C) in cells of Thermotoga species, a thermophilic 
anaerobic eubacterium. According to Woese (1987) the extreme thermophilic Thermotoga 

maritima is one of the most primeval strains of anaerobic bacteria found on earth today, 
suggesting that all original eubacteria were thermophiles (Achenbach-Richter et al., 1987). 
An upward shift of the optimum growth temperature was also described by Pledger et al. 

(1994), who could successfully elevate the optimum temperature of some specific 
hyperthermophiles by increasing the hydrostatic pressure on the culture. 

(Microorganisms are classified into 'temperature classes' on the basis of the optimum 
temperature and the temperature span of the species (Table 1.1). Although it is very 
convenient to classify organisms into thermal groups, the overlapping growth temperature 
ranges in Table 1.1 indicate that there are no real boundaries between these groups. 
Generally, 43-45 °C is considered to be the upper temperature limit for mesophilic processes 
and the lower limit for thermophilic processes. Most studies on the effect of temperature on 
anaerobic digestion show a sharp transition in the digestion process beyond 45 °C (Chapter 
3; Feilden, 1981; Henze and Harremoes, 1983; Rintala and Lettinga, 1992; Speece and Kern, 
1970; Van Lier et al, 1990). However, in some cases, a gradual increase in the 
methanogenic activity was observed with a temperature increase from the mesophilic to the 
thermophilic range (Chen, 1983). Nevertheless, a rough classification in mesophiles and 
thermophiles, with 45°C as the border temperature, suffices for reactor design purposes. 
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Table 1.1 Definition of organisms according to their cardinal growth temperatures (in °C), after Wiegel (1990) 

T • T T 
*min *opt xmax 

Psychrophiles (Cryophiles) 

Temperature tolerant mesophiles (psychotropic) 

Mesophiles 

Thermotolerants (thermoduric) 

Temperature tolerant thermophiles 

Thermophiies 

Temperature tolerant extreme thermophiles 

Extreme thermophiles 

Barothermotolerants (hyperthermophilic) 

Barothermophiles (hyperthermophilic) 

1.2.2 Influence of temperature on the physical-chemical aspects of anaerobic 
conversion processes 

Thermodynamics 
At high temperatures, chemical and biological reaction rates proceed much faster than at low 
temperatures. Biological reactions, however, are dependent on the possible growth 
temperature of the organisms performing the reaction (§ 1.2.1). Within the temperature span 
of the organisms the thermodynamics of the conversion reaction aA + bB «» cC + dD are 
accelerated by increasing temperatures. Free energies of formation as well as AG° will 
change (equations 1.1 and 1.2). 

AG, AG, A ,T,-T,, 
— 1 - - y - -AJf ( - 2 — 1 ) (1.1) 

< 0 

< 5 

> 5 

-

< 25 

> 25 

< 45 

> 45 

7 

? 

< 15 

> 15 

< 45 

< 45 

> 45 

> 45 

> 65 

> 65 

< 100 

> 100 

< 20 

> 20 

< 50 

> 50 

> 50 

> 50 

> 70 

> 70 

> 100 

> 100 

AG - AG0 + RT • I n ( A* ' B j ) (1.2) 

where AG = the Gibbs free-energy change (kJ.mole"1), T = temperature (K), AH = change 

in enthalpy (kJ.mole1), R = gas constant (8.31 • 10"3 kJ.mole^.K"1), A and B = reactants, 

C and D = products and a,b,c and d = moles of reactants and products per reaction. The 

subscripts 1 and 2 refer to two different temperatures. 

Most reactions in the biodegradation of organic matter require less energy to proceed at high 
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temperatures (Table 1.2), which results in a faster digestion. Reactions dependent on the H2 

partial pressure, such as the oxidation of propionate and butyrate, are possible at higher H2 

concentrations in the biogas (Zinder, 1990). 

Table 1.2 Metbanogenic and acetogenic reactions involved in the anaerobic conversion of organic matter and the 

Gibbs free-energy changes*. Table includes some possible acidification reactions with sucrose as model 

compound. 

Reaction AG0'25=C &G'Syc 

(kJ.mole"1) (kJ.mole"1) 

4H2 + HC03" + H + - CH4 + 3H20 

4 Formate" + H20 + H+ - CH4 + 3HCO-, 

Acetate" + H20 — HC03" + CH4 

Acetate" + 4H20 - 2HC03" + H + + 4H2 

Acetate" + 2HC03" — 4 Formate" + H + 

Propionate' + 3H20 -» Acetate" + HC03" + H + + 3H2 

Propionate" + 2HC03" -» Acetate" + 3 Formate" + H + 

Butyrate" + 2H20 — 2 Acetate" + H+ + 2H2 

Butyrate" + 2HC03" — 2 Acetate" + 2 Formate" + H + 

Sucrose + 9H20 — 4HC03" + 4 Acetate" + 8H+ + 8H2 

Sucrose + 3H20 -» 2HC03" + 2 Acetate" + 2 Propionate" + 6H+ + 2H2 

Sucrose + 5H20 — 4HC03" + 2 Butyrate" + 6H+ + 4H2 

* Energy changes were calculated by using the van 't Hoff equation, standard enthalpy values of compounds 

(Chang, 1977), and Gibbs free-energy changes at 25°C (Thauer et a/., 1977). 

Solubility of gases and (in)organic compounds 
The solubility of gaseous compounds decreases with increasing temperature (Fig. 1.1). This 
lower solubility implicates that gases like NH3> H2S and H2, which have a negative (or even 
toxic) effect on the digestion process, are easily stripped from the solution. Consequently, 
the concentration of these gases, as well as that of methane, is lower in the effluent of 
thermophilic reactors than in mesophilic digesters. The decreased solubility of C02 indicates 
a higher reactor pH under thermophilic conditions. 

The solubility of most salts increases with increasing temperature, while the solubility 
constants of precipitates like CaC03 decreases (Sillen and Martell, 1964). If organic salts are 
more soluble at high temperatures (e.g. neutralized long-chain fatty acids), the organic matter 
is more accessible to the microorganisms, which might improve the overall conversion 
efficiency of an anaerobic treatment process. On the other hand, changes in chemical 
equilibria sometimes result in a higher fraction of undissociated compounds like NH3 (Weast, 

-135.6 

-130.4 

-31.0 

+ 104.2 

+99.1 

+76.1 

+72.2 

+48.1 

+45.5 

-457.5 

-610.5 

-554.1 

-122.5 

-118.9 

-34.7 

+ 89.8 

+86.1 

+62.3 

+59.7 

+37.9 

+36.1 

-511.8 

-641.2 

-590.7 
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Fig. 1.1 Gas solubility in pure water at various temperatures, after Lide (1992). 

1976), which limits the biodegradability of specific wastes under thermophilic conditions 
(Angelidaki and Ahring, 1994; Wiegant, 1986). For most 'small' molecules, like fatty acids, 
H2S, NH3, etc., it is believed that the toxic effect is caused by the undissociated form which 
diffuses more easily across the bacterial membrane (see also § 5.4). The effects of 
temperature on the chemical equilibria and its implications for anaerobic treatment are most 
pronounced for those compounds with a dissociation constant of approximately 10"8 - 10"7, 
i.e. at neutral pH. Consequently, with respect to VFA, this effect is of much less importance 
since the digester pH is always far above the pKg values of these acids (Fig. 1.2). Only in 
acid reactors, e.g. pre-acidification under low pH conditions, is a substantially higher fraction 
of undissociated VFA present. 

Liquid viscosity 

A physical impact of high temperatures is the lower viscosity of liquid and semi-solid 
slurries. This implies that less energy is required for mixing and that sludge bed reactors are 
more easily mixed at relatively low gas productions. In such reactors, particles will settle 
faster because of an improved liquid-solids separation under high temperature conditions. On 
the other hand, the same particles will be lifted from the sludge bed more easily by the 
evolving gas bubbles and/or sudden biogas eruptions. 
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Fig. 1.2 A) pKa of acetic acid, propionic acid and butyric acid at various temperatures, 
after Sillen and Martell (1964). B) Undissociated acetic acid concentration at 36, 
55 and 75°C. Values were calculated using the extrapolated date of Sillen and 
Martell (1964), assuming an acetate concentration of 2000 mg COD./-1 in pure 
water. 

Related to liquid viscosity is the diffusivity of soluble compounds which increases with 
increasing temperature (Perry and Green, 1984): 

D2 ~ D, • ( 2h ) . ( Jtl ) (1.3) 

where D = diffusion coefficients of a specific compound (nr^.s"1), T = temperature (K), and 
r; = the liquid viscosity of the solution (N.s.m"2). The subscripts 1 and 2 refer to two 
different temperatures. The diffusivity of soluble compounds at various temperatures relative 
to the diffusivity at 30°C is given in Table 1.3. 

Table 1.3 

temp. 

Dttmp 

CO 

/DJO 

The diffusivity 

(-) 

of soluble 

10 

0.57 

compounds at various temperatures relative to the diffusivity at 30 

20 

0.77 

30 

1.00 

40 

1.26 

50 

1.55 

60 

1.88 

70 

2.24 

80 

2.62 

"C" 

90 

3.04 

" Values were calculated using equation 1.3 and the viscosity of pure water at the various temperatures (Lide, 1992). 
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From Table 1.3 follows that diffusion constants of soluble compounds are about 50% higher 
under thermophilic conditions (50-60°C) than under mesophilic conditions (30-40°C). The 
fact that bacterial growth rates are generally a factor 2-3 higher (§ 1.3.1) implies that 
thermophilic biofilm processes are easily limited by diffusion limitation of the substrate (see 
also Chapter 4.2). It is clear that with gaseous compounds the effect of temperature on the 
diffusivity in liquids and biofilms is even much greater. The occurrence of mass transfer 
limitation reduces the conversion capacity of thermophilic sludge but enhances the stability 
of the overall process. 

1.3 Advantages and disadvantages of thermophilic treatment 

1.3.1 Advantages 

Higher metabolic rates 
The bacterial growth rates of thermophiles are generally higher than the growth rates of their 
mesophilic homologues. Table 1.4 lists the most important methanogenic and acetogenic 
bacteria which are involved in the anaerobic conversion of organic matter at both temperature 
ranges. Optimization of anaerobic digestion by applying the process at high temperatures is 
used in its optimal sense in completely mixed systems where the overall conversion rate is 
determined by the maximum specific growth rate. Within the temperature range of one 
species the growth rate increases exponentionally with temperature (Brock, 1986; Heitzer et 

al., 1991). However, the rate of increase is considerably lower if the growth rates of 
different species are compared at their optimal growth temperature (Brock, 1986). 
Apparently, the growth efficiency of thermophiles is much lower than that of mesophiles, 
which may be attributed to the higher maintenance energy demands with increasing 
temperatures. Nonetheless, an increase in growth rate by a factor of 2 to 3 (Fig. 1.3, Table 
1.4) is generally found between thermophiles and their mesophilic homologues in the 
anaerobic digestion process. For hydrogenotrophic methanogens a factor of 10 is almost 
reached. In principle, therefore, in applying the process at high temperatures the digestion 
time can be substantially reduced, and a more complete degradation can be achieved. This 
is confirmed by the results of many small- and large-scale digesters as reviewed by various 
authors (Cooney and Wise, 1975; Buhr and Andrews, 1977; Varel, 1983; Wiegant, 1986; 
Zinder, 1986). On the other hand, in the digestion of sewage sludge, some reports have been 
published in which thermophilic treatment did not show any advantage over mesophilic 
digestion (Zeeman and Van Veen, 1990). Thermophilic digestion seems to be less effective 
particularly when the NH4

+-N concentration is higher than 1.1 g.f1. This is probably due 
to the toxic effect of free NH3 (Wiegant, 1986; Angelidaki and Ahring, 1994; Zeeman and 
Van Veen, 1990). Differences in experimental set-up, accuracy and interpretation of the 
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Table 1.4 

Substrate 

H2/CX>2 

Formate 

Acetate 

Propionate 

Butyrate 

Comparison of the maximum 

Genus 

Methanobacterium 

Methanococcus 

Methanosarcina 

Methanobrevibacter 

Enrichment 

Methanobacterium 

Methanothrix 

Methanosarcina 

Enrichment 

Syntrophobacter 

Enrichment 

Syntrophomonas 

Enrichment 

growth rate of some meso 

Mesophiles 

fmn (day"') 

0.26 

2.16-5.52 

0.48-1.44 

1.44-4.08 

1.44-1.92 

0.10-0.22" 

0.60-0.72 

0.24-0.67 

0.10-0.34 

0.10-0.19 

0.10-0.14 
0.31c 

0.19-0.31 

0.36c 

philes and their thermopilic 

ref. 

1 

2 

3,4 

1,5,6 

7 

8-10 

11,12 

13 

1 

14 

6,15,16 

17 

18,19 

17 

homologues 

Thermophiles 

Cmu Way"') 

4.80-16.6 

18.2-51.1 

7.92b 

13.4 

0.48-0.72 

1.27-2.04 

0.96b 

0.14-0.31 

0.72b 

0.48-0.77 

2.62b 

ref. 

2,20-23 

24-27 

28 

29 

30 

30 

28 

31,32 

28 

33 

28 

a M. soehngenii, predominant bacterium in mesophilic granular sludge (ref. 8) 
b Thermophilic methanogenic consortia (see also ref. 28) 
c Mesophilic mixed cultures (see also ref. 17) 

Ref: 1 Pavlostahis and Giraldo Gomez (1991); 2, Balch et al. (1979); 3, Weimer and Zeikus (1978); 4, Smith and 

Mah (1978); 5, Zehnder and Wuhrmann (1977); 6, Gujer and Zehnder (1983); 7, Schauer et al. (1980); 8, Huser 

etal. (1982); 9, Van den Berg et al. (1977); 10, Zehnder et al. (1980); 11, Fathepure (1983); 12, Patel (1984); 13, 

Mah et al., (1978); 14, Boone and Bryant (1980); 15, Koch et al. (1983); 16, Wu et al. (1992); 17, Lawrence and 

McCarty (1969); 18, Mclnerney et al. (1981); 19, Zhao et al. (1993); 20, Brandis et al. (1981); 21, Gerhard et al. 

(1993); 22, Kitaura et al. (1992); 23, Winter et al. (1984); 24, Huber et al. (1982); 25, Peillex et al. (1989); 26, 

Jones et al. (1983); 27, Zhao et al. (1988); 28, Wiegant et al. (1986); 29, Konig and Stetter (1987); 30, See Table 

4.2; 31, Stams et al. (1992); 32, Zinder et al. (1984a); 33, Ahring and Westermann (1987). 

results of the various experiments could influence the conclusion of whether or not 
thermophilic digestion is superior. 

With the exception of the start-up period, the maximum specific growth rate of the bacteria 
is obviously of minor importance when thermophilic treatment is applied in high-rate systems 
with high solids retention times. The principal advantage of the higher temperature in such 
reactors is the higher maintenance energy demand of the thermophilic biomass, as explained 
previously by Wiegant (1986): 
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Fig. 1.3 Relative growth rate of mesophilic and thermophilic methanogens. 

\i - b- ec (1.5) 

where n = specific growth rate (day1), b = maintenance and decay rate (day1), 0C = cell 

residence time (days), A = specific sludge activity (day"1), and Y = bacterial growth yield 

(g.mole"1). Combining equations 1.5 and 1.6 we obtain: 

9 C
 _1 + b (1.7) 

From equation 1.7 it is clear that both the maintenance energy demand and the cell residence 
time (solids retention time) affect the specific activity of the biomass. 

Due to the high metabolic activities, the net biomass yield per mole of substrate is less, 
resulting in a very low production of excess sludge (Zinder, 1986). Moreover, in sludge 
digestion, the residue seems to be better stabilized and the dewatering capacity improved 
(Torpey et al, 1984; Garber, 1977, 1982; Garber et al, 1975; Rimkus, 1982). 
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Pathogen removal 
The decimation of pathogenic bacteria is described as a first-order process and is related to 
the die-off rate of an indicator bacterium, mostly E.coli (e.g. Catunda et al., 1994): 

f " -*> • If (1-8) 

The die-off constant, Kb, increases with increasing temperature. Under thermophilic 
conditions the death rate of pathogenic organisms is extremely high and as a result the 
requited retention times can be reduced substantially. For most pathogenic bacteria, a contact 
period of several weeks is required at ambient temperatures (20 °C), which can be reduced 
to several days at 35°C. However, at 53-55°C, contact times of less than 1 hour are 
sufficient to meet the prevailing sanitation standards in e.g. Denmark (Bendixen, 1994). 
Comparative studies with specific pathogenic bacteria as indicator showed the superiority of 
thermophilic treatment over mesophilic digestion (Olsen et al., 1985; Olsen and Larsen, 
1987; Bendixen, 1994; Lund et al, 1995). Thermophilic treatment makes a separate 
hygienization step superfluous particularly in the cases of manure or sewage sludge digestion. 
In fact, pathogen removal is the driving force behind the Danish Biogas Programme to 
implement centralized thermophilic treatment for manure digestion, including industrial and 
household waste (e.g. Bendixen, 1994; Mathrani etal, 1994; Tafdrup, 1994). After the high 
temperature treatment, the residue can be safely used as soil conditioner. The latter is also 
of interest in the USA where new legislation regarding disposal of biosolids will restrict land 
use based on pathogen destruction criteria, favouring thermophilic treatment (Aitken and 
Mullennix, 1992). A high degree of destruction during thermophilic (55°C) treatment was 
also found for plant pathogens and weed seeds (Engeli et al., 1992). 

Improved physical-chemical properties 
The effects of temperature on the various physical-chemical parameters are already discussed 
in § 1.2.2. In most cases, the effects of temperature are advantageous to the anaerobic 
digestion process. 

1.3.2 Disadvantages 

Energy requirements 
The energy requirements of thermophilic systems are obviously much higher than those of 
mesophilic reactors. However, the actual energy consumption for heating depends on the 
temperature of the incoming wastewater (Fig. 1.4), type of insulation and the retention time. 
An economic evaluation should be made as to whether or not it is beneficial to heat the 
wastewater using the produced biogas as fuel. Considering the fact that under thermophilic 
conditions the applicable loading rate will be higher (§ 1.3.1), heating of the wastewater may 
be a feasible alternative (Fig. 1.4). 
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Reactor temperature: 55°C 

20 40 60 

temperature of wastewater (°C) 

Fig. 1.4 Theoretical energy requirement for heating ( ) of a thermophilic (55 °C) 

continuous flow reactor versus wastewater temperature. The horizontal bars 
represent the methane production in case of an influent concentration of ( ) 
25 g COD./"1 (OLR: 60 kg.m'3.day"1) and ( ) 10 g COD./"1 (OLR: 24 kg.nf 
3.day"1). For the theoretical calculations the following assumptions were made: 
Degree of bioconversion (methane recovery): 75%; Bacterial yield: 5%; Reactor 
volume (cylinder, r = 5m, h = 10m): 785 m3; Influent flow: 79 nAhr"1; 
Hydraulic retention time: 10 hr; Reactor temperature: 55°C; Ambient 
temperature: 15°C; Reactor side and insulation: 1.5 cm steel and 10 cm glass 
wool with heat conductivity coefficients of 39 and 0.035 kcal.m^.h^.'C"1, 
respectively (Forsythe, 1954). 

The example in Fig. 1.4 illustrates that thermophilic treatment is more advantageous if the 
wastewater is discharged at high temperatures. The loss of heat during thermophilic treatment 
is much less during solid waste digestion. For full-scale thermophilic co-digestion of manure 
and industrial waste, the extra energy for heating is less than 5 % of the produced biogas 
(Ahring, pers. comm.). The large-scale reactors are operated at 55°C and at retention times 
of approximately 15 days. 
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Process stability 
Thermophilic anaerobic treatment of waste and wastewater is often regarded as less stable 
than mesophilic treatment (Buhr and Andrews, 1977; Rudd et al, 1985), restraining most 
industries and constructors from implementing this new technology. Literature reports 
mention several drawbacks of thermophilic digesters, such as high susceptibility to: i) 
temperature increases (Varel et al., 1977; Schraa, 1983; Zinder et al., 1984b), ii) feed 
interruptions (Wiegant, 1986), and iii) shock loadings (Duff and Kennedy, 1982; Seif et al., 

1992; Soto et al., 1992; see also § 1.1). In comparison to mesophilic sludge digesters, 
thermophilic digesters are generally characterized by relatively high effluent VFA 
concentrations indicating a lower degree of process stability, as reviewed by Wiegant (1986). 
In contrast, in other studies, very low effluent VFA concentrations were found in 
thermophilic sludge digesters (Aoki and Kawase, 1991; Ghosh et al., 1980), as well as in 
thermophilic wastewater treatment plants (Chapters 3 and 6; Schraa and Jewell, 1984; Cail 
and Barford, 1985; Wiegant and De Man, 1986). In addition, Ahring (1994) recently made 
a comparison between mesophilic and thermophilic full-scale digesters operating under more 
or less similar conditions and concluded that the VFA concentrations were very similar. Yet, 
it remains unclear as to what extent the frequently cited process instabilities are intrinsic 
disadvantages of thermophilic digestion, and what measures must be taken to adapt the 
current technology in order to most optimally apply thermophilic treatment. For these 
reasons, process stability is investigated in detail in the present research. Our results show 
that intermediate compounds may limit high-rate conversion of biomass (Chapters 5 and 6). 
However, if a more appropriate process technology is chosen the conversion rate may be 
considerably enhanced (Chapter 6) with a temperature susceptibility similar to that of 
mesophilic reactors (Chapter 4). 

1.4 Microbiology of thermophilic anaerobic bioconversion of organic 
matter 

The anaerobic decomposition of organic matter is characterized by a sequence of reactions 
which are performed by different physiological types of anaerobic bacteria (Bryant, 1979; 
Mclnerney and Bryant, 1981; Mah, 1982). In the first step, complex organic compounds are 
hydrolysed to monomers like sugars, long-chain fatty acids and amino acids. Next, sugars 
and amino acids are fermented to volatile fatty acids, alcohols, lactate, carbon dioxide and 
hydrogen. In the third step, the produced intermediates and long-chain fatty acids are further 
degraded to acetate, carbon dioxide and hydrogen, followed by a subsequent conversion to 
methane. Obviously, a complete anaerobic conversion of organic matter requires a complex 
community of different anaerobic bacteria. The sequence of general reactions occurs both 
under mesophilic and thermophilic conditions and is schematically shown in Fig. 1.5. 
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Fig. 1.5 Flow of carbon in the anaerobic degradation of organic matter, after Gujer and 

Zehnder (1983). 

The main difference between mesophilic and thermophilic bioconversion is the reaction rate, 
which is much higher at high temperatures (§ 1.3.1). For many mesophilic bacteria involved 
in anaerobic digestion a thermophilic homologue can be found. The number of new 
thermophilic isolates is still increasing. Both the microbiology and technology of thermophilic 
digestion has been reviewed by various authors over the last decades, e.g. Cooney and Wise 
(1975), Buhr and Andrews (1977), Sonnleitner (1983), Varel (1983), Wiegant (1986), Zinder 
(1986, 1990), Winter and Zellner (1990), Rintala (1992), Lowe et al. (1993) and Ahring 
(1994). In this section, some of the most important microbiological characteristics of 
thermophilic digestion are discussed. 

Non-aceticlastic methanogenesis 

Following the sequence of anaerobic biotransformation (Fig. 1.5), complex organic material 
is converted into more simple compounds with similar COD equivalents. Actual COD 
removal from waste and wastewater is achieved by the formation of reduced gaseous 
compounds like CH4, H2, H2S, etc., among which CH4 is the most important. Acetate is the 
major direct precursor for methanogenesis in both mesophilic and thermophilic waste 
treatment systems, accounting for approximately 70-80% of the total CH4 produced (Mackie 
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and Bryant, 1981; Gujerand Zehnder, 1983; Zinder etal., 1984a; Jens and McCarty, 1965; 
Smith and Mah, 1966; Mountfort and Asher, 1978). Based on tracer experiments, it was 
concluded that acetate is split in a so-called aceticlastic reaction in which the methyl-group 
of the acetate molecule is reduced to CH4, while the carboxyl-group is oxidized to HC03" 
(e.g. Zehnder et al., 1980; Zehnder et al, 1982): 

aCH3-
bCOO- + H20 --> "CI^ + HbC03- AG°'= - 31 kJ/mol 

So far, only two genera of methanogenic bacteria, i.e. Methanosarcina and Methanothrix 

("Methanosaeta"; Patel and Sprott, 1990), are capable of catabolizing acetate to CH4, both 
under mesophilic and thermophilic conditions (Zinder 1990). The role of the various species 
of aceticlastic methanogens in thermophilic waste(water) treatment processes is further 
discussed in Chapters 3 and 4.1. Thermophilic aceticlastic methanogens and some of their 
kinetic properties are listed in Table 4.2. 

In addition to the above reaction, Zinder and Koch (1984) described the occurrence of a 
two-step reaction in which acetate is first oxidized to H2/C02, followed by a subsequent 
conversion to CH4. The reaction is performed by a homo-acetogenic bacterium in co-culture 
with a methanogen: 

CHj-COCr + 4H20 --> 4H2 + 2HCCV + H+ AG°'= + 104 KJ/mol 

4H2 + HC03- + H + - > CH4 + 3H20 AG°'= - 135 KJ/mol 

The co-culture grew optimally at 60°C and was further characterized by Lee and Zinder 
(1988a, 1988b). Independently, Weber et al. (1984) found that in a mesophilic methanogenic 
culture, syntrophic acetate conversion can take place in an order similar to the aceticlastic 
reaction. The culture was enriched from various anaerobic environments including sewage 
treatment plants. The acetate oxidation reaction, being the first step of the sequence, is 
thermodynamically difficult (AG°'= + 104 kJ/mol). For this reason, Wiegant (1986) 
considered a possible contribution of syntrophic acetate conversion to the overall digestion 
process to not be very important. However, recent findings reveal that the two-step reaction 
might become important under specific 'stress' conditions like high ammonium concentrations 
(Blomgren et al., 1990) and, interestingly, at high temperatures. Petersen and Ahring (1991) 
demonstrated that syntrophic acetate oxidation might contribute to up to 14% of total 
acetotrophic methanogenesis in a thermophilic (60°C) digester. Moreover, results of Ahring 
(1995) show that when the acetate concentration drops to below the threshold level for the 
dominating aceticlastic methanogen in a 55°C digester, the two step reaction becomes the 
predominant mechanisms for acetate conversion. Uemura and Harada (1993) and Ahring et 

al. (1993) recently reported that a relatively large fraction of granular sludge grown in UASB 
reactors at 55°C, also consisted of such syntrophic consortia. An even more dominant role 



18- Chapter 1 

of non-aceticlastic acetate conversion is expected at temperatures higher than 65 CC (Ahring 
et al. 1995; Uemura & Harada 1993 1995), which is beyond the temperature range of the 
aceticlastic methanogens known thus far (Table 4.2; Zinder, 1990). The addition of acetate 
to methanogenic sludge cultivated at 70-75 °C in UASB reactors resulted in a rapid build-up 
of H2 in the head-space of closed serum vials (Rintala et al., 1993; Van Lier et al., 1993). 
Moreover, recent investigations with the 75°C-sludge using 13C-labelled acetate as the 
substrate showed that approximately 95% of the total acetate conversion was performed by 
the syntrophic acetate oxidation reaction (Van Lier et al, unpublished results). The 
predominance of the latter reaction in extreme thermophilic (70°C) UASB reactors was 
recently confirmed by Ahring et al. (1995). Furthermore, syntrophic oxidation of acetate was 
shown to be the principal pathway to acetate conversion in Islandic hot springs of 70°C 
(Ahring, 1992). These results indicate that under extreme thermophilic conditions, hydrogen-
consuming methanogens are mainly responsible for the final COD removal from waste and 
wastewater (Fig. 1.6). 

Complex Polymers 
(proteins, polysaccharides, etc) 

I 
Mono and Oligomers 

(sugars, amino acids, peptides) 

t 
Acetate, Propionate, 

Butyrate, etc. 
(long-chain fatty acids) 

T 
H2+ C02 

I 
CH,, CO 

'4' ~ ~ 2 

Fig. 1.6 Hypothetical carbon flow in the anaerobic degradation of organic matter under 
extreme thermophilic conditions, assuming that aceticlastic methanogenesis does 
not contribute to the ultimate COD removal. 
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The kinetics and biochemical characteristics of various thermophilic hydrogenotrophic 
methanogens are discussed in recent review papers of e.g. Vogels et al. (1988), Winter and 
Zellner (1990) and Lowe et al. (1993). The number of new isolates of these types of 
methanogens is still increasing (Zhao et al., 1988; Nishimura et al., 1991; Lowe et al, 

1993) and a maximum growth temperature of up to 110°C is reported (Mukund et al., 1992; 
Huber et al, 1989). In general, thermophilic hydrogenotrophic methanogens possess very 
high maximum specific growth rates with doubling times of 1-4 hours, while the apparent 
substrate half-saturation constants (K^ are higher than those of comparative mesophilic 
organisms as reviewed by Wiegant (1986). When S04" is the final electron acceptor, the 
produced H2 can alternatively be used by sulphate reducing bacteria (SRB). The latter 
organisms generally have a much higher affinity for H2 than the methanogens (Oude Elferink 
et al., 1994; Rinzema and Lettinga, 1988). Under sulphate reducing conditions, methanogens 
and sulphate reducers compete for the same substrate (Visser, 1995). While acetate is merely 
converted by the aceticlastic methanogens, the hydrogen is used by the SRB (Isa et al., 1986; 
Yoda et al., 1987; Rinzema, 1988; Rinzema and Lettinga, 1988; Visser, 1995). However, 
if syntrophic acetate conversion is becoming more important, methanogenesis is more easily 
suppressed, which will result in the predominance of SRB. A very rapid recovery of sulphate 
reduction after a shift from mesophilic to thermophilic conditions was observed by Rintala 
and Lettinga (1991). The same researchers found that sulphate reduction contributed to more 
than 50% of the total COD removal during thermophilic (55 °C) treatment of sulphate-rich 
TMP Whitewater (Rintala et al., 1991). Also, acetate oxidation to H2/C02 seemed to play 
a larger role in thermophilic sewage sludge digesters which were adapted to relatively high 
sulphate concentrations (Petersen and Ahring, 1992). The above results indicate that, due to 
syntrophic acetate oxidation, complete COD conversion under thermophilic conditions can 
be acquired with S04" as the final electron acceptor. 

Role of H2 as intermediate electron carrier 

Hydrogen is an important intermediate in anaerobic conversion processes and is mainly 
produced during the acidification of complex organic matter (e.g. carbohydrates, proteins, 
lipids, etc.). H2 is also generated during the subsequent conversion of the produced 
fermentation products to acetate and CC^. Particularly the latter acetogenic reactions, which 
are performed by obligate proton-reducing bacteria, depend on the H2 partial pressure (Table 
1.1). For thermodynamic reasons a further oxidation of the produced intermediates to acetate 
and C0 2 can only occur at extremely low H2 concentrations. Therefore, a complete 
mineralization of carbon compounds is only possible if H2 is effectively removed by e.g. the 
methanogenic bacteria (Boone and Bryant, 1980; Bryant, 1979; Mclnerney et al., 1981; 
Wolin, 1982). This phenomenon of interspecies transfer of reducing equivalents was recently 
reviewed by Schink (1992) and Stams (1994). While acetogenic reactions are inhibited by 
high concentrations of H2 (Ahring and Westermann, 1988; Stams et al., 1992), the H2 partial 
pressure also determines the types of fermentation products of the fermentative bacteria 
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(Zinder, 1986; Winter and Zellner, 1990). At high H2 partial pressures further reduced 
compounds are formed, such as ethanol, lactate, and the VFAs propionate and butyrate. On 
the other hand, if the H2 concentration is low, carbohydrates are merely converted into 
acetate, C0 2 and H2, which especially applies under thermophilic conditions (Zinder, 1986b; 
Winter and Zellner, 1990). In addition, the spectrum of fermentation products of 
thermophilic acidifying bacteria is generally more restricted than of mesophilic acidifiers, as 
reviewed by Winter and Zellner (1990). 

Obviously, the effectiveness of interspecies hydrogen transfer plays a crucial role in the 
product distribution pattern of the fermentative phase, i.e. it determines the stability of the 
overall digestion process. As an alternative to hydrogen, various researchers have postulated 
that formate may be a more suitable electron carrier due to its high solubility (Thiele and 
Zeikus, 1988a, b; Ozturk et al, 1988; Boone et al, 1989). Recently, Dong (1994) 
demonstrated that interspecies formate transfer was the predominant mechanism during 
propionate and butyrate oxidation in dispersed defined mesophilic cultures. The occurrence 
of interspecies formate transfer is also supported by the results of Grobicky and Stucky 
(1991) who reported that overloading of a mesophilic anaerobic baffled reactor resulted in 
an accumulation of formate, while the H2 concentration remained constant. On the other 
hand, in various cases, syntrophic associations were studied in which the methanogen was 
not able to use formate as a substrate, excluding the involvement of interspecies formate 
transfer (Grotenhuis, 1992; Stams, 1994). Furthermore, in balanced microbial consortia like 
granular anaerobic sludge, the distances between the various bacteria are small enough to 
explain the high biodegradation rates through interspecies hydrogen transfer (Grotenhuis et 

al, 1990; Stams, 1994). Finally, according to recent results of Bleicher and Winter (1994) 
formate transfer is only of importance if hydrogen consumption is actively suppressed or 
whenever perturbation requires an extra electron sink. The role of formate under 
thermophilic conditions is even less clear. Up to now, formate was not observed to be an 
important intermediate in thermophilic digesters. In one of our own investigations, a sudden 
increase in the organic loading rate of a thermophilic reactor led to an immediate build-up 
of H2 while the formate concentration remained unchanged (Chapter 6.1). Therefore, whether 
H2 or formate is the predominant electron carrier between acetogens and methanogens may 
also depend on the process temperature. Interestingly, Methanobacterium 

thermoautotrophicum is one of the predominant hydrogenotrophic methanogens in many 
thermophilic methanogenic consortia. This bacterium is unable to use formate as a substrate 
(Chapter 3.2; Konig and Stetter, 1989; Zeikus and Wolfe, 1972; Schonheit et al, 1980; 
Zehnder et al., 1982). Recently, we described the enrichment of a thermophilic propionate 
oxidizer, with M. thermoautotrophicum AH as the only syntrophic partner, demonstrating that 
the electrons could be channelled exclusively by hydrogen (Stams et al, 1992). The 
hypothesis that reducing equivalents are channelled through H2 as an intermediate rather than 
through formate, particularly under thermophilic conditions, is also supported by the recent 
results of Schmidt and Ahring (1993). The reason for this prominent contribution of H2 to 
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thermophilic anaerobic conversion processes is not yet clear. However, interspecies H2 

transfer may be favoured at high temperatures because the effect of temperature on the 
diffusivity of gaseous compounds is higher than on soluble compounds such as formate (§ 
1.2.2). 

The involvement of hydrogen-consuming methanogens in thermophilic systems would be even 
considerably larger if non-aceticlastic acetate conversion were an important route in the 
mineralization process, with hydrogen as the predominant electron carrier. Interestingly, a 
reversed observation was recently made by Westermann (1994) under psychrophilic 
conditions. A decreased contribution of hydrogenotrophic methanogens in swamp slurries 
with decreasing temperatures from the mesophilic (37°C) to the psychrophilic (2°C) range 
was observed. Combining these results with the observations made under thermophilic 
conditions, one can speculate on a biological rule that the importance of H2 in methanogenic 
ecosystems increases with increasing temperatures from below 0°C to higher than 100°C. 

1.5 Thermophilic anaerobic wastewater treatment 

Anaerobic treatment at high temperatures has been investigated for more than a century, 
particularly for the treatment of slurries and solid wastes. The first full-scale applications 
consisted of thermophilic sewage sludge digesters. The interested reader is referred to the 
excellent review papers of Cooney and Wise (1975), Buhr and Andrews (1977), Varel 
(1983), Wiegant (1986) and Zinder (1986). More recently, research has also been performed 
on the feasibility of thermophilic treatment of municipal solid waste (Deboosere et al., 1986; 
Cecchi et al., 1991, 1992; Pavan et al., 1994; Pera et al., 1992; Rintala and Ahring, 1994; 
Vallini et al., 1993), and thermophilic digestion of manure with or without the addition of 
industrial waste (Ahring, 1994; Angelidaki and Ahring, 1994; Lo et al., 1985; Zeeman et 

al., 1985). Results from the experimental studies and large-scale applications demonstrate 
that the thermophilic treatment of waste is promising and that it is becoming an accepted 
technology. 

In this section attention will be given to the state-of-the-art and perspectives of 
thermophilic wastewater treatment systems. Research on thermophilic treatment of 
wastewaters is mainly performed with model compounds, such as VFAs and carbohydrates, 
and with industrial wastewaters which are discharged at high temperatures, e.g. effluents 
from pulp and paper industries and wastewaters from food processing industries such as 
alcohol distilleries, palm oil production plants, and canneries. Research on thermophilic 
anaerobic wastewater treatment started with completely mixed systems (§ 1.5.1) while in the 
last decades there has been an increasing interest in applying high-rate reactors for this 
purpose (§ 1.5.2). 
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1.5.1 Completely mixed systems 

In completely mixed thermophilic systems the high growth rates of thermophilic bacteria 
generally result in shorter retention times and/or higher conversion rates compared to 
mesophilic systems (Borja et al, 1995; Ono, 1965; Romero et al, 1990, 1993). Applying 
a thermophilic contact process, i.e. a CSTR-type digester with solids recycle, a reduction in 
the retention time from 14 to 3 days was found, with similar COD removal rates (Brune et 

al., 1982). Other research showed no benefits of thermophilic treatment over conventional 
mesophilic digestion (Sen and Bhaskaran, 1962; Basu and Leclerc, 1975). Experiences with 
thermophilic lab-, pilot-, and full-scale CSTR-type reactors are reviewed by Rintala (1992), 
Wiegant (1986) and Zinder (1986). Among the various types of wastewaters investigated, 
effluents from distilleries received the most attention (Basu and Leclerc, 1975; Ono, 1965; 
Romero et al, 1990, 1993; Sen and Bhaskaran, 1962; Vlissidis and Zouboulis, 1993), 
followed by palm-oil production wastewaters (Cail and Barford, 1985; Chin and Wong, 
1983; Yeoh, 1986). In general, the obtained results are very promising, but the overall 
performance of thermophilic CSTR-type reactors is worse than the well developed high-rate 
reactors under mesophilic conditions. 

1.5.2 Thermophilic anaerobic high-rate reactors 

Since the seventies there has been an increasing interest in researching the potentials of 
thermophilic high-rate reactors with immobilized biomass. Thermophilic methanogenic sludge 
cultivated in such reactors exerts a very high specific activity. The high activity of 
immobilized sludge is attributed to the high energy consumption for the maintenance of 
thermophiles (see also § 1.3.1). A summary of the research on thermophilic high-rate 
reactors is presented in Table 1.5. Part of these data are derived from literature reviews of 
Wiegant (1986), Zinder (1986) and Rintala (1992). The different substrates listed were tested 
under various loading conditions, however, Table 1.5 shows only the most optimal values. 
Going through the literature results, it looks as though extreme loading rates are generally 
accompanied by decreased removal efficiencies, particularly in the studies performed with 
industrial (non-synthetic) wastewaters (e.g. Rintala and Lepisto, 1992; Wiegant et al., 1985). 
However, due to the variety of wastewaters studied and the different processes applied it is 
very difficult to make a conclusion from the obtained results. Roughly, the results reveal that 
a high degree of VFA removal can only be achieved in moderately low-loaded thermophilic 
high-rate reactors (e.g. Ahring et al, 1993; Schraa and Jewell, 1984; Chapter 3). The 
occurrence of (substrate) toxicity and/or other rate-limiting steps under thermophilic 
conditions is still poorly understood. In addition to high effluent VFA concentrations, 
perturbed reactors were in some cases also characterized by excessive wash-out of active 
thermophilic biomass (§ 1.5.3). Problems with high effluent VFA concentrations and a high 
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biomass wash-out could be solved by applying a staged plug-flow reactor as suggested in 

Chapter 6. 

Seed sludge 
So far, suitable thermophilic sludge for seeding high-rate reactors is hardly available. 
However, because of the natural distribution of thermophilic methanogens, any inoculum 
source with a reasonable mesophilic methanogenic activity can be used as seed sludge. Once 
the temperature is increased beyond the mesophilic range (*= 45°C) a rapid die-off of 
mesophiles occurs followed by growth of thermophilic organisms present in the seed sludge. 
The higher the newly installed process temperature, the faster the deterioration of the 
mesophilic inoculum (Van Lier et al., 1990). On the other hand, various authors showed that 
anaerobic digestion of the organic fraction of municipal solid waste (OFMSW) could be 
shifted from the mesophilic to the thermophilic temperature range in a relatively short period 
of time (Deboosere et al., 1986; Cecchi et al., 1992). Interestingly, we found that OFMSW, 
digested under mesophilic conditions, exhibited a more or less similar activity under 
mesophilic (37°C) as well as under thermophilic (55°C) conditions (Van Lier et al., 1993). 
Apparently, with OFMSW as seed sludge, a rapid transition from mesophilic to thermophilic 
conditions can be expected. The suitability of fresh and digested cow manure for the 
thermophilic start-up was studied extensively by Wiegant (1986). Cow manure was used 
successfully in the early studies of Varel et al. (1977). In this thesis the use of mesophilic 
granular sludge for the start-up of thermophilic high-rate reactors is discussed in more detail 
(Chapter 3). 

The application of thermophilic methanogenic seed sludge for starting high-rate 
thermophilic wastewater treatment reactors was recently studied by Ahring (1991). The 
inoculum was derived from a CSTR-type large-scale biogas plant treating manure and 
industrial waste at 53-55cC (Ahring, 1991; Ahring et al, 1995). The researchers indeed 
found very short periods for reactor start-up. Most interestingly was the observation that 
Methanosarcina species were the only acetate utilizing methanogens in the cultivated granular 
sludge (Ahring, 1991; Ahring et al, 1995). On the contrary, Methanothrix species are 
generally observed as the predominant acetate-utilizing methanogens in thermophilic granular 
sludge grown in UASB reactors which are seeded with a mesophilic inoculum (Chapters 3.1 
and 4.1). Wiegant and De Man (1986) deliberately cultivated 'Methanosarcina granules' at 
high effluent acetate concentrations. They observed that UASB reactors with this type of 
granular sludge performs distinctly worse than UASB reactors with 'Methanothrix granules'. 
So far, the 'Methanosarcina granules' cultivated by Ahring (1991) have not been tested under 
high loading conditions. The predominance of Methanosarcina species in the latter sludge 
granules can be easily explained by the fact that the seed material from the large-scale 
thermophilic digesters is predominated by Methanosarcina species as well (Ahring, 1991), 
see also § 4.1.4. 


