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Stellingen 

1. Met methanol als electronendonor zijn hoge snelheden van sulfiet- en sulfaatreduktie haalbaar 
in thermofiele (65°C) reaktoren. 

dit proefschrift 

2. In het temperatuurtraject van 30 tot 65°C bevindt zich een overgangstemperatuur waarbij de 
afbraak van methanol in niet-steriel bedreven anaerobe reactoren verschuift van inethanogeen 
naar sulfidogeen. 

dit proefschrift 

3. Gerapporteerde waarden voor de maximale groeisnelheid en groei-opbrengst van 
sulfaatreducerende bacterien dienen met de nodige voorzichtigheid te worden betracht, 
aangezien deze groeikinetische parameters veelal bij niet-constante sulfideconcentratie 
worden bepaald. 

4. Het benoemen van de door de Smul et al. gebruikte reactor als Expanded Granular Sludge 
Blanket reactor moet als 'wishful thinking' worden aangeduid. 

Smul, A. de, Dries, J. Goethals, L, Grootaerd, H., Verstraete, W. (1997). High rates of sulfate 
reduction in a mesophilic ethanol-fed expanded-granular-sludge-bed reactor. 
ApplMicrobiol.Biotechnol. 48, 297-303. 

5. De export van afval naar landen met minder strenge milieuwetgeving remt de ontwikkeling 
van nieuwe technologien voor milieusparende verwerking van dat afval. 

6. Het regelmatig gebruik van het f-teken als index bij auteursnamen in wetenschappelijke 
njdschriften kan bij nieuwkomers in de wetenschap tot de opvatting leiden dat ze een nogal 
ongezond beroep hebben gekozen. 

7. De vrijwel totale afwezigheid van varkens in het Nederlandse landschap is bevreemdend als 
wordt bedacht dat Nederland bijna evenveel varkens als mensen telt. 

8. Het kunnen uitlopen van een marathon is een betere indicatie voor een goede lichamelijke 
gezondheid dan het slagen voor menig medische keuring. 

9. Het gebruik van de lift in het Biotechnion is een onvrijwillige vorm van onthaasting. 

10. In Nederland wapperen 's zomers per vierkante kilometer meer Duitse vlaggen dan in 
Duitsland. 

Stellingen behorende bij het proefschrift "Methanol as electron donor for thermophilic biological sulfate 
and sulfite reduction ". 
Jan Weijma, Wageningen, 20 oktober 2000. 
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Abstract- Weijma. J. (2000). Methanol as electron donor for thermophilic biological 

sulfate and sulfite reduction. Doctoral Thesis, Wageningen University, The Netherlands. 

Sulfur oxyanions (e.g. sulfate, sulfite) can be removed from aqueous waste and process streams by 

means of biological reduction with a suitable electron donor to sulfide, followed by partial 

chemical or biological oxidation of sulfide to elemental sulfur. The aim of the research described in 

this thesis was to make this biological process more broadly applicable for desulfurization of flue-

gases and ground- and wastewaters by using the cheap chemical methanol as electron donor for the 

reduction step. Besides determining the selectivity and rate of reduction of sulfur oxyanions with 

methanol in bioreactors, also insight was acquired into the microbiology of the process. It was 

found that at pH 7.5 and thermophilic (65°C) conditions (applicable for flue-gas desulfurization), 

sulfate-reducing microorganisms ultimately outcompete methanogenic consortia for methanol in 

anaerobic high-rate bioreactors. Methane formation from methanol was quickly inhibited by 

imposing slightly acidic pH-values (6.7 instead of 7.5). Acetate represented a side-product from 

methanol at 65°C, accounting for up to 13% of the methanol degraded. The rate of acetate 

formation was linearly correlated to the rate of sulfate and sulfite reduction with methanol. At a 

hydraulic retention time (HRT) of 10 h, maximum reduction rates of 6 gSC^M/'.day"1 (100% 

elimination) and 4-7 gSO/'.I/'.day"1 (40-70% elimination) were attained simultaneously in the 

reactors, equivalent to a sulfidogenic methanol-conversion rate of 6-8 gCOD.L" .day"1 

(COD:Chemical Oxygen Demand). The resulting sulfide concentration of about 1800 mgS.L"1 (or 

the H2S concentration of 200 mgS.L"1 at pH 7.5) limited the rate of sulfate reduction at a HRT of 10 

h. At a hydraulic retention time of 3-4 h, maximum reduction rates of 18 gSC^M/'.day"1 (100% 

elimination) and about 12 gSO^M/'.day"1 (50% elimination) were attained, equivalent to a 

sulfidogenic methanol-conversion rate of 19 gCOD.I/'.day1. At this HRT, the sulfate reduction 

rate was limited by the biomass concentration of 9 to 10 gVSS.L"1 that maximally was retained in 

the reactor. The time needed to reach maximum process performance amounted to 40-60 days. 

From one of the reactors a thermophilic sulfate-reducing bacterium, Desulfotomaculum strain 

WW1 was isolated, that probably represented the most abundant sulfate reducer. In the reactor, 

strain WW1 is not confined to the use of methanol, as it also grows on methanol degradation 

products like acetate, formate and H2/CO2. The presence of high numbers of methanol-oxidizing, 

hydrogen-producing bacteria in the sludge indicated that hydrogen may represent an important 

electron donor for sulfate reduction in the sludge. In the cultures in which the presence of these 

species was demonstrated, the formation of acetate (about 15% of the methanol degraded) seemed 

to be strictly coupled to growth of the methanol-oxidizing species. This might explain the coupling 

of sulfide and acetate formation from methanol in the reactors. Methanol was not a suitable electron 

donor for mesophilic (30°C) sulfate reduction, relevant for bio-desulfurization of cold or slightly 

heated ground- or wastewater. Under mesophilic conditions, methanol was primarily degraded to 

methane. 
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Chapter 1 

General Introduction 

1.1 Sulfur dioxide emission 

Sulfur dioxide (S02) represents the main fraction of anthropogenic sulfur emissions 

worldwide. According to the U.S. Environmental Protection Agency (EPA), roughly 23 

million tons of SO2 are emitted annually in the United States. In the countries of the 

European Community, about 16.5 million tons of SO2 were emitted in 1990. Anthropogenic 

sulfur dioxide emission is mainly caused by combustion of sulfur-containing fossil fuels 

like coal and oil. Power plants account for nearly 70% of all SO2 emissions1. The second 

major source of sulfur dioxide originates from industrial combustion processes (boilers, 

process heaters, metallurgical operations such as roasting and sintering, coke oven plants, 

processing of titanium dioxide, pulp production, thermal treatment of municipal and 

industrial waste). Also some non-combustion processes add to sulfur dioxide emission, such 

as sulfuric acid production, specific organic synthesis processes, treatment of metallic 

surfaces and oil refining processes. Overall data (1990) for North America, Western, 

Central, Eastern Europe, and Central Asia indicate that 88% of total sulfur emissions 

originate from combustion processes, 5% from production processes and 7% from oil 

refineries. In terms of contribution by fuel type, coal-fired industrial and electricity-

generating plants account for more than 90% of all SO2 emitted by stationary fuel-

combustion sources. 

Sulfur dioxide (along with NOx) has a number of environmental effects. First, acid rain is 

formed when sulfur dioxide mixes with and dissolves in the water in clouds, eventually 

forming dilute sulfuric acid. Acid rain causes lake and soil acidification, forest die-off and 

corrosion of stone and metalwork. Furthermore, SO2 contributes to the formation of acid 

aerosols, which can cause a haze over large regions. It is believed that such haziness can 

substantially reduce average temperatures in affected areas13. In this way, SO2 could affect 

the earth's climate. S02 and related pollutants have also been linked to a number of human 

diseases4. The need for sulfur dioxide removal from flue-gases is therefore evident and 

acknowledged by many countries in treaties like 'The protocol to the 1979 convention on 

long-range transboundary air pollution on further reduction of sulfur emissions' of the 
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United Nations Economic Commission for Europe and the '1990 Clean Air Act 

Amendments' of the United States government. 

General options for reduction of sulfur emissions include energy management measures, 

increase of the proportion of non-combustion renewable energy sources (i.e. hydro, wind, 

etc.) to the total supply, fuel switching (e.g. from high- to low-sulfur coals and/or liquid 

fuels, or from coal to gas), fuel desulfurization and advanced combustion technologies (e.g. 

coal gasification combined with gas desulfurization). Another category of processes aims at 

removing already formed sulfur oxides, and is referred to as Flue-Gas Desulfurization 

(FGD) processes. FGD was already applied in the Battersea power plant in London in 1926, 

where it consisted of scrubbing the flue-gas with alkaline water86. The state-of-the-art 

technologies for flue-gas treatment processes are all based on the removal of sulfur dioxide 

by wet, dry or semi-dry (also referred to as wet and dry) absorption processes and catalytic 

chemical processes. In some cases, options for reducing sulfur emissions may also result in 

the reduction of emissions of CO2, NOx and other pollutants. 

Flue-gas treatment processes currently applied include: lime/limestone wet scrubbing 

(LWS); spray dry absorption (SDA); Wellman Lord process (flue-gas scrubbing with 

sulfite); ammonia scrubbing; and combined NOx/SOx removal processes (activated carbon 

process and combined catalytic removal). In the power generating sector, LWS and SDA 

cover 85% and 10% of the installed flue-gas desulfurization capacity, respectively. In LWS, 

aqueous lime or limestone slurries are contacted with the flue-gas in a scrubber. The sulfur 

dioxide dissolves in the aqueous phase and then reacts with hydroxide ions to form bisulfite 

(HSO3), which subsequently reacts with Ca2+ to form the poorly soluble CaS03. CaS04 

(gypsum) is also a product, as part of the bisulfite is oxidized to sulfate, due to the presence 

of oxygen in flue-gas. The resulting CaS03 and CaS04 mixture can be used in construction 

materials. However, impurities such as fly-ash and dust originating from the flue-gas may 

limit this application. Disposal of the waste then becomes the only alternative, resulting in 

additional costs and environmental pollution. Since about a decade, efforts have been made 

to develop a biotechnological alternative for conventional physico-chemical processes for 

removal of sulfur dioxide from flue-gases. This process is called Biotechnological Flue-Gas 

Desulfurization (Bio-FGD). In Bio-FGD, bacteria are used to fix S02 as elemental sulfur. In 

paragraph 1.2 this process is described in more detail. Because besides S02 also heat is 

transferred from the flue-gas to the scrubbing solution, it is attractive to operate the 

desulfurization process at (moderate) thermophilic conditions, so that no cooling is 

required. 
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1.2 Biological desulfurization 

In this paragraph, the biological desulfurization process is described in greater detail 

(paragraph 1.2.1) and the choice for methanol as electron donor for reduction of sulfur 

oxyanions is discussed (paragraph 1.2.2). 

1.2.1 Process description 

Biotechnological Flue-Gas Desulfurization makes use of the following conversions of the 

sulfur cycle: 

S02 +H20 

HS03" +
 lA 0 2 

HSO3" + 6 [H] 

SO42' + 8 [H] 

HS" + lA 0 2 

=> HSO3" + H+ 

=> S04
2" + H+ 

=> HS" + 3 H20 

=> HS" + 3 H20 + OH" 

=> S + OH" 

(1) 

(2) 

(3a) 

(3b) 

(4) 

Figure 1.1 shows the flow sheet for Bio-FGD. In the first step of biological flue-gas 

desulfurization, sulfur dioxide is scrubbed from the flue-gas with a bicarbonate solution 

(reaction 1). Presence of oxygen in the flue-gas results in oxidation of part of the sulfite into 

sulfate (2). In the subsequent step, sulfite and sulfate are reduced under anaerobic 

conditions with an added electron donor to sulfide by sulfate-reducing bacteria (3a and b). 

Thereafter, the produced sulfide is partially oxidized to elemental sulfur by autotrophic 

sulfur bacteria like Thiobacillus spp. in a micro-aerobic reactor with concomitant 

production of hydroxide (4). Separation of the solid sulfur particles from the medium 

enables the recovery of elemental sulfur as a valuable product. The remaining bicarbonate 

solution, with a pH of about 9, can be reused for scrubbing of sulfur dioxide. Because along 

with S02, also heat is transferred from the flue gas to the scrubbing solution, it is attractive 

to operate the desulfurization process at thermophilic conditions (50-65°C). 

Comparison of the Bio-FGD process with conventional lime/limestone wet scrubbing 

technologies shows that the Bio-FGD requires less input of energy and chemicals. Most 

products of conventional and biological desulfurization processes are reusable such as 

gypsum, sulfuric acid or sulfur. Site-specific factors such as market conditions and quality 

standards determine the economic value of these products. 
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Desulfurized gas 

Flue gas -

* Bleed 

Suliur sludge 

Scrubber Anaerobic Aerobic Plate 
reactor reactor separator 

Figure 1.1. Flow sheet Bio-FGD 

Apart from application in flue-gas desulfurization, sulfite- and sulfate-reducing bioreactors 

have potential application in other industrial desulfurization processes, including treatment 

of waste-gypsum36-50 and in precipitation of heavy metals32-116. Also waste- and 

groundwater polluted with sulfate can be treated using the biological desulfurization 

process outlined above. In these cases, the process should preferably operate in the 

mesophilic temperature range due to the lower temperature of these wastestreams. 

1.2.2 Choice for methanol as electron donor 

An important factor determining the economic feasibility of biological desulfurization is the 

cost of the electron donor needed for sulfate reduction in the anaerobic step. Formation of 

undesirable side-products like methane and acetate needs to be minimized. Options for 

electron donors include organic waste materials such as primary sewage sludge, spent yeast 

from breweries, dairy whey, molasses and bulk chemicals like H2, synthesis gas (a mixture 

of H2, C0 2 and CO), ethanol and methanol (Table 1.1). Organic waste has the advantage of 

low costs, but adequate control of the process may be difficult because of its complex 

composition. For instance, intermediates formed during degradation of organic waste may 

promote undesirable growth of methanogens. Also, incomplete degradation of organic 

compounds may deteriorate the performance of the sulfide-oxidizing bioreactor of the 

desulfurization process45. 
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The applicability of pure chemicals like lactate, ethanol, and acetate for sulfate reduction 

has been demonstrated in mesophilic laboratory-scale reactors (Table 1.1), but use of these 

chemicals on an industrial scale will probably be prohibitively expensive. Relatively cheap 

bulk chemicals synthesis gas or H2/C02 are better options in this respect. Moreover, 

reasonable to good sulfate elimination rates can be achieved with these substrates in 

mesophilic gas-lift reactors (Table 1.1). However, under thermophilic conditions 

(preferable for Bio-FGD) elimination rates with H2/C02 are lower, while it has been found 

that about half of the added hydrogen is used for methanogenesis, presumably due to good 

kinetic growth properties of thermophilic methanogens40. 

Table 1.1. Sulfate and sulfite elimination rates found in biological desulfurization processes 
with various electron donors. 

Electron 
donor 

molasses 

m.s.d. 

lactate 

acetate 

acetate 

ethanol 

syngas 

H2/C02 

H2/C02 

H2/C02 

CO 

T 

(°C) 

31 

30 

R.Td 

35 

33 

35 

30 

30 

30 

55 

30 

bioreactor 
type 

packed bed 

packed bed 

plugflow 

packed bed 

EGSBe 

UASBf 

gas-lift 

packed bed 

gas-lift 

gas-lift 

packed bed 

so4' '" removal 

(g.L'.day"1) 

6.5 

na 

0.41 

65 

9.4 

6 

10 

1.2 

30 

7.5 

2.4 

SO*2 

(g-L 

" removal 

/'.day'1) 
a 

na 

46 

na 

na 

na 

na 

na 

na 

na 

9.3 

na 

COD to 
H2S/CH4 (%/%) 

b 
nr 

100/0 

nr 

100/0 

nr 

nr 

100/0 

100/0 

100/0 

50/50 

100/0 

ref. 

66 

103 

32 

108 

22 

47 

39 

23 

38 

50 

23 

a) na = no sulfate or sulfite added; b) nr = not reported; c) m.s.d. = municipal sewage digest; d) R.T.= 
room temperature; e) EGSB = expanded granular sludge bed; f) UASB = upflow anaerobic sludge bed. 

In the present study, the use of methanol as an alternative electron donor for thermophilic 

sulfate reduction was investigated. Methanol is a relatively cheap bulk chemical and therefore 

an attractive substrate for use in biotechnological processes20. Methanol is for instance 

successfully used as electron donor in denitrification28 and it also has been proposed as 

electron donor in other sulfate-reducing processes34. Moreover, chemically synthesized 
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methanol contains little organic impurities, resulting in only a low extent of undesired 

biological side-reactions from these impurities. A low amount of impurities also makes 

additional treatment of biologically desulfurized wastewater redundant. Hence, methanol 

was selected as electron donor for reduction of sulfur oxyanions in our investigation. 

1.3 Microbiology of thermophilic anaerobic methanol degradation 

In this paragraph, the possible biological degradation routes of methanol are presented 

(paragraph 1.3.1). An overview of known sulfate reducers, methanogens and acetogens 

possibly involved in thermophilic methanol degradation is given in paragraphs 1.3.1, 1.3.2 

and 1.3.3, respectively. 

1.3.1 Anaerobic degradation of methanol 

Possible degradation pathways for methanol under anaerobic conditions are shown in 

Figure 1.2. Reaction stoichiometries and Gibbs free energy changes are shown in Table 1.2. 

Three groups of microorganisms are involved in anaerobic methanol degradation, viz. 

sulfate-reducing bacteria (SRB), methanogenic archaea (MA) and homoacetogenic bacteria 

(AB). Methanol can be used directly as carbon and energy source by SRB (conversion l)74, 

MA (conversion 5a)113 and AB (conversion 9)97. In addition, MA may reduce methanol to 

methane with H2 (conversion 5b). Therefore, SRB, MA and AB will compete for the 

available methanol in mixed cultures. Thermophilic SRB (e.g. Desulfotomaculum 

thermoacetoxidans71 and MA77 may also compete for acetate (conversions 2 and 6), the 

product of methanol catabolism by AB (conversion 9). It has also been demonstrated that 

acetate can be oxidized to H2/C02 (conversion 11) under mesophilic101, as well as under 

thermophilic conditions141. Therefore, degradation of methanol to methane by a triculture 

consisting of a methylotrophic acetogen, acetate oxidizing species, and a hydrogenotrophic 

methanogen is theoretically possible. Furthermore, anaerobic bacteria may partially oxidize 

methanol to H2/C02 (conversion 10), when the H2 concentration is kept low by 

hydrogenotrophic sulfate reducers (conversion 3) or methanogens (conversion 7)19. In the 

mesophilic temperature range, even methanogens have been shown to produce H2/C02 from 

methanol when grown in the presence of SRB87. Thus, competition for H2 may take place 

as well. 

At a high hydrogen partial pressure, H2 may be consumed by homoacetogens129. As 

methanol oxidation to hydrogen is thermodynamically unfavourable at a high hydrogen 
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partial pressure, methanol oxidation followed by acetogenesis from H2/CO2 is not likely to 

occur. Therefore, this conversion is not included in Figure 1.2 and Table 1.2. Methanol 

conversion to formate (conversion 12) is thermodynamically unfavourable under standard 

conditions. To our knowledge, formate formation from methanol has not been reported in 

literature. However, besides hydrogen, formate can be important in methanogenic 

environments8'21. SRB (conversion 4)74 and MA (conversion 8)136 can subsequently use 

formate. Methanol degradation can even be more complex as formate conversion to 

hydrogen and acetate31 and methanol degradation to butyrate11 (not shown in Figure 1.2) 

may also occur. The above illustrates that mixed cultures may mineralize the relatively 

simple C]-compound methanol in a complex way. As a consequence, SRB and MA may not 

only compete for methanol, but also for hydrogen, acetate, and formate. 

Sulfide < 

S04
2" 

Formate- © 

Sulfide < © J 
SO/" @ 

- • Methane 

-Methanol- © -•Methane 

© / X® 
so/ 

Sulfide < ® y Acetate ^ - > H 7 C 0 2 ^ — • Methane 

©I ©Lrso; 

Methane Sulfide 

Figure 1.2. Anaerobic methanol mineralization. Conversion numbers 
correspond to the numbers of reaction equations in Table 1.2 
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Table 1.2. Stoichiometry and Gibbs free energy changes at standard conditions and pH 7 of 
reactions possibly involved in anaerobic methanol degradation. Calculated from Thauer et al. 
(1977)112. 

Reaction AG°' (kJ/reaction) 

I) 4 CH3OH + 3 S04
2" => 4 HC03" + 3 HS" + 4 H20 + H+ -364 

2)CH3COO- + S042"=>2HC03- + HS- -48 

3)4H2 + S04
2"+H+=>HS" + 4H20 -152 

4) 4 HCOO" + S04
2" + H+ => HS"+4 HC03" -172 

5a) 4 CH3OH => 3 CH4 + HCO3" + H20 + it -316 

5b) CH3OH + H2 => CH4 + H20 -113 

6) CH3COO" + H20 => CH4 + HC03" -31 

7)4H2 + HC03+H+=>CH4 + 3H20 -136 

8) 4 CHOO + H20 + H+ => CH4 +3 HC03" -132 

9) 4 CH3OH + 2 HCO3" => 3 CH3COO- + H+ + 4 H20 -220 

10) CH3OH + 2 H20 => 3 H2 + HC03" + H+ +23 

II) CH3COO- + 4 H20 => 4H2 + 2 HC03- + i f +104 

12) CH3OH + 2 HC03- => 3 HCOO- + H20 + i f +19 

1.3.2 Thermophilic sulfate reducing bacteria 

A common characteristic of sulfate-reducing bacteria is their ability to conserve energy by 

the reduction of sulfur oxyanions like sulfite, sulfate and thiosulfate. SRB vary widely in 

their morphological, physiological and phylogenetical characteristics. Table 1.3 summarizes 

some physiological characteristics of thermophilic SRB. The optimum pH for growth of 

known thermophilic sulfate-reducing eubacteria lies in the range of 6.5-7.5, and the 

optimum temperature in the range of 54-70°C. The upper temperature limit for growth of 

the known eubacterial SRB is 85°C. Most thermophilic SRB are able to grow at moderate 

or high NaCl-concentrations of up to 70 g.L"1. The archaeon Archaeglobus profundus has 

different optima (optimum pH: 6.0, optimum temperature: 82°C). Most isolated 

thermophilic eubacterial SRB belong to the genus Desulfotomaculum, that includes some 

mesophilic species. Genera only consisting of thermophilic species are Desulfacinum, 

Thermodesulfobacterium, Thermodesulforhabdus and Thermodesulfovibrio. All species 

except Thermodesulforhabdus norvegicus use hydrogen as electron donor. Some species 

need acetate as carbon source for growth on hydrogen. D. thermoacetoxidans produces 

acetate and sulfide while growing on an excess of H2/C02. Growth on formate with acetate 

as carbon source is common. Acetate is utilized only by a few species (Table 1.3). 

Methanol is utilization is even more rare, only a few Desulfotomaculum species grow on 

8 
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this substrate, but utilization of methanol was not tested for some species (Table 1.3). Use 

of sulfite and thiosulfate as alternative electron acceptor is common among SRB, while 

some species additionally use elemental sulfur (e.g. D. thermoacetoxidans). D. 

thermobenzoicum is capable of nitrate reduction to ammonium. Under sulfate limiting 

conditions, some thermophilic SRB ferment pyruvate (e.g. D. infernum, D. 

thermosapovorans, T. yellowstonii). 

Thermophilic Desulfotomaculum species have been isolated from various sources such as 

geothermal ground water18-62'74, cold marine sediment44, compost25 and oil field 

waters76-94. Only D. thermoacetoxidans11 and D. thermobenzoicum110 were isolated from 

enrichment cultures that originated from methanogenic digesters. The importance of the 

latter two species in their original habitat seems rather minor, as. enrichment procedures 

primarily select for SRB with a high maximum growth rate while in the methanogenic 

digesters (containing no or only low amounts of sulfate in the influent), the selection was 

mainly for sulfate reducers with a high affinity for sulfate or with the capacity of 

fermentative growth. 

It was suggested by Widdel124 that sulfate reduction in habitats with temperatures between 

50 and 65°C is carried out by Desulfotomaculum species, while Thermodesulfobacterium 

species may also play a role above a temperature of 60 to 65°C. Desulfotomaculum species 

have a broad substrate range. Common substrates include alcohols, organic acids, hexoses 

and benzoate. D.australicum, D.kuznetsovii, D.thermoacetoxidans and D. geothermicum are 

capable of complete oxidation of organic substrates to C02 . However, D. geothermicum 

does not grow on acetate. Appearance of spores is a clear indication that a sulfate-reducing 

isolate belongs to Desulfotomaculum, as this characteristic has not been observed for other 

SRB. Most thermophilic Desulfotomaculum species stain Gram-negative, although their cell 

wall has a typical Gram-positive structure. Phylogenetically, Desulfotomaculum species 

cluster with the branch of Gram-positive bacteria with DNA of low GC-content, and may 

be regarded as clostridia-like bacteria which have the additional capacity of dissimilatory 

sulfate reduction124. 

Two Thermodesulfobacterium species have been described to date. T. commune was 

isolated from sediment of a hot spring in Yellowstone National Park, USA133 and T. mobile 

originated from warm oil field water96. Both species have a limited substrate range; besides 

H2/C02 and formate, only lactate and pyruvate can serve as electron donor for sulfate 

reduction. The latter compounds are incompletely oxidized, to acetate. Phylogenetically, the 

genus branches near the root of the eubacterial tree and is therefore separate from other 
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Gram-negative SRB from the delta group of Proteobacteria or from Gram-positive 

Desulfotomaculum species125. 

Thermodesulfovibrio yellowstonii is the only species in this genus to date. It was isolated 

from a hydrothermal vent35. The only other growth substrates besides hydrogen and 

formate are lactate and pyruvate, which only are oxidized to acetate. T. yellowstonii 

represents a lineage that branches deeply within the Bacteria domain. 

Like many other thermophilic SRB, Thermodesulforhabdus norvegicus and Desulfacinum 

infernum were isolated from samples collected from oil field water7-90. Both species belong 

to the sulfate-reducing bacteria of the delta subdivision of the Proteobacteria. 

The capability of dissimilatory sulfate reduction is also found among hyperthermophilic 

archaea like Archaeglobus profundus9. Hyperthermophilic microorganismes are not able to 

grow below 60°C. Hyperthermophiles have mainly been isolated from submarine 

hydrothermal vents, oil field waters and continental solfataras, but never from anaerobic 

digesters. Sulfate reduction has only been reported for A. profundus and A. fulgidus. Sulfite 

and thiosulfate reduction has been reported for a number of other species107. 
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Table 1.3. Selected physiological characteristics of thermophilic SRB. 

Organism Cj and C2 growth MeOH T-range T, 
substrates tested 

opt 

(°Q (°Q 

pHopt ref. 

Archaeoglobus 
profundus 

Desulfacinum 
infernum 

Desulfotomaculum 
australicum 

Desulfotomaculum 
geothermicum 

Desulfotomaculum 
kuznetsovii 

Desulfotomaculum 
nigrifwans 

Desulfotomaculum 
thermoacetoxidans 

Desulfotomaculum 
thermobenzoicum 

Desulfotomaculum 
thermocisternum 

Desulfotomaculum 
thermosapovorans 

Desulfotomaculum 
strain T93B/T90A 

Thermodesulfo-
bacterium commune 

Thermodesulfo-
bacterium mobile 

Thermodesulfor-
habdus norvegicus 

Thermodesulfovibrio 
yellowstonii 

H2(+Ac) 

H2+C02, formate, 
Acf, EtOHg 

H2+C02, Ac, EtOH 

H2+C02, formate, 
EtOH 

H.+CO,. MeOH. Ac. 
EtOH 

H2+C02(+Ac), 
EtOH formate(+Ac), 

H2+C02, formate, 
Ac 

H2+C02, 
formate(+Ac), EtOH 

H2+C02, EtOH 

H2+C02, formate, 
MeOH. EtOH 

H2+C02, formate, 
MeOH. EtOH 

H2(+Ac) 

H2(+Ac), 
formate(+Ac) 

Ac, EtOH 

h2(+Ac), 
formate(+Ac) 

yes 65-90 82 

no 

yes 

yes 

yes 

no 

no 

40-65 60 7.1-7.5 90 

yes 40-74 68 7-7.4 62 

37-57 54 7.3-7.5 IS 

50-85 60-65 nr" 

30-70 55 

45-65 55-60 6.5 

74 

nr 10,52 

71 

yes 40-70 62 7.2 110 

yes 41-75 62 6.7 76 

yes 35-60 50 7.2-7.5 25 

yes 43-78 65 7.0 94 

45-85 70 7.0 133 

yes 45-85 65 nr 95,96 

no 44-74 60 69 7 

no 40-70 65 6.8-7.0 35 

a) MeOH: methanol; b) T-range: range of 
temperature; d) pHopt: optimum pH for growth; 
acetate; g) EtOH: ethanol; h) nr: not reported. 

growth temperature; c) Topt: optimum growth 
e) +Ac: acetate needed as carbon source; f) Ac: 
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1.3.3 Thermophilic methanogens 

Thermophilic methanol degrading methanogens isolated to date all belong to the genus 

Methanosarcina (Table 1.4). These Methanosarcina-strains probably all are M. 

thermophila15'137. Accordingly, these strains have very similar physiological 

characteristics. The optimum temperature for growth lies in the range of 50 to 57°C while 

no growth is possible beyond 65°C. M. thermophila TM-1 is the only hydrogen-utilizing 

species, but acetate can be used by all Methanosarcina strains. Most Methanosarcina 

species were isolated from anaerobic digesters80-113,138,142. The only other acetate-utilizing 

methanogenic genus is Methanothrix, for which the upper temperature for growth is 

70°C137. Thermophilic Methanothrix have been isolated mainly from anaerobic digesters. 

Hydrogenotrophic methanogenesis may occur at temperatures as high as 97°C107. A review 

on (hyper)thermophilic methanogenesis from H2/C02 can be found elsewhere64. In this 

thesis work, research has been done with the moderately thermophilic genus 

Methanobacterium. Species belonging to this genus are commonly isolated from anaerobic 

digesters114,135,136 \\\ Methanobacterium species grow autotrophically on H2/C02. In 

addition, some species use formate. The optimum pH for most moderately thermophilic 

methanogens lies around neutral values. 

1.3.4 Thermophilic acetogens growing on Q-compounds 

An overview of thermophilic homoacetogenic bacteria has been made by Lowe et al.64. For 

growth on methanol, C02 must be present as electron acceptor. The best characterized 

methanol degrading homoacetogens are Moorella thermoautotrophicum and M. 

thermoaceticum (Table 1.5). Some thermophilic acetogens are known to utilize sulfite or 

thiosulfate as electron acceptor37'131. However, none of the latter species use methanol as 

electron donor. About half of the known homoacetogenic Clostridia produce some butyrate11. 

However, among the described methanol degrading thermophiles, butyrate is a less common 

product54. 
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Table 1.4. Selected physiological characteristics of moderately thermophilic MA. 

Organism Growth substrates T-rangea Top t
b pH0pt

c ref. 

CO («C) 

Methanosarcina CHTI 55 MeOH 

Methanosarcina MP MeOH 

Methanosarcina MSTA-1 ' ———' 

methylamines 

Methanosarcina CALS-1 MeOH. Ac 

Methanosarcina H2/C02, Ac, MeOH. 
thermophila TM-1 methylamines 
Methanothrix sp. CALS-1 Ac 
Methanothrix . 
thermoacetophila 

Methanobacterium 
thermoautotrophicum 

Methanobacterium 
thermoformicicum 

H2/C02 

H2/C02, formate 

35-63 

30-60 

30-65 

30-60 

35-60 

45-65 

nrf-70 

40-75 

nr 

57 

55 

55 

55-58 

±50 

60 

65 

65 

55 

6.8 

6.5-7.0 

7 

6.5 

6-7 

6.5 

nr 

7.2-7.6 

7-8 

113 

80 

15 

138 

142 

139 

77 

134 

136 

a) T-range: range of growth temperature; b) Topt: optimum growth temperature; c) pHopt: optimum pH for 
growth; d) MeOH: methanol; e) Ac: acetate; f) nr: not reported. 

Table 1.5. Selected physiological characteristics of thermophilic methanol- and H2/CO2-
utilizing homoacetogens. 

Organism 

Moorella 
thermoautotrophicum 

Moorella 
thermoaceticum 

Clostridium 
thermocellum 

Acetogenium kivui 

Strain AG 

Cj growth 
substrates 

H2/C02, formate, CO, 
MeOl^/CO, 

H2/C02, formate, CO, 
MeOH/CO, 

MeOH /CO,, formate 

H2/C02, formate 

MeOH/CO, 

T-range 

(°C) 

36-70 

e 
nr 

nr 

50-73 

55-75 

1opt 

(°Q 

56-60 

55-60 

60-64 

66 

70 

pHopt 

5.8 

nr 

7 

6.4 

nr 

ref. 

61,129 

51,130 

64 

56 

19 

a) T-range: range of growth temperature; b) Topt: optimum growth temperature; c) pHopt: optimum 
pH for growth; d) MeOH: methanol; e) nr: not reported. 
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1.4 Sulfate/sulfite reduction and methanogenesis in anaerobic reactors 

Classic anaerobic treatment of wastewater primarily aims to convert organic substances to 

methane and carbon dioxide by methanogens, thereby reducing the COD-content of the 

wastewater. From this perspective, sulfate reduction is disadvantageous because it leads to 

unwanted formation of remaining COD in the form of sulfide in the effluent of the reactors. 

Apart from that, the build-up of hydrogen sulfide increases the risk of process failure as a 

result of inhibition by sulfide of bacteria involved in the degradation of organic waste. 

Other disadvantages of the presence of sulfide in methanogenic digesters are the malodor 

('rotten eggs') of hydrogen sulfide, the lower amount and quality of biogas and corrosion of 

metal and stone, as reviewed by Hao et al.33. However, in biological desulfurization 

processes methanogenesis should be avoided as it decreases the selectivity of sulfate 

reduction with the added electron donor. In paragraph 1.4.1 the factors that determine 

whether sulfate reduction or methanogenesis prevails in bioreactors are discussed. 

In order to attain high reduction rates of sulfur oxyanions in bioreactors, high biomass 

concentrations must be maintained, e.g. by self-immobilization of biomass as in upflow 

anaerobic sludge blanket reactors. Some examples from literature concerning self 

immobilization of sulfate-reducing biomass in reactors are presented in paragraph 1.4.2. 

Sulfite is an important constituent of the scrubber liquor in biological desulfurization of 
flue-gases. Introduction of sulfite may affect the performance of sulfate-reducing 
bioreactors, as will be discussed in paragraph 1.4.3. 

1.4.1 Competition between methanogens and sulfate reducers in bioreactors 

Competition between mesophilic MA and SRB has been studied quite extensively. Reviews 

on this subject have been presented elsewhere 16,42,83 Competition between methanogens 

and sulfate reducers in high-rate anaerobic reactors is not merely determined by growth 

kinetics, but also by immobilization properties of the various microorganisms, substrate 

diffusion limitations inside biofilms, environmental conditions such as hydrogen sulfide 

concentration, the composition of the medium, temperature and pH. In addition, the 

bacterial composition of the seed sludge and the applied hydraulic retention time3 may also 

be important. In this paragraph, general aspects of competition between MA and SRB 

(identified mostly in mesophilic systems) are discussed. Special attention will be paid to 

competition between thermophilic MA and SRB for methanol, hydrogen and acetate. The 

latter two substrates are possible degradations products of methanol under anaerobic 

conditions. 
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Thermodynamics 

A simple method to predict the outcome of competition between bacterial species for a 

common substrate is to calculate the Gibbs free energy change of the conversion the 

substrate. The species performing the conversion with the highest Gibbs free energy change 

presumably outcompete other bacteria. Based on such calculations, SRB should outcompete 

MA for substrates like methanol, acetate, hydrogen and formate (Table 1.2). However, this 

does not always correspond with findings from literature. For instance Gupta et al.30 found 

that methanol was solely used by methanogens in mesophilic chemostats. 

Growth kinetics 

The rate at which bacteria grow can be described by the classical Monod equation: 

S 

S + Ks 

in which: u. : specific growth rate 

S: substrate concentration 

Hmax : maximum specific growth rate 

Ks: affinity constant for substrate. 

For sulfate-reducing bacteria, the Monod-equation can be extended to: 

S S04
2" 

S + Ks SO4 + Kso» 

S04
2": sulfate concentrati 

KS042 •' affinity constant for sulfate 

According to Monod growth kinetics, growth only stops when all substrate is depleted. 

However, many bacteria, including MA and SRB, stop growing below a certain substrate 

'threshold' concentration17'63. In addition, sulfate reducers may encounter a threshold 

concentration for sulfate as well105. The Monod equation can be adapted to account for 

threshold concentrations85: 

(S - SO 

(S -S , )+K s 

in which: S,= substrate threshold concentration. 
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For SRB, the equation becomes: 

(s- so (so4
2- - so4

2
t) 

H = Umax* * 

( S - S . + K,) (S04
2-S04

2- t)+KS042" 

in which: S04
2"t: sulfate threshold concentration 

The kinetic parameters of the Monod equation are conditional constants: they depend on 

environmental conditions such as pH and temperature. Growth kinetics may be used to 

explain the outcome of competition between microbial species in high-rate anaerobic 

reactors. For instance, Methanothrix species will dominate in thermophilic anaerobic sludge 

cultivated at low acetate concentrations because of their higher acetate affinity as compared 

to that of Methanosarcina140. It should however be kept in mind, that most reported values 

for kinetic growth properties were determined at optimal growth conditions in pure culture, 

and such optimal and well-defined conditions obviously do not prevail in bioreactors. 

The ratio p,nax/Ks is a useful parameter for comparing growth properties of bacteria on a 

common substrate. At substrate concentrations around or below the Ks, bacteria with a high 

Pmax/Ks-ratio have better growth properties than bacteria with a low pmax/Ks-ratio. 

As outlined in paragraph 1.3.1, common substrates for which MA and SRB may compete in 

the anaerobic degradation of methanol comprise methanol and methanol degradation 

products like hydrogen, formate and acetate. Also homoacetogens may compete with the 

MA and SRB for methanol. The kinetics of acetate and hydrogen degradation by 

mesophilic MA and SRB has been studied rather extensively16'83. Some relevant 

information about the growth kinetics of hydrogen and acetate utilizing thermophilic MA is 

also available (Table 1.6 and 1.7), but so far this is hardly the case for thermophilic SRB. 

Unfortunately, to date not for a single thermophilic sulfate reducer both the Ks- and nmax-

are known. In general it can be stated that the Ks-values for hydrogen are about 40 times 

lower for SRB than for MA, while the values for umax of MA are maximally about 10 times 

higher compared to those of SRB. Therefore, it looks reasonable to expect a higher umax/Ks-

ratio for hydrogen for thermophilic SRB than for MA. Consequently, SRB likely will 

outcompete MA at low hydrogen concentrations. At a high hydrogen concentration, the 

situation is reverse due to the high maximum specific growth rates of MA. For acetate the 

situation is much less clear, as no Ks values of thermophilic SRB have been reported to 

date. Growth kinetic data for thermophilic methanol-degrading sulfate reducers and 

homoacetogens are summarized Table 1.8. No data are available for methanogens. The 

limited amount of data does not allow to draw a conclusion on the outcome of the 
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competition for methanol. Because no growth kinetic data are available for growth on 

formate of thermophilic SRB and MA, a comparison of growth properties of these groups 

of bacteria is not possible. 

Table 1.6. Selected growth kinetic properties of thermophilic MA and SRB on acetate. 

Acetate degrading 

culture 

Methanogenic 

Methanosarcina 
thermophila TM-1 

Methanosarcina CALS-1 

Methanosarcina MP 

Methanosarcina MSTA-1 

Methanosarcina CHTI 55 

Methanothrix 
thermoacetophila 

Methanosaeta sp. P r 

Methanothrix sp. CALS-1 

T A M 

r-max 

(h-1) 

0.058 

0.058 

nr 

0.052 

0.085 

nr 

0.020 

0.028 

0.012 

Ks 

(mM) 

4.8 

nr 

nr 

11.4 

10 

nr 

nr 

<1.1 

0.85 

threshold 
(mM) 

1 

0.8-2.5 

nr 

4.1 

nr 

nr 

nr 

0.012-0.021 

0.025-0.075 

yield 

b nr 

nr 

nr 

3.1-4.6 

1.4 

nr 

nr 

nr 

nr 

Hmax/Ks 

(lf'.mM"1) 

0.012 

nr 

nr 

0.0046 

0.0085 

nr 

nr 

>0.025 

0.014 

ref. 

142 

70,140 

80 

15 

113 

77 

48 

139 

2 

Sulfate-reducing 

Desulfotomaculum 
thermoacetoxidans 

0.022 71 

a) yield expressed in g dry cells/mol acetate; b) nr = not reported. 
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Table 1.7. Selected growth properties of thermophilic MA, SRB and AB on hydrogen. 

Hydrogen degrading culture 

Methanogenic 

Methanobacterium 
thermoautotrophicum 

Methanobacterium Strain THF 

Sulfate-reducing 

Desulfotomaculum 
thermoacetoxidans 

Desulfotomaculum spp. 

Strain SR 

Thermodesulfobacterium 
Strain JSP 

Thermodesulfovibrio Strain 
RlHa3 

Homoacetogenic 

Moorella thermoautotrophicum 

Acetogenium kiwi 

P-max 

(IT1) 

0.14-
0.69 

c nr 

0.077 

nr 

0.052 

nr 

nr 

0.021 

0.35 

Ks 

(MM) 

80-120 

nr 

nr 

2 

nr 

2.4d 

1.9d 

nr 

nr 

threshold 

(Pa) 

5 

14 

nr 

0.01 

nr 

1.2 

0.5 

nr 

1000 

yield" 

0.6-1.6 

3b 

nr 

nr 

nr 

nr 

nr 

nr 

nr 

nr 

Hmm/Ks 

(h^.mM 1 ) 

0.0018-
0.004 

nr 

nr 

nr 

nr 

nr 

nr 

nr 

nr 

ref. 

102,111, 
134,98 

63 

71 

98 

19 

105 

105 

97 

56,17 

a) yield expressed in g dry cells/mol end product; b) under hydrogen limitation; c) nr: not 
reported; d) Km. 

Table 1.8. Selected growth properties of thermophilic SRB and 
AB on methanol. 

Methanol degrading 

culture 

Sulfate-reducing 

Desulfotomaculum 
kuznetsovii 

Coculture acetogen AG 
and sulfate reducer SR 

Homoacetogenic 

Strain AG 

Moorella 
thermoautotrophicum 

y-m&x 

(h-1) 

0.03 

0.011 

0.07 

0.077 

yield 

(g dry wt/mol acetate) 

a nr 

nr 

nr 

6-9 

ref. 

29 

19 

19 

97 

a) nr: not reported 
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Environmental conditions 

In bioreactors fed with an influent containing methanol, sulfite, and sulfate, inhibition may 

result from high concentrations of substrates or possible intermediates and products such as 

acetate and sulfide. A different susceptibility of SRB and MA towards these compounds 

may act as a selection criterion in bioreactors. Also the pH, temperature and presence of 

trace elements may affect the competition. All these factors are discussed below. 

Sulfide toxicity. Sulfate reduction results in production of hydrogen sulfide (H2S), which, 
at higher concentrations, can become quite inhibitory for microbial growth. H2S is a very 
weak acid (pKa of 7.0 at 30°C) and therefore at neutral values, the optimal pH range for 
most anaerobic microorganisms, sulfide is mainly present as H2S (hydrogen sulfide or free 
sulfide) and HS" (bisulfide). The sulfide ion (S2) only occurs (>1% of total sulfide) as 
important sulfide species at pH > 10, because the pKa of HS" is about 12 104. Hydrogen 
sulfide is considered to be the most toxic form of sulfide92, because of the neutrality of the 
H2S-molecule, which allows its easy diffusion through the lipid cell membrane into 
cytoplasm, where it reacts with cell components. The reversibility of sulfide inhibition, as 
observed by Okabe et al.78 and Reis et al., seems contradictory to this hypothesis as it may 
be expected that chemical reactions with cell components are irreversible. As sulfide is a 
characteristic end product of sulfate-reducing bacteria, it may be speculated that SRB have 
developed a high tolerance towards sulfide in order to prevent self-poisoning. However, this 
is not necessarily the case; hydrogen sulfide concentrations as low as 60 mgS.L"1 are 
already inhibitory for a thermophilic Desulfotomaculum-species11. Moreover, bacteria not 
capable of dissimilatory sulfate reduction such as methanogens may have a higher tolerance 
toH2SthanSRB67,H5. 

The presence of sulfide may affect SRB in several ways. For the mesophilic Desulfovibrio 

desulfuricans it was demonstrated that 250 mgS.L"1 of total sulfide lowers the growth rate 

and growth yield by 50%79. By contrast, the substrate utilization rate increased at higher 

sulfide concentration, showing that growth and activity were uncoupled. Uncoupling of 

growth and activity at higher sulfide concentrations was also observed for anaerobic 

sulfate-reducing and methanogenic sludge granules119. By increasing the total sulfide 

concentration, the cell size may decrease, as was shown for Desulfovibrio desulfuricans1*. 

This may partly explain the decreased cell yield at increasing sulfide concentrations. 

Literature regarding H2S inhibition levels at mesophilic conditions has been reviewed 

elsewhere16'33'83. The free H2S levels which are inhibitory for mesophilic methanogenesis 

vary from 50-400 mg.L"1. Complete inhibition of growth of mesophilic SRB has been 

observed at a H2S concentration of 85 mg.L"1 123 to 547 mg.L"1 91. No data are available on 
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sulfide inhibition of methanogens at thermophilic conditions. Complete inhibition of growth 

of thermophilic SRB may occur at total sulfide levels as low as 60 mgS.L"1 71 or as high as 

400 mgS.L"1 74. The variation in literature data regarding H2S-toxicity reflects the 

complexity of the matter, i.e. the influence of several factors, such as the type of bacterial 

species studied, growth substrate65 and time of exposure to sulfide. For undefined cultures, 

the discrepancies may also be a result of interference with competitive and mutualistic 

microbial interactions between individual species. Another cause of the discrepancies in 

literature may originate from neglecting pH and sulfide concentration gradients in 

biofilms57. 

The lack of uniformity in methods for quantifying sulfide inhibition, the many factors that 

affect sulfide inhibition and the possible interference with bacterial interactions and 

diffusion hardly justify comparison of literature data. In effect, based on literature data, it 

can not be predicted whether SRB or MA will be more affected by sulfide in a specific 

situation. 

Sulfate and sulfite toxicity. Sulfate is generally not toxic for anaerobic bacteria at 

concentrations up to 10 g.L"1 49,72 p o r m o s t wastewaters, as well as for the scrubbing 

solution from a Bio-FGD plant, sulfate toxicity is not relevant, as the concentration 

generally remains below this value. On the other hand, sulfite is very toxic for 

microorganisms and it is for that reason used as anti-bacterial agent, for example in wine 

processing. The mechanism of sulfite inhibition is not exactly known12. 

In pure cultures of SRB, complete inhibition of growth at concentrations as low as 40 

mg.L"1 (0.5 mM) sulfite was observed126. Methane production by Methanobacterium 

ruminantium decreased by a factor 2 at 100 mg.L"1 sulfite88. Sulfite may have two effects 

on the activity of methanogenic sludge. Puhakka et al.89 found that sulfite toxicity leads to a 

prolonged lag phase in methane production by anaerobic sludge in batch reactors at 

concentrations exceeding 250 mg.L"1. In addition, the rate of methane production decreased 

linearly to very low values in the range of 150 to 2500 mg.L"1 sulfite. However, after 

repeated sulfite addition to sludge, the toxicity effect may decrease due to growth of sulfate-

reducing bacteria or due to adaptation of the biomass. 

Methanol toxicity. Alcohols are toxic for microorganisms at higher concentrations, 

presumably due to the fact that they damage the cell membrane and due to end product 

inhibition of glycolytic enzymes24. Most bacteria are able to withstand ethanol 

concentrations of at least 10 g.L"1. As alcohol toxicity towards bacteria decreases with 

decreasing chain length, it may be speculated that methanol toxicity will not occur at 
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concentrations below 10 g.L"1 (0.3 M). This was confirmed for Moorella 

thermoautotrophicum and Moorella thermoaceticum as these species tolerate methanol 

concentrations up to 16 g.L"1 (0.5 M) 128,130. w i t n io g.L"1 methanol, 22 g.L"1 sulfate can be 

reduced to sulfide. As sulfate concentrations normally will be less than 6 g.L"1 in 

biodesulfurization of flue-gases, added methanol concentrations will normally not exceed 3 

g.L"1, which likely does not result in toxicity effects. 

Acetate toxicity. Methanol degradation by homoacetogens may result in accumulation of 

acetate, which is toxic for microorganisms at higher concentrations. Similar to sulfide, 

unionized acetate (acetic acid) is considered the most toxic form73. Van Lier60 found 50% 

inhibition of methane formation by thermophilic sludge occurred at an acetic acid 

concentration of about 1 mM, while they observed a 10 times lower susceptibility of 

mesophilic methanogenic sludge towards acetic acid. For thermophilic methylotrophic 

Methanosarcina spp., complete inhibition of growth was found at 9 mM acetic acid132. 

Inhibition by acetic acid may manifest in weakly buffered bioreactors producing acetate. At 

pH 6 and a temperature of 55°C, a concentration of 1 mM of undissociated acetate already 

is present at a total acetate concentration of 17 mM. This can be calculated using a pKa for 

acetic acid of 4.8 at 55°C 104. 

pH. SRB and MA may have different pH-optima or pH ranges for growth on common 

substrates. As the speciation of compounds like acetate, H2S and NH4
+ is affected by the 

pH, the effect of a pH change on the growth of SRB and MA may partially also result from 

a change in the concentration of these compounds. Visser et al.121 found for anaerobic 

sludge that thermophilic (55°C) SRB outcompete methanogens for acetate at pH 8.3-8.6, 

while the rates of methanogenesis and sulfate reduction at pH 7.6-7-9 were about equal. 

Minami et al.72 suggested that pH may have a large effect on the occurrence of 

methanogenesis or sulfate reduction from methanol. They found that sulfate reduction 

prevailed at pH 7.0-7.5 in a moderate thermophilic (53°C) methanol-fed bioreactor. At pH 

values between 6.2 and 6.8, sulfate reduction was suppressed and methanogenesis prevailed. 

Inhibition of SRB in the lower pH range may however also have resulted from elevated H2S 

concentrations. 

Temperature. Differences in optimal growth temperatures and growth temperature ranges 

may cause shifts in the microbial composition of mixed cultures upon a temperature 

change. A shift from a methanogenic to a sulfate-reducing population or vice versa also 

alters the anaerobic mineralization profile, as exemplified by a study of Visser et al.122. They 

found a rapid shift from methanogenesis to sulfate reduction after elevating the temperature of 

an acetate and sulfate fed UASB reactor from 30 to 55°C. A temperature increase from 37 to 
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55°C had the same effect93. No acetoclastic methanogens have been isolated growing 

beyond a temperature of 70°C137. It may therefore be speculated that acetoclastic 

methanogenesis does not occur in reactors beyond this temperature. As acetotrophic sulfate 

reduction is still possible up to at least 85°C (Table 1.3), the electron flow in acetate-rich 

environments may therefore be diverted from methane to sulfide as a result of a temperature 

increase from below 70°C to 70-85°C. The situation is similar for methanol; no 

methylotrophic methanogens are known that grow at temperatures above 65°C (Table 1.4), 

while the methanol-utilizing sulfate reducer Desulfotomaculum kuznetsovii was reported to 

grow up to 85°C74. Temperature may also affect SRB and MA indirectly, as temperature 

decreases the concentration of inhibitory H2S due to a lower pKa of H2S at increasing 

temperature. 

Trace elements. As essential constituents of cell components, in particular proteins, trace 

elements need to be available to microorganisms in order to facilitate growth. Bacteria 

compete for trace elements when these are limiting, and it may be expected that species 

with a low (or no) requirement or a high affinity for limiting trace elements will eventually 

dominate. Iron, cobalt, nickel, zinc and copper were identified as trace elements that are 

necessary to maintain maximum growth of methanogens106. Growth of mesophilic 

methylotrophic methanogens and homoacetogens was found to be optimal at an added 

cobalt concentration of 0.1 mg.L"1 27. In this case, cobalt requirement may be explained by 

the high content of corrinoids of methanol-grown methanogens and acetogens43-55-109. 

Corrinoids are cobalt-containing co-factors involved in the first step of methanol 

degradation in both trophic groups68-69. It is not known if corrinoids are involved in 

methanol degradation by SRB. As opposed to MA, little is known about trace element 

requirements of SRB. Under sulfate-reducing conditions, it may be speculated that trace 

metals like zinc and cobalt are growth-limiting as the concentration of these metals may be 

extremely low due to precipitation of insoluble metal sulfides. However, Parkin et al.84 

found that the concentration of trace metals in microbial cultures was independent of the 

sulfide concentration, which was explained by microbial production of chelating agents. 

Other factors affecting competition 

At a COD/sulfate-ratio of 1.7 of the influent of the anaerobic reactors SRB outcompete MA 

under mesophilic conditions, while the opposite is true for a ratio above 2.7 14. Time is 

another important factor in the competition between SRB and MA in anaerobic reactors 

with high sludge retention times, as the microbial composition of anaerobic sludge changes 

only slowly due to the relatively low growth rates of SRB and MA. Therefore, it may take 
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very long periods of time (years) until sulfate reduction dominates over methanogenesis 

when SRB are present in low numbers in the seed sludge of anaerobic reactors82. This 

demonstrates the need for patience when studying microbial competition in anaerobic 

reactors. The seemingly contradictory results in the literature concerning competition 

therefore can be attributed -at least partially- to a different time scale of experiments. 

Better adhesion properties of MA compared to that of SRB were used to explain the 

decrease of sulfate reduction in favor of methanogenesis following an increase of the liquid 

upward velocity in an UASB reactor81. 

Diffusion limitation may also affect competition. Nielsen75 showed that sulfate-reducing 

activity in biofilms that are only several hundred um thick, is limited by sulfate diffusion 

into the biofilm at sulfate concentrations below 50 mg.L"1. This observation might, in some 

cases, represent an explanation for the relatively poor capacity of the SRB to compete with 

methanogenic bacteria in anaerobic bioreactors with sludge retention based on 

immobilization. 

1.4.2 Self-immobilization of sulfate-reducing biomass 

Stable performance of high-rate anaerobic reactors, as used in this study, relies on 

maintaining a high biomass concentration in the reactor. This can be achieved by biomass 

retention within the reactor or by sedimentation and recycling of washed-out biomass. 

UASB (upflow anaerobic sludge bed) reactors rely on retention of well settleable biomass 

inside the reactor. Preferably, the biomass in such reactors should consist of sludge granules 

(macroscopically smooth, round to oval shaped spheres up to 5 mm in size). Such granules 

have good settling characteristics. The increased liquid upflow velocities typical for EGSB 

(expanded anaerobic sludge bed)-reactors provide a selection pressure for development of 

granules58 as non-granular sludge particles with poor settling properties will wash out. The 

biomass must however have the intrinsic ability to form granules, otherwise granulation 

will not occur, irrespectively of the selection pressure. The mechanism of granulation has 

not been elucidated entirely, though many factors involved have been identified, as 

reviewed by Schmidt and Ahring". Two factors presumably involved in granulation will 

not prevail in upflow reactors in which SRB are virtually the only metabolically active 

species. First, growth of methanogens of the genus Methanosaeta, which presumably 

initiates or at least enhances granulation41, will not occur. This may explain the lack of 

granulation in a completely sulfidogenic UASB120, while in reactors which produced 

methane in addition to sulfide, granulation proceeded satisfactorily. By contrast, Omil et 

al.81 did find granulation in a UASB producing only sulfide, although the formed 
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sulfidogenic granules had a much lower strength compared to methanogenic granules. 

Apparently, Methanosaeta species are beneficial, but not strictly necessary for granulation. 

Secondly, acidifiers will also be absent in anaerobic reactors in which sulfate-reducing 

bacteria use the added electron donors directly for sulfate reduction. Vanderhaegen118 

indicated that acidifiers are also important in the granulation process. This is supported by 

findings of Uemura and Harada117 and van Lier59 who reported granulation of thermophilic 

methanogenic sludge when sucrose or glucose was added to the influent. 

1.4.3 Sulfite reduction 

Sulfur dioxide easily dissolves in water (at 15°C, 45 L of S0 2 dissolves in 1 L of water) to 

form sulfurous acid. The pKa of HS03" in water is 7.2 at 25oC , 0°. Sulfite reduction is 

energetically more favorable than sulfate reduction. On biochemical level, this is 

manifested by the ATP demanding activation of sulfate to adenosine-5'-phosphosulfate 

(APS) by ATP-sulfurylase, which is followed by APS reduction to form sulfite and AMP. 

Sulfite is directly suitable as electron acceptor for the SRB. A review of the biochemistry of 

sulfate reduction can be found elsewhere127. Use of thiosulfate as terminal electron acceptor 

is energetically also more favorable than the use of sulfate, as thiosulfate reduction requires, 

similar to sulfite reduction, no ATP-dependent activation53. This may explain the 

preferential use of thiosulfate over sulfate as electron acceptor in fresh water sediment46. 

Thiosulfate reduction by SRB may lead to higher cell yields compared to sulfate reduction5. 

Disproportionation 

Bak and Pfennig6 were the first to describe the disproportionation of sulfite and thiosulfate 

to sulfide and sulfate by the sulfate-reducing bacterium Desulfovibrio sulfodismutans 

according to the following stoichiometry: 

S203
2" + H20 => SO42" + HS" + H+ (AG°'= -21.9 kJ/mol S203

2") 

4 SO32" + H+ => 3 S04
2"+ HS" (AG0' = -58.9 kJ/mol S03

2") 

Later it was found that many SRB are able to disproportionate sulfite and thiosulfate53. 

J0rgensen and Bak46 demonstrated that disproportionation and thiosulfate reduction may 

occur simultaneously. Even disproportionation of elemental sulfur by SRB has recently 

been demonstrated26. For growth of disproportionating SRB known thus far, acetate is 

needed as carbon source. Whether methanol can be used as carbon source by 

disproportionating bacteria is not known. 
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Sulfite reduction in anaerobic reactors 

Although it is toxic, sulfite is readily reduced to sulfide and causes no toxicity related 

problems in anaerobic bioreactors when an active sulfate-reducing population is present. 

However, peaks in the sulfite loading rate or low activity of the SRB (e.g. at the start-up) 

may lead to accumulation of sulfite in the bioreactor, and accordingly, to inhibition of the 

biomass. The process performance may even be impaired for a long time when sulfite 

inhibition is irreversible. To prevent sulfite toxicity during start-up, one might introduce 

only sulfate until a substantial sulfate- (and sulfite) reducing population is present. 

Alternatively, aerating wastewater prior to anaerobic treatment might be applied to oxidize 

sulfite to the non-toxicant sulfate. 

Sulfite addition to sulfidogenic bioreactors may lead to the chemical formation of 

thiosulfate53: 

4 HS03" + 2 HS" => 3 S2O32" + 3 H20 (AG°'= -167 kJ/mol) 

Van Houten et al.40 detected about 15 mg.L"1 (0.13 mM) thiosulfate in a thermophilic 

bioreactor fed with H2/C02, sulfite and sulfate. The rather low thiosulfate concentration led 

to the conclusion that the rate of sulfite reduction was higher than the chemical conversion 

rate of sulfite with sulfide to thiosulfate. An alternative explanation could be that the rates 

of thiosulfate formation and reduction are about equally high. 
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1.5 Scope of this thesis 

The aim of the research described in this thesis was to study the use of methanol as external 

electron donor for biological desulfurization of flue-gases and ground- and wastewaters. In 

such a process methanol is used as external electron donor for anaerobic biological 

reduction of sulfur oxyanions to hydrogen sulfide. 

The main part of the thesis is dedicated to sulfate and sulfite reduction with methanol at 

thermophilic (65°C) conditions, applicable for biological desulfurization of hot flue-gases. 

In Chapter 2 the selectivity of thermophilic sulfate reduction with methanol in bioreactors is 

investigated, while in Chapter 5 experiments are described that aimed to increase the 

selectivity, i.e. to inhibit methane formation from methanol. Chapters 3 and 4 focus on the 

microbiology of the thermophilic process, giving insight in the way methanol is degraded 

by the sulfate-reducing community in the bioreactor. In Chapters 6 and 7 the maximum 

attainable rates of thermophilic sulfite and sulfate reduction in anaerobic bioreactors of the 

EGSB-type (EGSB: Expanded Granular Sludge Bed) are determined. Results on mesophilic 

(30°C) sulfate reduction with methanol, relevant for bio-desulfurization of cold or slightly 

heated ground- or wastewater, are presented in Chapter 8. Chapter 9 presents an overall 

discussion of the results dealing with thermophilic sulfate and sulfite reduction. 

Expanded Sludge Bed reactors were used in this study for continuous reactor experiments, 

because these reactors provide a good contact between biomass and medium as a result of 

the imposed high upflow liquid velocity58. As a result, mass transfer limitations, which are 

expected because mixing due to biogas bubbles is preferably absent, may be overcome. 
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