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Abstract  

Sulphate-containing wastewaters from the paper and board industry, molasses-based fermentation industries and 
edible oil refineries present difficulties during anaerobic treatment, leading to problems of toxicity, reduction in 
methane yield, odour and corrosion. The microbiology and biochemistry of dissimilatory sulphate reduction are 

reviewed in order to illustrate the potential competition between sulphate reducers and other anaerobes involved 
in the sequential anaerobic mineralisation process. The theoretical considerations which influence the outcome of 
competition between sulphate reducers and fermentative, syntrophic, hornoacetogenic and methanogenic bacteria 
are discussed. The actual outcome, under the varying influent organic composition and strength and sulfate 
concentrations which prevail during digestion of industrial wastewaters, may be quite different to that predicted by 
thermodynamic or kinetic considerations. The factors governing competitive interactions between SRB and other 
anaerobes involved in methanogenesis is discussed in the context of literature data on sulphate wastewater treatment 
and with particular reference to laboratory and full-scale digestion of citric acid production wastewater. 

Introduct ion  

Major advances have been made, over the past two 
decades, in our understanding of the microbiology of 
anaerobic digestion and in the development of high- 
rate reactor designs based either on biomass retention 
or biomass recycle. These advances have largely coun- 
teracted early feelings of unreliability associated with 
the process and have resulted in the widespread adop- 
tion, throughout the world, of anaerobic digestion for 
industrial wastewater treatment. Anaerobic digestion 
is now generally regarded as an established, but still 
evolving, technology with a sound theoretical basis for 
reactor design and operation and with extensive oper- 
ational experience at full-scale (Iza et al. 1991). 

Retained biomass reactors, such as the Upflow 
Anaerobic Sludge Bed (UASB), the Fixed-Bed/Fixed 
Film process or the Fluidised/Expanded Bed system, 
have been mainly used at full-scale for the treatment of 
wastewaters from the food-processing sector. Current 
research is focussed on extending the range of anaero- 
bic treatment to more recalcitrant industrial wastewa- 

ters which may contain compounds that are either poor- 
ly degraded anaerobically or may be toxic to the vari- 
ous bacterial groups involved in the anaerobic digestion 
process. 

Sulphate is a common constituent of many indus- 
trial wastewaters. It is the form of sulphur taken up by 
most bacterial species and its reduction prior to incor- 
poration into biological compounds (cysteine, methio- 
nine, co-enzyme A, etc.) is referred to as assimila- 
tory sulphate reduction. Under anaerobic conditions, 
sulphate can act as an external electron acceptor for 
a group of bacteria that can couple the oxidation of 
reduced organic or inorganic compounds to the reduc- 
tion of sulphate for bioenergetic purposes. This pro- 
cess is known as dissimilatory sulphate reduction and 
the bacteria involved are known as the sulphate reduc- 
ers or sulphate-reducing bacteria (Widdel 1988). The 
difference between the two processes in terms of sul- 
phate transformation is exemplified by the fact that 
one milligram of sulphate-sulphur supplies the growth 
requirements for approximately 200 mg of Klebsiella 
aerogenes cells (assimilatory) but only 0.5 to 1.0 mg of 
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cell mass for dissimilatory Desulfovibrio sp. (Rivers- 
Singleton 1993). 

During anaerobic treatment of sulphate-containing 
industrial wastewaters, two alternative mineralization 
processes can, consequently, o c c u r -  i.e. sulphate 
reduction or methanogenesis, The outcome of the com- 
petition between sulphate-reducing bacteria and the 
bacterial groups involved in methanogenesis will not 
only dictate the composition of the biogas produced, 
but will also determine the feasibility, or otherwise, of 
methanogenic treatment of the wastewater. 

Molasses-based fermentation industries typically 
generate effluents with both a high COD and high sul- 
phate concentration (Pipyn & de Smedt 1991). Such 
industries include alcohol distilleries, yeast production 
plants and factories producing citric acid or monosodi- 
um glutamate. The wastewater from a cane molasses 
alcohol production plant was reported by Carrondo 
et al. (1983) to have an average COD and sulphate 
concentration of 50.6 and 2.9 g.1-1, respectively. The 
influent distillery slops treated in the full-scale, down- 
flow anaerobic filter at the Bacardi Corporation rum 
distillery in San Juan, Puerto Rico has a COD content 
of up to 95 g.1-1 and a sulphate content of 6 g.1-1 
(Szendry 1983). Effluent from citric acid production 
from sugar beet molasses can have a COD content of 
up to 30 g.1- l and a sulphate content of 2.5 to 4.5 g.l- 1 
(Svardal et al. 1993). Wastewaters from the paper and 
board industry vary greatly in chemical composition 
but typically contain sulphate in the range of 1-2 g.1-1 
(Puhakka et al. 1990). The highest wastewater sulphate 
concentrations are associated with the industrial pro- 
duction of fatty acids. These so-called 'acid waters' 
from edible oil refineries can have a sulphate content 
as high as 40-50 g.1- l, with a COD/sulphate ratio of 
1 or less (Hoeks et al. 1984; Rinzema et al. 1986). 
Clearly, the presence of sulphate at such high con- 
centrations may be expected to promote dissimilatory 
sulphate reduction and to present problems in the appli- 
cation of anaerobic digestion technology to this diverse 
range of wastewaters. 

Problems associated with anaerobic treatment of 
high sulphate wastewaters 

In aerobic environments, sulphate is the most stable 
and most abundant form of sulphur and is generally 
regarded as being non-toxic. At very high concentra- 
tions in wastewaters (ca. 10 g.l-1), salt toxicity effects 
leading to significant inhibition of methanogenesis 

may, however, be encountered (Rinzema et al. 1986). 
By contrast, sulphide, which is the most energetically 
stable form of sulphur under anaerobic conditions, is 
highly reactive, corrosive and toxic to microorganisms, 
plants, animals and man (Widdel 1988). Consequent- 
ly, the problems associated with anaerobic treatment 
of high-sulphate wastewaters are primarily linked to 
the production of sulphide by dissimilatory sulphate- 
reducing bacteria. 

The most obvious effect on methanogenesis is a 
reduction of the methane yield per unit COD converted. 
Oxidation of 2 g COD is required for the reduction of 
1 g 8 0 4 2 -  - S tO 1 g S 2 - S (Kiihl & Jorgenson 1992). 
In terms of sulphate, the reduction of 1.5 g 5042- will 
require oxidation of 1 g COD, resulting in a decrease 
of 0.233 m 3 in the methane (STP) yield for every kg 
5042- reduced during anaerobic treatment (Anderson 
et al. 1982). 

Hydrogen sulphide dissociates in water according 
to the following equations (Garrels & Christ 1965): 

H2S -~  tJ[ + -t- H S -  ([(1 : 1.0 x 10 -7) 

H S -  --~ H + + $2-(/(2 : 1.0 × 10 -14 ) 

Toxicity of sulphide is pH dependent since only the 
unionised hydrogen sulphide form is able to pass 
through the cell membrane (Speece 1983). Above 
pH 8-9, virtually all dissolved sulphide is present in 
the ionised form. At the neutral pH values typical of 
methanogenic systems, approximately 20-50% of the 
dissolved sulphide is present in the undissociated H2S 
form. 

There is considerable discrepancy in the litera- 
ture with respect to the levels of sulphide required 
for inhibition of methanogenesis. Which step of the 
methanogenic conversion process is most adverse- 
ly affected by sulphide is still not clear, although 
Lawrence et al. (1966) showed that methane produc- 
tion ceased first, followed by a build-up of volatile fatty 
acids. This is in agreement with recent studies by Mail- 
lacheruvu et al. (1993) which showed that fermenta- 
tive bacteria are far less prone to sulphide toxicity than 
either sulphate-reducing or methanogenic bacteria. 

The sulphide levels reported in the literature as 
being inhibitory to methane formation may be sum- 
marised as being in the range 100-800 mg.1-1 dis- 
solved sulphide or approximately 50-400 rag.1 - l  
undissociated H2S (Parkin et al. 1990). For example, 
Speece & Parkin (1983) found that methane production 
from an unacclimated batch digester was inhibited by 
a sulphide level as low as 50 mg S 2 - -  S.1-1 (1.6 mM). 



By contrast, Kroiss & Plahl-Wabnegg (1983) report- 
ed that an unionized H2S level of 50 rag.l- 1 inhibited 
acetoclastic methanogenesis by about 50%, with com- 
plete inhibition only occurring at a free H2S level of 
ca. 200 mg.l-l .  

The literature on sulphide toxicity is highly com- 
plex. Information on pH is rarely included, mak- 
ing comparison on the basis of unionized HzS levels 
impossible. In addition, the data presented has been 
obtained with chemostat completely stirred Jowe Reac- 
tors (CSTR) and retained biomass systems. Recent 
studies by Maillacheruvu et al. (1993) clearly show that 
sulphide toxicity is mediated at lower concentrations 
in suspended growth systems than in anaerobic filters. 
Levels of 60-75 mg H2S-S.1 - 1 ( 150-200 mg dissolved 
sulphide.l- 1) were found to cause stress in all suspend- 
ed growth systems tested. By contrast, propionate-fed 
filters could withstand 200 mg H2S-S.1 -a and dis- 
solved sulphide (DS) levels of 1000 mg S.1-1. With 
acetate-fed filters, hydrogen sulphide levels in excess 
of 125 mg S.1-1 caused no inhibition and DS levels 
of 400 mg S.1-1 could be tolerated with no adverse 
effect (Maillacheruvu et al. 1993). These data confirm 
the earlier findings of Speece & Parkin (1983) that sul- 
phide levels up to 400 mg orS 2--S.1- l had no effect on 
methane production from a submerged anaerobic filter 
and higher levels of 800 mg S 2--S.l-1 only reduced 
methane formation by about 30%. It is apparent from 
these results that biofilm or granular/flocculent sludge 
reactors present a much more complex system than 
completely mixed reactors in the context of sulphide 
toxicity. Clearly, factors, such as substrate transport 
inside the biofilm/granule/floc; the site of sulphate 
reduction and its proximity to the site of methano- 
genesis; the diffusion of unionized H2S and dissolved 
sulphide; pH gradients etc., can have quite significant 
effects on the toxicity of sulphide generated within a 
reactor to the populations involved in methanogene- 
sis. 

Literature data on the sensitivity of sulphate- 
reducing bacteria to sulphide toxicity is quite contra- 
dictory. Isa et al. (1986a) concluded that sulphate- 
reducing bacteria were not affected by high levels of 
hydrogen sulphide. By contrast, Widdel (1988) report- 
ed inhibition of Desulfotomaculum acetooxidans at 
hydrogen sulphide concentrations of 85 mg.1- I. Using 
a Desulfovibrio enrichment, Reis et al. (1992) reported 
complete inhibition of lactate conversion at a hydro- 
gen sulphide concentration of 547 mg.1-1 (16.1 mM). 
Hilton & Oleszkiewicz (1988) concluded that sulphate- 
reducing bacteria are more sensitive to elevated levels 
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of dissolved total sulphide than are methane-producing 
bacteria. Since sulphate-reducing bacteria exhibit an 
absolute requirement for iron, the toxicity of sulphide 
was initially assumed to be indirect and to result from 
iron unavailability due to the formation of insoluble 
FeS (Postgate 1984; Isa et al. 1986b). However, at 
least for Desulfovibrio sp. growing on lactate, Reis 
et al. (1992) showed that H2S toxicity was not linked 
to iron sequestration and that it was both direct and 
reversible. 

Precipitation of non-alkaline trace metals, such as 
cobalt, nickel, etc., that are essential nutrients for 
methanogens, may result in an indirect inhibition of 
methanogenesis of some industrial wastewaters (Isa et 
al. 1986b; Maillacheruvu et al. 1993). This, however, 
is unlikely to be a major problem since it can be easily 
overcome by nutrient supplementation. 

Other problems associated with anaerobic treat- 
ment of high sulphate wastewaters result from the 
presence of sulphide in the biogas and in the efflu- 
ent. Hydrogen sulphide, even at concentrations of _< 2 
ppm, is recognisable by its distinctive smell and may 
cause significant malodour problems. Although burn- 
ing of H2S-containing biogas is feasible and removes 
the malodour problem, the resultant release of SO2- 
to the atmosphere results in acid rain and is subject to 
strict licencing requirements. The presence of H2S in 
biogas may also cause severe problems of corrosion, 
necessitating costly sulphide stripping techniques. The 
presence of dissolved sulphide in the effluent after 
anaerobic treatment also gives rise to malodour prob- 
lems and to enhanced oxygen demand. Post-treatment 
of the effluent may be necessary, depending on the 
sulphide concentration, and is generally accomplished 
either by chemical precipitation with iron salts or bio- 
logical or chemical oxidation (Rinzema & Lettinga 
1986; Rinzema 1988). 

The presence of sulphate can also have benefi- 
cial effects during anaerobic treatment of wastewa- 
ters. The majority of methanogens lack assimilatory 
sulphate reductases (Daniels et al. 1986) and their sul- 
phur requirements are satisfied by a combination of 
inorganic sulphide and organic sulphur compounds, 
such as cysteine, glutathione, etc. Consequently, the 
production of sulphide by dissimilatory species dur- 
ing anaerobic treatment may enhance methanogenesis 
by satisfying the sulphur growth requirements of the 
methanogens. The optimal level of sulphide supple- 
mentation to methanogen culture media recommended 
by the literature is in the range 1-25 mg S.I- ~ (Scher- 
er & Sahm 1981). The requirement for low levels 
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of sulphide-S has also been proven for methanogenic 
reactors. For example, Khan & Trottier (1978) showed 
that the addition of sulphate at concentrations up to 
25 mg sulphate S.1-1 (0.8 raM) stimulated methano- 
genesis of cellulose in tissue paper pulp. Replacement 
of sulphate by sulphide at the same sulphur concentra- 
tion was shown by these authors to give equal stimula- 
tion of methanogenesis, 

Sulphide produced during digestion by dissimila- 
tory sulphate reduction can also have beneficial effects 
due to the precipitation of toxic heavy metals, such as 
chromium, copper, zinc, etc. (Lawrence & McCarty 
1965; Tursman & Cork 1989). 

Microbiology and biochemistry of dissimilatory 
sulphate reduction 

Knowledge of the complex microbiology and biochem- 
istry of dissimilatory sulphate reduction is essential in 
order to understand the factors which control compe- 
tition between methanogenesis and sulphidogenesis in 
digesters treating sulphate-containing wastewaters. 

Sulphate-reducing bacteria may be defined as obli- 
gate anaerobes (eubacteria and archaebacteria) that 
utilise sulphate (or other oxidised sulphur compounds) 
as an electron acceptor during the dissimilation of 
organic compounds for energy gain (Pfennig et al. 
1981; Gibson 1990). Although unified by the com- 
mon property of carrying out sulphate reduction as 
a principal component of their bioenergetic process- 
es, recent research has highlighted the enormous 
morphological, ecological, nutritional and metabolic 
diversity found among this bacterial group (Hansen 
1993). Campbell & Postgate (1965) first proposed 
that sulphate-reducing bacteria be organised into two 
major genera, rod-shaped, sporeforming species with 
a low G + C content (Desulfotomaculum) and non- 
sporeforming vibrios and spirillae with a high G + C 
content (Desulfovibrio). More recent classification of 
sulphate-reducing genera recognises 13 distinct eubac- 
terial genera and one archaebacterial genus (Widdel & 
Hansen 1991). 

Based on their metabolic capacities, sulphate- 
reducing bacteria appear to fall naturally into two cat- 
egories - those species or genera that are capable of 
complete oxidation of organic compounds to CO2 and 
those that carry out incomplete oxidation, usually to 
acetate as end-product (Widdel 1988). The inability 
of the latter group to oxidise substrates completely to 
CO2 usually reflects the absence of a biochemical path- 

way for the oxidation of acetyl CoA to CO2 (Hansen 
1993). Incomplete degradation of a particular substrate 
does not, in all cases, imply degradation to the level 
of acetate. For example, some Desulfovibrio strains 
do not oxidise propanol beyond the propionate level 
because they lack the metabolic pathway for propi- 
onate oxidation to acetate (Hansen 1993). 

Genera capable of complete oxidation include 
Desulfobacter, Desulfobacterium, Desulfococcus, 
Desulfosarcina, Desulfomonile, Desulfonema, Desul- 
foarculus and Archaeoglobus. Incomplete oxidisers 
include Desulfomicrobium, Desulfobulbus, Desulfobo- 
tulus, Thermodesulfobacterium and the majority of the 
species of the genera Desulfovibrio and Desulfotomac- 
ulum (Widdel & Hansen 1991). 

Studies over the past 15-20 years have demonstrat- 
ed the enormous diversity of energy substrates used 
by sulphate-reducing bacteria. Prior to 1977, only a 
limited number of low molecular weight metabolic 
intermediates were thought to act as substrates for 
sulphate reducers. These included H2, formate, lac- 
tate, pyruvate, dicarboxylic acids, such as malate and 
fumarate, some primary alcohols, alanine and glycerol. 
Although sulphate reducers do not appear to be able 
to hydrolyse polymeric substrates, recent research has 
indicated that their substrate range is extremely diverse 
and includes representatives of virtually all classes of 
monomeric compounds (Hansen 1993). Table 1 sum- 
marises the range of energy substrates now known to 
be metabolised by sulphate reducers. 

In general, strains with novel substrate oxidation 
abilities have been isolated more readily from marine 
and estuarine environments than from freshwater habi- 
tats. This may be a logical consequence of the fact that 
freshwater environments are often sulphate-limited 
whereas the higher levels of 8042- in marine environ- 
ments may have facilitated the evolution of a wider 
range of species in response to the greater role of 
sulphate reducers in marine mineralization. Table 1 
includes straight chain alkanes as energy substrates for 
sulphate reducers. The isolation of a sulphate reducer 
capable of complete oxidation of C12 to C18 alkanes 
by Aeckersberg et al. (1991) marks the first record- 
ed evidence for complete mineralisation of saturated 
aliphatic hydrocarbons under strict anaerobic condi- 
tions. 

Growth of sulphate reducers on acetate 

Given the importance of acetate as an intermediate 
in methanogenesis, the ability of sulphate reducers to 



Table 1. Energy substmtes for sulphate-reducingbacteria*. 

Compound class Individual compounds used 

Aliphatic monocarboxylic acids 

Dicarboxylic acids 

Alcohols 

Amino acids 

Sugars 
Aromatic compounds 

Miscellaneous 

Inorganic compounds 

Formate, acetate, propionate, butyrate, 
isobutyrate; 2 methyl butyrate, 3 methylbutyrate, 
3 methylvalerate, fatty acids up to C20, pyruvate, 
lactate. 
Succinate, fumarate, malate, oxalate, maleinate, 
glutarate, pimelate 
Methanol, ethanol, propanol-1 and 2, butanol-1 
and 2, isobutanol, pentanol- 1, ethylene glycol, 1- 
2 propanediol, 1-3 propanediol, glycerol 
Glycine, sefine, alanine, cysteine, cystine, 
threonine, valine, leucine, isoleueine, aspartate, 
glutamate, phenylalanine 
Fructose, glucose, mannose, xylose, rhamnose 
> 35 known aromatics, including benzoate, 
phenol, indole, resorcinol, catechol, p-cresol, 
quinoline, nicotinic acid, phenylacetate, vanillin, 
syringaldehyde, trimethoxybenzoate, etc. 
Very varied group including betaine, choline, 
furfnral, acetone, cyclohexanone, etc. 

H2 CO2 

* Hansen (1993). 
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couple acetate oxidation to sulphate reduction is of 
particular interest. Organisms capable of significant 
growth rates on acetate belong to the genera Desul- 
fobacter and Desulfotomaculum. Completely oxidis- 
ing sulphate reducers, such as Desulfovibrio baarsi 
and members of the Desulfococcus, Desulfosarcina, 
Desulfobacterium and Desulfonema genera, oxidise 
acetate much more slowly and sometimes without any 
substantial formation of cell mass (Widdel 1988). 

The best known acetate-utilisers belong to the 
genus Desulfobacter, which is one of the least nutri- 
tionally versatile of the sulphate-reducing genera. The 
majority of Desulfobacter species can only grow on 
acetate, although some may also use H2 and/or ethanol 
(Widdel 1988; Gibson 1990). Desulfobacter species 
were initially enriched from brackish waters or marine 
sediments and their growth rates are accelerated in 
saline media. This group oxidises acetate via a vari- 
ation of the citric acid or TCA cycle. As shown in 
Fig. 1 for Desulfobacter postgatei, acetate activa- 
tion proceeds via transfer of the co-enzyme A group 
from succinyl CoA (Hansen 1993). The cycle dif- 
fers from that found in aerobic bacteria by having a 
ferredoxin-dependent c~-ketoglutarate dehydrogenase, 
a membrane-bound NAD-independent malate synthase 

and an ATP-citrate lyase instead of a citrate synthase 
(Mrller et al. 1987). The cycle allows formation of 
ATP by substrate level phosphorylation (Fig. 1). 

DesuIfotomaculum acetooxidans is a freshwater 
acetate-utiliser that grows more slowly on acetate (dou- 
bling time of 30 hr) than the Desulfobacter species. 
This organism does not possess a citric acid cycle, 
as evidenced by the absence of the key enzyme, o~- 
ketoglutarate dehydrogenase (Schauder et al. 1986). 
Instead, it shares with a number of other complete 
oxidisers (Desulfococcus species; Desulfovibrio baar- 
si, Desulfobacterium sp. etc.) a non-cyclic pathway 
involving cleavage of the two-carbon unit into a methyl 
and carbon monoxide moiety, each of which is oxidised 
independently to CO2 (Fig. 2). Acetate activation in 
Dtm. acetooxidans requires expenditure of ATP (unlike 
in Desulfobacter spp.) and the non-cyclic pathway does 
not allow substrate-level-phosphorylation. Although 
most reducing equivalents in Dtm. acetooxidans are 
generated at a more favourable redox potential than in 
Desulfobacter, thereby possibly allowing greater syn- 
thesis of ATP by electron transport-associated phos- 
phorylation (Thauer 1988), the above disadvantages 
may explain the slower growth rate of Dtm. acetooxi- 
dans than Desulfobacter on acetate (Hansen 1993). 
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ADP • 
+Pi ATP 

Fig. 1. Pathway of acetate oxidation via the citric acid cycle in 
Desulfobacterpostgatei (Hansen 1993). 

It is interesting to note that the mechanism used for 
acetate degradation in these species represents an inver- 
sion of the pathway for acetate synthesis in homoace- 
togenic bacteria. An interesting parallel is also seen 
between the non-cyclic acetate oxidising pathway used 
by eubacteria, such as Desulfotomaculum, and the 
pathway used by the archaebacterial complete oxi- 
diser, Archaeoglobusfulgidus. During growth on lac- 
tate or pyruvate, the latter species uses an analogous 
branched, non-cyclic pathway involving the oxidation 
of carbon monoxide and methyl moieties. However, in 
the archaebacterial species, the folic acid carriers used 
by eubacteria for methyl and other C-1 compound car- 
riage are replaced by typical archaebacterial carriers, 
such as methanopterin and methanofuran, and coen- 
zyme F420 is used instead of NAD(P) as redox carrier 
(M611er-Zinkhan & Thauer 1990). 

Growth of sulphate reducers on propionate 

Propionate is, after acetate, probably the most impor- 
tant fermentation end-product in many natural ecosys- 
tems (Cummings 1981; Gibson 1990) and is also a 
key intermediate in anaerobic digesters. All Desul- 
fobulbus species can grow on propionate as sole car- 
bon and energy source and oxidise it incompletely to 
acetate and CO2 (Widdel 1988; Gibson 1990). Sev- 

Organic Compounds 
Acetate 

N ~  CoASH 

Acetyl - CoA 

I 

ATP 

CH 3 -tetrahvdropterin [CO] 

CH2 --- tetrahydropterin 

1~ NAD(P)H 

CH .~- tetrahydropterin 

CHO - tetrahydropterin 

HCO0" 

~ '~  2[H] 

CO2 CO 2 
Fig. 2. Non-cyclic carbon monoxide dehydrogenase pathway for 
oxidation of acetyl groups by Desulfotomaculum acetooxidans and 
by complete oxidizers growing on higher carbon compounds (Thauer 
1988; Hansen 1993). 

f 

" ~  2tH] 

eral of the completely oxidising bacteria (e.g. DesuI- 
fococcus, Desulfonema, Desulfobacterium etc.) also 
utilise propionate, converting it completely to CO2, 
but the majority of these species grow rather slowly 
with propionate as sole energy source (Hansen 1993). 
Desulfobulbus species oxidise propionate via a ran- 
domising pathway (Fig. 3) involving transcarboxyla- 
tion of propionyl-CoA (using oxaloacetate as donor) 
to methylmalonyl CoA followed by isomerization to 
succinyl CoA (Stams et al. 1984; Hansen 1993). The 
pathway is energetically quite favourable as shown in 
the following equation: 

4CH3CH2CO0- + 3S0~- 

4CH3C00- + 4HCO 3 + 3HS- + H + 
A G m = - 150.6kJ 

Nearly all Desulfobulbus isolates can also utilise 
ethanol, propanol or H2 and a few strains slowly oxi- 
dise butyrate or 2-methylbutyrate to acetate (Widdel 
1988). 



I Propior~te ] 

Pro 

Prc 

)ionyl-CoA 

donyl-CoA 
Merhylmalonyl-CoA 

Oxaloacetate 
Pyruvate 

A~I-CoA 

Acetyl phosphate 

)~ A'f'P* 

Su~ch'~at~ 

l~urnarate 

Malate 

Fig. 3. Pathway for the incomplete oxidation ofpropionate by Desul- 
fobulbuspropionicus (Stares et al. 1984; Hansen 1993). * Suhstrate 
level phosphorylation. 

Growth of sulphate reducers on butyrate, higher fatty 
acids and alcohols 

Both butyrate and ethanol can act as significant fer- 
mentation intermediates during anaerobic digestion. 
Butyrate and higher fatty acids are utilised by species 
of both the incompletely and completely oxidising sul- 
phate reducers. Even-numbered fatty acids are con- 
verted by incomplete degraders to acetate whereas 
uneven-numbered fatty acids yield acetate and pro- 
pionate (Widdel 1988). Complete oxidisers, such as 
Desulfosarcina, Desulfonema, Desulfobacterium sp. 
etc., can utilise fatty acids up to chain lengths of C 
10-16, yielding CO2 as sole product. Both complete 
and incomplete oxidisers utilise the ¢Loxidation path- 
way. Isobutyrate utilisation has been reported only for 
some complete oxidisers - e.g. marine species such 
as Desuifonema limicola (Widdel 1988). Isobutyrate is 
converted to acetyl CoA and CO2 via a pathway similar 
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to that found in Desulfobulbus (Stieb & Schink 1989; 
Hansen 1993). 

The ability to utilise ethanol is very common among 
incompletely and completely oxidising sulphate reduc- 
ers. Utilisation of longer chain primary alcohols for 
energy gain by incomplete oxidisers generally yields 
the corresponding acid and requires provision of a car- 
bon source, such as acetate or acetate plus CO2, in the 
medium (Hansen 1993). Only a few strains of sulphate- 
reducing bacteria, such as Desulfococcus multivorans, 
appear to utilise secondary alcohols such as 2-propanol 
and 2-butanol (Widdel 1988). 

Growth of sulphate-reducers on H2 and formate 

A large number of incompletely and completely oxi- 
dising sulphate reducers can grow on H2 as sole ener- 
gy source (Widdel 1988). This facility is particu- 
larly prevalent among Desulfovibrio sp. which are 
often enriched from natural environments and digesters 
on H2. Thermodynamically, growth on H2 is more 
favourable than growth on acetate or other reduced 2, 
3 or 4 C-compounds (Thauer et al. 1977). 

4//2 + SO 2- + H + --. 41120 + H S -  
A G  °J = -  152.2kJ 

Growth of incomplete oxidisers, such as Desulfovibrio 
sp., is usually much more rapid on H2 than is growth 
of complete oxidisers, such as Desulfosarcina vari- 
abilis, Desulfonema limicola, Desulfococcus niacini 
and Desulfobacterium autotrophicum (Widdel 1988). 
Although all of the H2 utilising species were initially 
assumed to be capable of autotrophic growth, it was 
subsequently ascertained that only the complete oxidis- 
ers are capable of true autotrophic growth on H2/CO2 
(Mechelas & Rittenberg 1960; Widdel 1988). Incom- 
pletely oxidising Desulfovibrio sp. require, in addition 
to CO2, at least a 2-carbon compound, such as acetate, 
for assimilation and cell synthesis. When acetate is 
provided, labelling studies show that about two thirds 
of the cell material is derived from acetate with the 
remaining third coming from CO2 (Badziong et al. 
1979). This stoichiometry is suggestive of a reductive 
carboxylation of acetyl-CoA to pyruvate as the first 
step in assimilatory cellular synthesis in Desulfovib- 
rio species (Badziong et al. 1979). Complete oxidis- 
ers, on the other hand, already possess the enzymes 
of one or other of the two dissimilatory acetyl-CoA 
oxidation pathways (Widdel 1988). Presumably, dur- 
ing autotrophic growth on H2/CO2, these pathways are 
reversed to allow assimilatory formation of acetyl-CoA 
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which is then used, as described above, as the starting 
point for cellular synthesis (Jansen et al. 1984). 

Many sulphate reducers capable of growing on 
hydrogen can also grow on formate as sole electron 
and energy source. This is not a universal rule, how- 
ever, since some species which utilise H2 cannot grow 
on formate (e.g. Desulfobulbuspropionicus) and some 
formate-utilisers, such as Desulfovibrio baarsii, can- 
not grow on H2 (Widdel 1988). 

Electron acceptors utilised by sulphate reducers 

Although sulphate reducers utilise sulphate as their 
usual electron acceptor, reducing it in the process to 
sulphide, the majority of species can also utilise sul- 
phite or thiosulphate if added as electron acceptors to 
culture media (Widdel & Pfennig 1984; Cypionkaet al. 
1985). Cell yields during growth on sulphite or thio- 
sulphate are higher than on sulphate since activation 
at the expense of ATP is not necessary as is the case 
with respect to sulphate (Widdel 1988). The inabili- 
ty of some species to utilise sulphite or thiosulphate, 
e.g. Desulfonema magnum, Desulfovibrio sapovorans 
etc., appears to be correlated with the lack of an appro- 
priate transport system for these sulphur compounds 
(Cypionka et al. 1985). 

Desulfovibrio desulfuricans, a limited number of 
other Desulfovibrio strains, Desulfobulbus propionicus 
and Desulfobacterium catecholicum can also utilise 
nitrate as terminal electron acceptor, reducing it to 
ammonia rather than to dinitrogen as in true denitri- 
fying bacteria (McCready et al. 1983; Szewzyk & 
Pfennig 1987; Widdel 1988). Desulfobacterium cat- 
echolicum is the only complete oxidiser known so far 
to be capable of dissimilatory nitrate as well as sulphate 
reduction (Szewzyk & Pfennig 1987). 

Fermentative capabilities of sulphate reducers 

In the absence of sulphate or any other feasible inor- 
ganic electron acceptor, some sulphate-reducing bac- 
teria can oxidise a limited range of organic substrates 
using typical fermentative reactions that are indepen- 
dent of exogenous electron acceptors (Hansen 1993). 
The ability of these species to grow fermentatively 
is obviously of ecological advantage in ecosystems, 
such as freshwater sediments or anaerobic wastewa- 
ter treatment plants, where sulphate limitation may be 
encountered. 

Sulphate reducers capable of fermentative growth 
may be subdivided into two types: (i) those that fer- 

ment organic compounds irrespective of the prevail- 
ing partial pressure of hydrogen and (ii) those that 
can only carry out fermentation when the H2 partial 
pressure is maintained at a very low level (Hansen 
1993). Malate and fumarate are fermented by a number 
of Desulfovibrio, Desulfobacterium and Desulfosarci- 
na sp., irrespective of the H2 partial pressure, yield- 
ing acetate, CO2 and succinate as fermentation end- 
products (Widdel & Pfennig 1984; Widde11988). Oth- 
er substrates fermented independent of the H2 partial 
pressure include pyruvate, lactate or ethanol plus COz, 
choline, glycerol, serine and fructose (Widdel 1988; 
Hansen 1993). Some species, such as Desulfobulbus 
propionicus, ferment lactate to propionate, acetate and 
CO2 (Laanbroek et al. 1982). Propionate is formed 
via the same randomising pathway as used by Pro- 
pionibacterium sp. (Stams et al. 1984). Consequent- 
ly, depending on whether sulphate is present or not, 
Desulfobulbus propionicus can either oxidise propi- 
onate via dissimilatory sulphate reduction or form pro- 
pionate during fermentation of lactate or alcohols such 
as ethanol and propanol (Laanbroek et al. 1982). 

Some Desulfovibrio species and a limited num- 
ber of other sulphate reducers (e.g. Desulfotomacu- 
lum nigrificans) ferment substrates, such as ethanol, 
lactate, glycerol, propionate, 1,2-propanediol and 1,3- 
propandiol, only if the H2partial pressure is maintained 
at a low level by hydrogenophilic methanogens (Wid- 
del 1988; Hansen 1993). As shown in the following 
equations, sulphate reducers growing under these con- 
ditions use protons as electron acceptors, using H2 as 
their electron sink. 

Lactate + 2H20 --+ acetate + HCO 3 + H + + 2H2 

Ethanol + 1120 --+ acetate + H + + 2//2 

Consequently, these organisms function in a simi- 
lar way to the obligate hydrogen-producing aceto- 
genic (OHPA) bacteria and can only be cultivated 
in co-culture with hydrogen-consuming methanogens 
(Mclnerney & Bryant 1981; Traore et al. 1983). This 
syntrophic association provides yet another example 
of interspecies hydrogen transfer under anaerobic con- 
ditions. 

The importance of syntrophic associations between 
fermenting sulphate reducers and hydrogenophilic 
metbanogens in anaerobic digesters treating wastew- 
aters containing low sulphate levels has only recent- 
ly begun to be addressed. Heppner et al. (1992) 
fed propionate as sole substrate to a laboratory-scale 
fluidised-bed reactor which had been seeded with an 



enrichment capable of complete propionate oxidation 
(Wollersheim et al. 1989). Analysis of sand particle 
biofilm after 200 days of operation revealed the pres- 
ence of large numbers of bulb-shaped Desulfovibrio 
sp. Subsequent investigations confirmed the presence 
of Desulfovibrio propionicus which was shown to be 
growing syntrophically on propionate with a range 
of Hz-utilising methanogens and the acetate utilis- 
er, Methanothrix soehngenii strain HI (Heppner et al. 
1992). These findings were consistent with the follow- 
ing reactions for propionate conversion by the biofilm 
bacteria: 

C tt3C H2CO0-  -1- 2H20 ---+ 
(Tf~r3CO0- '-1- CO2 "~ 3/]-2 (i) 

A G °' = + 76.1kJ;A G ~ = - 8.4kJ 

C H 3 C O 0 -  q- H20 --~ 

CH4 + HCO~ (ii) 
A G O' = - 35.8kJ;A G ~ = - 22.7kJ 

3H2 + 0.75(702 --+ 
0.75CH4 + 1.5H20 (iii) 

A G °' = - 101.7kJ;A G' = - 12.6kJ 

where AG o' is the Gibbs' standard free energy change 
at pH 7.0 and AG' is Gibbs' free energy change at in 
situ concentrations and pH 7.0. 

Detailed analyses were carried out by Wu et al. 
(1991) on the metabolic activity and microbial com- 
position of granular sludge from a UASB reactor 
treating brewery wastewater. These studies revealed 
that propionate-degrading sulphate reducers present 
in the granule were capable of syntrophic fermenta- 
tion of propionate with H2 and/or formate-consuming 
methanogens in the absence of sulphate whereas, in the 
presence of sulphate, propionate oxidation was exclu- 
sively coupled to sulphate reduction. Molybdate inhi- 
bition studies also showed that sulphate reducers capa- 
ble of fermentative growth on ethanol were involved, 
although not exclusively, in the syntrophic oxidation 
of ethanol in the absence of sulphate. 

To date, there is no evidence from pure culture or 
enrichment studies that sulphate reducers can ferment 
fatty acids or aromatic compounds in the absence of 
sulphate. Consequently, it is unlikely that fermentative 
sulphate reducers can substitute for the OHPA bacteria 
known to be capable of syntrophic growth on fatty 
acids or aromatics (Hansen 1993). 
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Compet i t ion  between sulphate  reducers and other 

bacteria involved in anaerobic  minera l i sa t ion  

In aerobic environments, individual heterotrophic 
microorganisms are capable of carrying out com- 
plete mineralisation of organic compounds to CO2 and 
H20. By contrast, anaerobic ecosystem mineralisa- 
tion requires the sequential, cooperative and syntrophic 
involvement of different groups of bacteria with wide- 
ly different substrate ranges and thermodynamic and 
kinetic characteristics (Vosjan 1982; Gibson 1990). 
Under anaerobic conditions, organic compounds are 
partially oxidised in a successive manner, with the end- 
products of each oxidation stage acting as substrates 
for the next member of the food chain until complete 
mineralisation is achieved. The route taken depends 
primarily on the nature of the electron acceptors avail- 
able and on the partial pressure of hydrogen prevailing 
in the ecosystem (Widdel 1988; Gibson 1990; Zinder 
1993). 

Figure 4 illustrates the possible anaerobic pathways 
of organic compound degradation under methanogenic 
and sulphidogenic conditions. In the absence of sul- 
phate (or other oxidised inorganic electron acceptors, 
such as nitrate, Fe 3+, etc.), organic compounds are 
mineralised to CH4 and CO2 by a bacterial consortium 
involving fermentative species, obligate hydrogen- 
producing acetogens (OHPA), hydrogenophilic and 
acetoclastic methanogens and, to an unknown extent, 
homoacetogenic bacteria (Zehnder et al. 1982; Zin- 
der 1993). In the presence of sulphate, competition 
between sulphate reducers and the anaerobic bacteria 
involved in methanogenesis can occur at a number of 
different levels in the stepwise degradation process: 

-competition between sulphate reducers and fer- 
mentative bacteria for monomeric starting com- 
pounds, such as sugars, amino acids, etc., 

- competition between sulphate reducers and OHPA 
species for intermediate fermentation products, 
such as propionate, butyrate, ethanol, etc., 

- competition between sulphate reducers and 
homoacetogenic bacteria for H2, and 

-competition between sulphate reducers and 
methanogens for direct methanogenic substrates, 
such as H2 and acetate. 

Competition between sulphate reducers and 
fermentative bacteria 

It is generally agreed that sulphate reducers do 
not effectively compete against the fast-growing fer- 
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POLYMERIC MOLECULES 1 

MONOMERS 1 
Fatty Acids, Sugars & 

Amino acids 

F/g. 4. Pathways of organic compound degradation under methan- 
ogenic and sulphidogenic conditions. (FB - fermentative bacteria; 
OHPA - obligate hydrogen-producing acetogens; HAc - homoace- 
togenic bacteria; MPB - methane-producing bacteria; SRB - sul- 
phate-reducing bacteria). 

mentative bacteria involved in polymer hydrolysis 
and monomer degradation in anaerobic environments 
(Postgate 1984; Widdel 1988). Since sulphate reducers 
cannot hydrolyse polymers, competition cannot take 
place at the initial polymer hydrolysis level (Hansen 
1993). Although a limited number of sulphate reduc- 
ers capable of sulphidogenic and fermentative growth 
on sugars, amino acids, etc. has been isolated from 
a variety of environments (Table 1), it is likely that, 
in natural ecosystems and in anaerobic digesters, sul- 
phate reducers are more likely to be involved in 
the ultimate and penultimate stages of mineralisation 
than in the initial fermentative stage (Postgate 1984; 
Rivers-Singleton 1993). 

Competition between sulphate reducers and OHPA 
bacteria 

As indicated in Fig. 4, the involvement of sulphate- 
reducers in the further mineralisation of intermediate 

compounds, such as propionate, butyrate, ethanol, lac- 
tate, etc., is potentially quite complex and may involve 
different cooperative associations depending on the 
sulphate and sulphide levels, the substrate concen- 
tration and the partial pressure of hydrogen (Widdel 
1988; Gibson 1990). In theory, four different scenarios 
for SRB involvement are feasible: 

- complete oxidation of fermentation intermediates 
to CO2 and sulphide by sulphate reducers; 

- i n c o m p l e t e  oxidation of fermentation intermedi- 
ates to acetate by sulphate reducers coupled to 
acetate conversion by acetoclastic methanogens; 

- syntrophic degradation of fermentation intermedi- 
ates by OHPA species with sulphidogenic utilisa- 
tion of the H2 and, possibly, the acetate products, 
and 

- fermentative growth of sulphate reducers on sub- 
strates, such as propionate, ethanol, etc., in the 
absence of sulphate and in syntrophic association 
with H2 and acetate-consuming methanogens. 

Widdel (1988) proposed that complete or incomplete 
sulphidogenic oxidation of fermentation intermediates 
should be favoured over the OHPA syntrophic route 
due to the insensitivity of the former to hydrogen partial 
pressures. In the presence of sulphate, incompletely- 
oxidising SRB are thought to outcompete completely- 
oxidising species due to the faster growth rate of the 
former on fermentation intermediates such as propi- 
onate, ethanol, lactate, etc. (Widdel 1988; McCart- 
n e y &  Oleszkiewicz 1993). It should, however, be 
pointed out that for some intermediates, such as isobu- 
tyrate, isovalerate, acetone or aromatic compounds, 
incompletely-oxidising SRB species capable of utilis- 
ing these compounds have not so far been isolated and 
their metabolism by sulphate reducers must always, 
therefore, be complete. 

In marine sediments, between 75 and 99% of organ- 
ic substrate electrons appears to be scavenged by SRB 
species (Isa et al. 1986a). In saltmarsh sediments, pro- 
pionate and butyrate are known to be utilised direct- 
ly by sulphate-reducing bacteria (Banat & Nedwell 
1983 ). In di gesters treating high sulphate w astewaters, 
neither the fermentation intermediates nor sulphate are 
likely to be limiting. Consequently, the outcome of 
competition for intermediates, such as butyrate, pro- 
pionate, etc. may be quite different to the outcome 
which prevails in sediments where organic substrates 
and/or sulphate may be limiting. Both in natural envi- 
ronments and in digesters, hydrogen levels are general- 
ly low and sulphate reducers are known to successfully 
outcompete hydrogenophilic methanogens because of 



their more favourable thermodynamic and kinetic char- 
acteristics (Lovley & Phillips 1987; Widdel 1988; Zin- 
der 1993). Consequently, syntrophy between OHPA 
bacteria and hydrogenophilic SRB species is a feasible 
scenario in the presence of sulphate. 

In the absence of sulphate, the role of sulphate- 
reducing bacteria in natural habitats and in digesters is 
both unclear and of considerable current research inter- 
est. Consortia consisting of fermentatively-growing 
sulphate reducers in syntrophy with H2-consuming 
methanogens have been isolated from a variety of 
natural environments and shown to be capable of 
degradation of lactate, 3-trimethoxybenzoate, tetra- 
chloromethane, 1,2-dichloroethane, furfural, glycerol 
and propanediol (Gibson 1990). The involvement of 
sulphate reducers in propionate and ethanol fermen- 
tation to acetate and H2 in anaerobic digesters treat- 
ing low sulphate wastewaters has also recently been 
confirmed by Wu et al. (1991) and Heppner et al. 
(1992). 

The potential competitive interactions between 
sulphate-reducing bacteria and bacteria involved in the 
penultimate stages of organic mineralisation, both in 
the absence and presence of sulphate, are complex and 
conclusions as to the likely outcome of competition 
await detailed information on the substrate affinity, 
thermodynamics and growth kinetics of the various 
trophic groups involved. 

Competition between sulphate reducers and 
homoacetogenic bacteria 

Few studies have addressed the possibility of compe- 
tition between sulphate reducers and homoacetogenic 
bacteria in anaerobic environments. To some extent, 
this reflects the lack of knowledge of the role played 
by homoacetogenic bacteria, particularly in anaer- 
obic digesters. From thermodynamic and substrate 
affinity considerations, Hz-oxidising sulphate reducers 
should effectively outcompete homoacetogens under 
the conditions prevailing in digesters (Zinder 1993). 
Since homoacetogens are also capable of heterotroph- 
ic growth on a wide range of organic compounds, it 
has been suggested that their mixotrophic ability, cou- 
pled with their versatility, may be the primary factor 
in determining their prevalence in anaerobic digesters 
(Zehnder & Stumm 1988). The degree to which compe- 
tition occurs between sulphate reducers and homoace- 
togens for organic substrates, either in the presence or 
absence of sulphate, has not so far been researched. 
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Competition between sulphate reducers and 
methanogens 

Studies on potential competition between sulphate 
reducers and methanogens have been confined chiefly 
to the substrates H2 and acetate (Widdel 1988; Zin- 
der 1993). Early studies of marine sediments suggest- 
ed that methanol and methylamines were converted 
to methane even when high levels of sulphate were 
present (Oremland & Polcin 1982), suggesting that sul- 
phate reducers could either not utilise these compounds 
for growth or that they were outcompeted by methy- 
lotrophic methanogens. More recent reports have pro- 
vided evidence both for the existence of methanol- 
utilising sulphate reducers (Florencio 1994) and for the 
sulphate-dependent oxidation of methanol in marine 
sediments (King et al. 1983). However, oxidation 
of methanol in sulphate-rich sediments or anaero- 
bic digesters may not necessarily reflect successful 
competition of methylotrophic sulphate reducers over 
methylotrophic methanogens since the oxidation of 
methanol can also be mediated by syntrophic asso- 
ciations of methylotrophic acetogens and H2 and/or 
acetate-utilising SRB species (Zeikus et al. 1980; Hei- 
jthuisjsen & Hansen 1986; Florencio 1994; Florencio 
et al. 1994). 

In natural environments and in digesters, hydrogen 
and acetate are the key intermediates through which 
organic matter is channeled during both methanogenic 
and sulphidogenic mineralisation (Widdel 1988). Con- 
sequently, any consideration of competition between 
SRB and MPB species must focus primarily on the 
consumption kinetics of hydrogen and acetate. Ther- 
modynamic considerations are often used to predict 
the outcome of competition between SRB and MPB 
species for both of these substrates (Widdel 1988; Zin- 
der 1993; McCartney & Oleszkiewicz 1993). As indi- 
cated in Table 2, AG O and AG Ò values predict that 
sulphate reducers should outcompete methanogens for 
both H2 and acetate. In practice, however, the actu- 
al free energy changes are dependent on the activities 
of the reactants and products of each reaction and, 
consequently, the data presented in Table 2 may not 
accurately predict the competition outcome in natural 
environments or digesters with varying substrate and 
product levels (McCartney & Oleszkiewicz 1993). 

Michaelis-Menten kinetics are regarded as being 
more useful in evaluating competition between SRB 
and MPB species (Widdel 1988). As indicated in Table 
2, SRB species have a higher affinity for hydrogen than 
methanogens. This higher affinity, coupled with yield 
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Table 2. Free energy, apparent Km and minimum substrate threshold values for hydrogenophilic and acetoclastic 
methanogens and sulphate reducers. 

AG ° AG °' Apparent Minimum threshold 

(k J/mole (kJ/rxn) Km (nM) 

H2 or C2) (#M) 

4H2 + CO2 ---+ CH4 - 2H20 - 32.7 - 135 

4H2 + HSO 4 ---+ H S -  + 4H20 - 38.0 - 152 

CH3COO- + H20 --+ CH4 + HCO3- - 28.2 31 

CH3COO- + SO 2-  ---+ H S -  + 2HCO~- - 39.5 47 

5-13 23-75 

2 7 

*3-5 x 103 0.5-1.2 × 106 

*'0.5-1 × 103 5-70 × 103 

0.2 x 103 i 1 × 103 

* Methanosarcina sp,; ** Methanothrix sp. (Widdel 1988; Cord-Ruwisch et al. 1988; McCartney 1991; Zinder 
1993). 

coefficient data, suggest that SRB should effective- 
ly outcompete MPB under growth conditions and at 
limiting substrate levels (Widdel 1988; McCartney & 
Oleszkiewicz 1993). Tursman & Cork (1989) proposed 
that SRB have a higher affinity for hydrogen than MPB 
due to the location of the hydrogenase enzyme in the 
periplasmic space in the former rather than in the cyto- 
plasm as in MPB. 

Kinetic data also suggest that SRB should suc- 
cessfully outcompete Methanosarcina sp. at the low 
acetate concentrations prevailing in natural environ- 
ments and digesters (Table 2). The kinetic advantage 
of SRB species over Methanothrix sp. is not so clearcut 
because of the significantly greater affinity of Methan- 
othrix sp. than Methanosarcina sp. for acetate (Isa et al. 
1986a; Zinder 1993). Apparent Km values for acetate 
utilisation by Methanosarcina sp. are 3-5 mM where- 
as those for Methanothrix sp. are typically less than 
1 mM (Table 2). 

Given the very low levels of H2 and acetate that 
may prevail in natural environments and in steady- 
state digesters, a comparison of minimum substrate 
threshold values may be a more useful guide for pre- 
diction of the outcome of competition between SRB 
and MPB species (Zinder 1993). Cord-Ruwisch et al. 
(1988) determined the threshold concentrations for H2 
for a variety of anaerobes and concluded that there was 
an inverse correlation between the free energy avail- 
able for the reaction and the threshold value. Threshold 
values for H2 for sulphate reducers were found to be 
lower than for methanogens (Table 2), indicating that 
SRB species can lower the H2 partial pressure below 
the level capable of being utilised by hydrogenophilic 
methanogens. The limited threshold values reported for 
acetate (Table 2) confirm the competitive advantage of 

Methanothrix over Methanosarcina sp. Typical mini- 
mum threshold values for Methanothrix are 0.5-1 mM 
whereas those for Methanothrix are in the micromolar 
range (Zinder 1993). Although only limited data are 
available for SRB species, studies with Desulfobacter 
postgatei suggest a minimum threshold for acetate of 
+ 1 #M (Ingvorsen et al. 1984). The indicated ability 
of SRB to outcompete MPB for acetate at very low 
concentrations was confirmed in freshwater sediments 
by Lovley & Phillips (1987) who showed that the pre- 
vailing acetate concentration under methanogenic con- 
ditions was approximately 5 #M (i.e. close to the min- 
imum threshold for Methanothrix soehngenii) whereas 
it was reduced to 2 #M by the addition of sulphate. 

In anaerobic digesters, numerous studies have con- 
firmed that SRB successfully outcompete methanogens 
for H2 during digestion of sulphate-containing wastew- 
aters (Mulder 1984; Rinzema 1988; Rinzema & Let- 
tinga 1986; McCartney 1991; Zinder 1993). Litera- 
ture data on the outcome of competition for acetate in 
digesters are contradictory, with some authors show- 
ing preferential acetate utilisation by SRB and the 
majority indicating successful competition by aceto- 
clastic MPB species in the presence of influent sul- 
phate. The discrepancy between the results obtained 
can, to some extent, be related to the type of anaerobic 
reactor design used in the investigations. Experiments 
with CSTR reactors (no sludge retention) showed that 
acetate was consumed by SRB species in the pres- 
ence of high influent sulphate levels (Middleton & 
Lawrence 1977), whereas in reactors with biomass 
retention (UASB, Anaerobic Filter), the opposite situ- 
ation prevailed, with acetate being preferentially con- 
verted to methane (Mulder 1984; Hoeks et al. 1984; Isa 



et al. 1986a, b; Yoda et al. 1987; Rinzema & Lettinga 
1988). 

Various theories have been put forward to explain 
the apparent competitive advantage of acetoclastic 
MPB over sulphate-reducers in retained biomass reac- 
tors. Isa et al. (1986a, b) concluded that the suc- 
cessful competition of acetoclastic methanogens can 
be attributed to their superior capability to colonise 
support materials and to the relatively high concen- 
trations of acetate prevailing in the reactors under 
test. Yoda et al. (1987) concluded that acetotroph- 
ic methanogens predominated because of their higher 
growth rate than SRB at acetate concentrations greater 
than 8 mg CODA- 1. Other theories put forward include 
the nature of the seed sludge used and the duration of 
the experimental trial (i.e. not enough time allowed 
for sulphate reducers to become dominant with a non- 
sulphate adapted seed sludge); differential inhibition 
by produced sulphide; nutrient limitation (e.g. the 
high iron demand of sulphate reducers) and the fact 
that retained biomass reactors are often under-loaded 
with respect to the retained biomass (i.e. non-optimal 
growth conditions). 

Anaerobic digestion of sulphate-rich industrial 
wastewaters 

Anaerobic digestion has been successfully applied to a 
variety of sulphate-rich wastewaters both at laborato- 
ry and full-scale (Szendry 1983; Hoeks et al. 1984; 
Mulder 1984; Rinzema et al. 1986; Svardal et al. 
1993; Visser et al. 1992, 1993a, b; Alphenaar et al. 
1993). In general, the data obtained suggest that, for 
most COD:SOl- ratios examined, acetate was largely 
consumed by methanogens whereas sulphate reducers 
appeared to successfully outcompete MPB for hydro- 
gen. This has given rise to the general assumption 
that, during anaerobic digestion of sulphate-containing 
wastewaters, 70% of available COD is converted to 
methane via acetate, with 30% going to H2S via hydro- 
gen (Rinzema & Lettinga 1988; Maillacheruvu et al. 
1993). Should the level of sulphide become high, it is 
further suggested that this would stress methanogen- 
esis and lead to lowered methane production (Mail- 
lacheruvu et al. 1993). However, this model is rather 
simplistic and clearly does not take into account com- 
petitive interactions between sulphate reducers and 
the anaerobic species catalysing stages higher up the 
methanogenic pathway. Neither does it allow for dif- 
ferential levels of inhibition by sulphide on the various 
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trophic groups involved in both methanogenesis and 
sulphidogenesis. 

The extent to which sulphate reduction may dom- 
inate at low COD/SOl- ratios is illustrated by the 
studies of Visser et al. (1993b) and Alphenaar et al. 
(1993). For example, Visser and coworkers treated a 
laboratory-scale UASB reactor with 5 rag.l-~ chloro- 
form for 5 days to terminate methanogenesis and then 
fed it an influent containing 2,500 mg.l-I COD and 
5,000 mg.1-1 SO42 - for a 180 day trial period (Visser et 
al. 1993b). No methane production was detected from 
this 'sulphidogenic' reactor throughout the experiment 
and, towards the end of the trial, a COD conversion 
rate of 0.9-1.0 g COD.g-IVSS.d -1 was achieved. In 
a parallel 'sulphidogenic/methanogenic' (i.e. mixed) 
reactor which had not been treated with chloroform, 
the percentage of organic COD used by SRB on the 
same influent was about 50% at the start of the exper- 
iment and gradually increased to 80% over the first 
150 days of feeding (Visser et al. 1993b). This was 
correlated with an increase in the proportion of acetate 
being used for sulphate reduction. The length of time 
required for the shift from acetotrophic methanogen- 
esis to acetotrophic sulphidogenesis was attributed by 
Visser et al. (1993b) to the very long biomass retention 
times typical of UASB reactors. 

This study, and related studies by Alphenaar and 
coworkers (Alphenaar et al. 1993; Alphenaar 1994), 
open up the feasibility of treating industrial wastewa- 
ters which contain a very low COD:SO42- ratio in sul- 
phidogenic reactors in which methanogenesis is com- 
pletely suppressed. 

Studies in the authors' laboratory have been con- 
cerned with the anaerobic treatment of the high sul- 
phate wastewater generated by the fermentative pro- 
duction of citric acid from sugar beet molasses (Coller- 
an et al. 1994). One of the largest citric acid produc- 
tion plants in the world is located in Ringaskiddy, Co. 
Cork, Ireland. In 1990, the company (ADM) decid- 
ed to adopt an anaerobic/aerobic treatment route and 
commissioned the construction of a 8000 m 3 anaero- 
bic digester. The reactor design chosen was the upflow, 
fully-packed, fixed-bed type and the support material 
used was polypropylene cascade rings. 

Table 3 summarises the design characteristics of 
the plant and compares these with the operational per- 
formance one year after the plant was started up. It is 
apparent that, with an influent COD:SO42- ratio of 3.6, 
an average COD loading rate of 8.6 kgCOD.m-3.d - I 
and a HRT of 1.4 days, the full-scale reactor achieved 
stable methanogenesis and a BOD5 removal efficiency 
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Table 3. Design and operational characteristics of the 
full-scale anaerobic digester treating citric acid production 
wastewater at ADM Ringaskiddy, Co. Cork, Ireland.* 

Process parameter Design Operation 

COD reduction (%) 50 52 
BOD reduction (%) 70 80.8 
Influent sulphate (g/l) 2.5-4.3 3.43 
Effluent sulphate (rag/l) - 250 
Influent COD/sulphate ratio 3.1 3.6 
Total effluent sulphide (rag/l) 400 580 
Biogas production (rn3/d) 18,450 26,272 
CH 4 content of biogas (%) 55.0 65.5 
HzS content of biogas (%) 5.0 4.8 

* Colleran et al. (1994). 

of 81%. In practice, the digester exceeded the design 
load of 62 tonnes COD.d- 1 and performed with a high 
degree of operational stability. Analysis of the influent 
and effluent sulphate and the produced CH4 and H2S 
during steady state operation indicated that the parti- 
tioning of the electron flow between the SRB and MPB 
averaged 18% and 82%, respectively. 

Parallel studies (Fig. 5) with a laboratory-scale 
hybrid reactor in which the influent COD and sul- 
phate concentrations and the COD:SO42- ratio were 
varied over a 380 day trial period were also carried out 
(Finnegan 1994). It is apparent from Fig. 5 that, as the 
influent sulphate concentration was increased and the 
COD:SO ] -  ratio decreased from day 60 onwards, the 
percentage electron flow via methanogenesis gradually 
decreased. Between day 100 and day 325, as the influ- 
ent sulphate was increased from 2.5 to 4.0 g.1-1 and 
the COD:SO ] -  ratio was decreased from 1.9 to 1.2, the 
percentage electron flow via sulphidogenesis increased 
from 38 to 52% (Fig. 5). At the lowest COD:SOl- 
ratio tested (day 215-320), the reactor operated with 
great stability, achieving CODt and CODs removal 
efficiences of 71 and 81%, respectively. Increasing the 
influent COD concentration to 12 g.1-1, while main- 
taining the SO ] .  concentration constant at 4 g.1-1 over 
the following 15 days, increased the COD:SOl- ratio 
to 3 and was accompanied by a very rapid decrease in 
the percentage electron flow via sulphidogenesis to its 
final value of 18% (Fig. 5). These results clearly indi- 
cate that the partitioning of electron flow via sulphi- 
dogenesis and methanogenesis is governed mainly by 
the influent COD:SOl- ratio, rather than by the actu- 
al influent SO42- concentration. The data also suggest 

that an increase in the COD:SOl- ratio can induce a 
rapid change in the pattern of electron flow in a retained 
biomass hybrid reactor. This is in contrast to the find- 
ings of Visser et al. (1993a). 

After almost a year of operation on a high influ- 
ent SO]- concentration, the most significant changes 
in the specific methanogenic activity profiles of the 
retained biomass, in both the laboratory- and full-scale 
reactors, from that of the seed sludge was a decrease to 
almost negligible levels of the specific methanogenic 
activity against propionate and butyrate (Colleran et al. 
1994). Although little is known about the metabolism 
of butyrate in anaerobic reactors treating high sulphate 
wastewaters, considerable information has been accu- 
mulated with respect to propionate conversion (Mul- 
der 1984; Hilton & Archer 1988; Rinzema & Lettinga 
1988; Parkin et al. 1990; McCartney 1991; McCartney 
& Oleszkiewicz 1991; Maillacheruvu et al. 1993). 

The absence of significant levels of propionate in 
effluent samples, coupled with the very low specif- 
ic methanogenic activity of the biomass against pro- 
pionate, suggest that growth of propionate-degrading 
OHPA bacteria was inhibited under the high influent 
SO]- conditions applied. This might suggest that pro- 
pionate was being exclusively catabolised by SRB or 
that the influent sugars were being metabolised by a 
route which did not generate propionate as an inter- 
mediate. Support for the latter hypothesis is provided 
by the findings of McCartney & Oleszkiewicz (1991) 
that an inoculum which had acclimated to high lac- 
tate and high sulphate conditions (COD:SOl- ratio 
of 1.6) utilised a completely different pathway from 
an inoculum acclimated to a lactate/SOl- feed with 
a COD:SOl- ratio of 3.7. In the former, lactate was 
metabolised incompletely by an SRB species to acetate 
and propionate was not an intermediate of the over- 
all process. In the latter, lactate was fermented to 
acetate and propionate, with propionate being exclu- 
sively utilised by incompletely-oxidising SRB. 

The involvement of incomplete propionate oxidis- 
ers, such as Desulfobulbus propionicus, in propionate 
degradation during digestion of sulphate-containing 
wastewaters has been shown by many authors (Rinze- 
ma & Lettinga 1988; Parkin et al. 1990; Wu et al. 
1991; Heppner et al. 1992; Maillacheruvu et al. 1993). 
Desulfobulbus propionicus-like cells were shown to 
be numerous in both suspended biomass and biofilm 
samples from the hybrid reactor receiving high influ- 
ent sulphate levels whereas they were absent from a 
parallel reactor receiving the same feed but without 
sulphate supplementation (Finnegan 1994). The very 
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Fig. 5. Influent COD and sulphate concentration, influent COD: sulphate ratio and percentage utilisation ofinfluent COD by sulphate-reducing 
bacteria (SRB) and methane-producing bacteria (MPB) during a 380 day trial of a laboratory-scale hybrid reactor treating simulated citric acid 
production wastewater. 

low specific methanogenic activity against propionate 
observed for biomass samples from the sulphate fed 
reactor at the end of the trial argues, to some extent, 
against the involvement of Desulfovibrio propionicus 
since Wu et al. (1991) and Heppner et al. (1992) have 
shown that, in the absence of sulphate, DesuIfovib- 
rio propionicus can play a fermentative role in syn- 
trophy with H2-utilising methanogens. Ongoing stud- 
ies are designed to ascertain, more clearly, the path- 
ways of sugar, propionate and butyrate catabolism and 
the possible differential inhibitory effects of produced 

sulphide on different trophic groups treating citric 
acid production wastewater at low influent COD:SOl-  
ratios. 

Conclusions 

Anaerobic treatment of industrial wastewaters contain- 
ing significant levels of sulphate presents an interesting 
challenge due to competition between sulphidogenesis 
and methanogenesis and the toxicity of hydrogen sul- 
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phide to the different trophic groups involved in both 
processes. Competition for electron flow can take place 
at a number of different levels in the sequential anaero- 
bic degradation process. Because of their diverse sub- 
strate range, SRB species can, theoretically, compete 
for substrates against fermentative, syntrophic OHPA, 
homoacetogenic and methanogenic bacteria. Although 
thermodynamic and kinetic considerations generally 
favour SRB, in practice factors, such as the prevailing 
substrate concentration, differential sulphide toxicity, 
pH, temperature, biomass retention times in retained 
biomass reactors, substrate and product gradients in 
biofilms and granules, etc. may significantly affect the 
competition outcome. 

It is clear from detailed studies carried out to date 
that high sulphate wastewaters can be anaerobically 
treated, even at full-scale, with a high degree of opera- 
tional stability. The influent COD:SO4 z- ratio appears 
to be the most significant factor in determining the par- 
titioning of the electron flow between sulphidogenesis 
and methanogenesis. With increasing knowledge of 
sulphide toxicity and the factors controlling competi- 
tion between SRB and other anaerobic trophic groups, 
it may well be possible in the future to digest wastew- 
aters with very low COD:SO42- ratios under entirely 
sulphidogenic conditions and to manipulate the opera- 
tional conditions with intermediate COD:SO42- ratios 
to enhance methanogenesis. 
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