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1 De aanwezigheid van al of geen sulfaat heeft met betrekking tot de toepashaarheid van
anaérebe zuivering geen tot weinig invioed.
Dit proefschrift

2 Sulfidogene systemen zijn ongevoeliger voor veranderingen in milieu condities (pH
temperatuur) dan methanogene systemen.
Dit proefschrift

3 Er wordt ten onrechte van uvitgegaan dat de toxiciteit van sulfide uitsluitend bepaald
wordt door ongedissocieerd waterstofsulfide
Dit proefschrift

4 In de interpretatie van de resultaten van het onderzoek naar het effect van sulfide op
methanogene- en sulfaatreducerende bacterién stellen McCartney en Oleskiewicz ten
onrechte dat deze sulfide-toxiciteit bepalend is voor de competitie tussen deze

bacterién.
McCartney and Oleskiewicz (1991). Wat. Res. 25: 203-209.
Oleskiewicz et al. (1989). Environ. Technol. Lett. 10: 815-822
5 Het instellen van de functie van assistent in opleiding is een in feite niets anders dan

een verkapte bezuinigings poging van het ministerie waarmee promotie onderzoek
onmogelijk wordt gemaakt.

6 Het mondiale milieu zou er veel meer bij gebaat zijn indien een belangrijk deel van
de inspanningen verricht in west-europa ter perfectionering van de kwaliteit van het
milieu aldaar, aangewend zou worden om een begin te maken met de sanering van
de milieu problemen in voormalige oostblok- en derde wereld landen.
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Indien milieu problemen uitsluitend economisch benaderd worden blijven zij
onopgelost, en daarmee ook onoplosbaar.

Het hanteren van positieve discriminatie bij het opvullen van vacatures benadrukt
alleen maar de ongelijkheid van de betrokken groepering en leidt niet tot de
nagestreefde integratie.

In een europa zonder grenzen zou het voor een land als Frankrijk onmogelijk moeten
zijn om redenen van zogenaamd nationaal belang kernproeven uit te voeren.

"Morgen stop ik met roken".

Er bestaan slechts zogenaamde “verschillen” tussen Nederlanders en Belgen.

De beste houtlijm voor een lat-refatie is onderling vertrouwen
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ABSTRACT

Visser A (1995), The anaerobic treatment of sulfate containing wastewater, Doctoral thesis,
Wageningen Agricultural University, Wageningen, The Netheriands.

In the anaerobic treatment of sulfate containing wastewater sulfate reducing bacteria (SRB) will compete with
methanogenic- (MB) and acetogenic bacteria (AB) for the available substrates such as hydrogen, acefate,
propionate and butyrate. The outcome of this competition will determine the endproduct of the anaerobic
mineralisation proces: methane or sulfide.

The occurrence of the sulfate reduction proces is often considered unwanted due to the problems associated with
the sulfide formed in the proces. These problems are: malodour, corrosion, toxicity, reduced removal of COD,
reduced methane formation and higher levels of H,S in the biogas. More recently the sulfate reduction proces
is used in biological processes that aim at the removal of oxidised sulfur compounds from different waste
Streams.

In the competition between the SRB and AB this study shows that butyrate degrading AB can effectively
compete with the SRB. The growth rates of both bacteria was found in the same range. On the contrary,
propionate degrading AB are outcompeted by the SRB due to the better growth kinetic properties of the [atter.

Concerning the competition between the SRB and MB for hydrogen the present study clearly shows that in
anaerobic reactors hydrogenotrophic MB are outcompeted by the SRB. This apply both for mesophilic (30 *C)
as for thermophilic (55 °C) conditions. However, the hydrogenotrophic MB are not expelled frem the biomass
but remain present in relative high number.

The competition between the acetotrophic MB (AMB) and acetotrophic SRB (ASRB) depends on several
conditions. In this research the following items were investigated:

* The kinetic growth properties of AMB and ASRB under different conditions with respect to the pH and
sulfide concentration.

* The ability of the ASRB and AMB to attach to granular sludge or a biofilm.

* The competition between the bacteria at higher temperatures (55 *C)

The results of these studies are:

* At neutral or acidic pH values the AMB can compete with the ASRB. The growth rates and acetate

affinities for both bacteria are than in the same range. Moreover, at these pH values the AMB and
ASRB are more or less equally inhibited by the toxic sulfide. At more alkalic pH values (pH > 7.5)
the ASRB likely will ouicompete the AMB. At these pH values the growth rates of the ASRE are
significant higher then for the AMB and the ASRB are much less inhibited by the produced sulfide,

* Granulation experiments shows that the ASRB can maintain in granutar sludge, resulting in the
formation of sulfidogenic granular sludge. They are also effectively able to form a biofilm on pumice
as a carrier. No significant difference between the attachment capacity of AMB or ASRB could be
detected. .

* Under thermophilic (55 °C) conditions the ASRB can compete with the AMB. At higher pH values
than 7.5 the ASRB even become predominant. At more neutral pH values there exist an equilibrium
between the ASRB and AMB.
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CHAPTER 1

Anaerobic treatment of wastewaters with high levels of sulfate-a literature review

1.1 Introduction

Prior to the 1970’s anaerobic digestion processes were almost exclusively used for the
digestion of sewage sludge and manure. Anaerobic wastewater treatment was not considered
as an alternative to aerobic treatment systems. The anaerobic process was considered to be
too sensitive and unstable for wastewater treatment and due to the low growth rate of
anacrobic bacteria it was presumed that high loading rates would not be applicable. This
situation changed with the development of new reactor types, based on sludge immobilisation
and sludge retention, such as the anaerobic contact process, the anacrobic filter, the fluidised
bed reactor and the upflow anaerobic sludge bed (UASB) reactor. In these systems, the solids
retention time is uncoupled from the liquid retention time. As a result high biomass
concentrations are maintained in the reactor and high space loading rates can be applied.
Reviews of these systems are given by Henze and Harremoes (1983), Speece (1983), Van
den Berg (1983) and Switzenbaum (1983).

The anaerobic wastewater treatment system with the widest application is the UASB

reactor, a system developed in the Netherlands (Lettinga et al. 1980, 1983). In the UASB
reactor the sludge is retained as a result of the formation of a well settleable highly active
granular sludge. At present more than 400 full scale UASB reactors are used for the
treatment of a variety of different types of wastewaters.
Several wastcwater streams for which anaerobic treatment is considered to be economically
attractive, have high concentrations of sulfate, sulfite or other oxidised sulfur compounds.
Examples are wastewaters produced by the pulp- and paper-industry, wastewaters originating
from the fermentation industry and wastewaters from the edible oil production. During the
anaerobic treatment of these wastewaters, additionally to methanogenesis, sulfate reduction
will occur as a second end step of the anaerobic mineralisation process. The occurrence of
the sulfate reduction process has several advantages and disadvantages. The main
disadvantages are :

* A part of the organic compounds in the wastewater will be used for the reduction of
sulfate and is not available for the production of methane, This results in a lower methane
yield per unit of organic waste and therefore negatively affects the overall energy balance of
the process. Moreover, the quality of the biogas is reduced since a part of the produced
sulfide ends up as H,S in the biogas. Removal of H,S from the biogas is therefore usually
required.

* A part of the sulfide will be present in the effluent of the anaerobic reactor. This
results in a lower overall treatment efficiency of the system. A post treatment system to



remove the sulfide from the wastewater is essential.

*  Sulfide is an inhibiting compound for anaerobic bacteria, including methanogenic-
(MB), acetogenic- {AB}, and sulfate reducing bacteria (SRB). Accumulation of sulfide can
result in a severe inhibition of the purification process, and might even cause a total process
failure. Extra measures often are necessary to prevent a toxic accumulation of sulfide.

*  The produced sulfide can cause malodour and corrosion problems to engines, boilers,
pipes etc. Extra investments will be necessary to avoid these problems or the maintenance
costs of the installation will increase.

Advantages of sulfate reduction are :

*  The application of sulfate reduction in combination with sulfide removal techniques
such as the biological sulfide oxidation to elemental sulfur, can be used for the removal of
oxidised sulfur compounds from wastewaters,

*  Heavy metals present in the wastewaters will precipitate as metalsulfides and can then
be removed. The precipitation of metalsulfides will also reduce potential toxicity problems
caused by heavy metals to the anaerobic digestion process.

* The reduction of the very toxic sulfite to the less toxic sulfide increase the potentials of
anaerobic treatment of sulfite containing waste streams.

Occurrence of the sulfate reduction during the anaerobic treatment process often still is
considered undesirable due to the problems associated with the process. In the past, attempts
have been made to suppress sulfate reduction using the inhibitor molyhdate. Molybdate has
been used successfully for the inhibition of SRB in batch systems inoculated with sea- and
freshwater sediments (Banat 1981, Smith and Klug 1981, Winfrey and Ward 19383).
However, studies with continuously fed reactors showed that dosing of molybdate at
inhibitory concentrations for SRB, also repressed MB (Hilton and Archer 1988, Lo and Liao
1990, Yadav and Archer 1989 ; Puhakka et al 1990). Furthermore, adaptation of SRB to
molybdate occurred. Therefore, with time the concentration of molybdate had to be increased
to maintain an effective suppression of the sulfate reduction process (Gao 1989, Yadav and
Archer 1989). Consequently, application of molybdate seems little promising. Sofar, no
selective inhibitor of SRB is known that can be used in full scale anaerobic reactors. This
implies that sulfate reduction can not be prevented in practice.

There is a growing interest in the application of the sulfate reduction process. Some
practical examples of the application of the process are the simultaneous removal of heavy
metals and sulfate from groundwater (Barnes et al. 1991, Scheeren et al. 1991), sulfate
removal from waste sulfuric acid (Hiirzeler and Stucki 1990, Stucki et al, 1993), mining
wastewaters (Maree et al, 1987, Maree et al. 1992) and other industrial sulfate-rich
wastewater streams {Buisman et al. 1993, Sdmer 1989, Maree and Strydom 1985), the
application of sulfate reduction in the bioleaching of contaminated soils (van Houten 1994)
and desulfurization of waste gasses (C.N.J. Buisman, personal communication). In the
Netherlands the standard for the discharge of sulfate on the sewer and the surface waster is




300 mg.1". Therefore, removal of sulfate from the wastewater can be necessary. In addition
to chemical and physical-chemical sulfate removal processes, such as precipitation with
calciumhydroxide into gypsum, reversed osmosis and electrodialysis, biological treatment
using the biological sulfur cycle is an alternative. The biological sulfur cycle is schematically
shown in Fig 1.1.

mineralisation

dissimilatory sullate reduction
—{—

metalsulfides

-
sulfide oxidation

sulfide oxidatlon

sulfide oxidation

Fig 1.1. The biclogical sulfur cycle.

The c¢ycle consists of several steps.

* The assimilatory sulfate reduction. In this proces sulfate is used as sulfur-source for the
biosynthesis of organic-sulfur compounds in plants, fungi and micro-organisms,

* Mineralisation. The dissimilation of dead organic matler from ptants or micro-
organisms, resulting in the formation of sulfide. The produced sulfide can be oxidised or will
precipitate, e.g. with heavy metals.

* sulfide oxidation. Under conditions of sufficient oxygen or nitrate the oxidation of sulfide
can proceed spontaneously. Biological oxidation of sulfate proceeds under aerobic, anoxic
and anaerobic conditions. In the presence of oxygen or nitrate the colourless sulfur bacteria
oxidise sulfide until sulfur or sulfate, The electrons of sulfide are used to convert oxygen or
nitrate into H,O and N,. The electrons can also be used for the reduction of CQO,. Anaerobic
sulfide oxidation is performed by the fototrophic sulfur bacteria. These bacteria use the



sulfide electrons for the reduction and assimilation of CQ,. The energy is gained from the
sunlight.

* (Dissimilatory) sulfur reduction. The biological reduction of elemental sulfur to sulfide.
This reaction is done by the sulfur reducing bacteria. Often acetate is used as the
electrondonor.

* (Dissimilatory) sulfate reduction. The biological reduction of sulfate by the sulfate
reducing bacteria. These bacteria use H, and organic compounds as the electrondonor.

The biological treatment of waste streams with high levels of sulfate using the (biclogical)
process of the sulfur-cycle consists of two steps. In the first part of this biological process,
sulfate is {dissimilatory) reduced to sulfide. Important aspects in this first stage are the ability
of the SRB to compete with the MB for the available organic substrate, and the sensitivity
of the bacteria for toxic levels of sulfide. In the second part of the biological treatment
process the sulfide from the first stage is biologically oxidized to elemental sulfur as end
product, using the aerobic colourless sulfur bacteria. This process was developed at the
Agricultural University of Wageningen (Buisman 1989).

The research described in this thesis deals with sulfate reduction and methanogenesis in
anaerobic reactors, treating sulfate containing model substrates under mesophilic and
thermophilic conditions.

1.2 The anaerobic digestion process at low and high sulfate concentrations

If the concentration of electron acceptors like sulfate or nitrate is negligible, anaerobic
digestion of organic matter consists of several steps, by which complex organic matter is
degraded into carbon dioxide and methane as the simple end products (Gujer and Zehnder
1983). The process is illustrated in Fig. 1.2, in which the following 5 steps can be
distinguished :

L. Hydrolysis . liquefaction of complex insoluble organic matter. In this slep
carbohydrates, proteins and lipids are hydrolysed to the monomeric sugars, amino
acids, polyols and long chain fatty acids, respectively ;

2, Acidogenesis : fermentation of the soluble compounds (sugars, amino acids and poly-
ols) to volatile fatty acids, hydrogen, carbon dioxide and small amounts of ethanol
and lactic acid ;

3. B-oxidation . oxidation of long chain faity acids yielding acetate for even numbered
fatty acids and acetate plus propionate for odd numbered fatty acids ;

4, Acetogenesis : oxidation of volatile fatty acids formed in the acidogenesis yielding
acetate, hydrogen and depending on the chain length of the fatty acids also carbon
dioxide.

5. Merhanogenesis ; formation of methane by decarboxylation of acetate by acetotrophic
MB (AMB) and by hydrogenization of carbon dioxide by hydrogenotrophic MB
(HMB).
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Fig 1.2. Scheme of the anacrobic degradation of organic compeunds in the presence of suifate

The anacrobic degradation of organic matter under methanogenic conditions has been
extensively reviewed by others (Mc Carty 1982, Gujer and Zehnder 1983, Koster 1988), and
will not be discussed in detail here.

The most important intermediates in the anaerobic digestion process are acetate, propionate
and butyrate. About 70 % of the COD of anaercbically digested sewage sludge is transferred
via acetate to methane (Gujer and Zehnder 1983). The contribution of propionate and
butyrate to the produced methane depends on the nature of the organic compounds and is
about 20 to 45 % (Mackie and Bryant 1981, Mah et al. 1990).

Fatty acids with more than two carbon atoms are degraded by the AB. Most of the
reactions carried out by the AB are highly endergonic. However, if the partial- pressure of



H, is kept low, these reactions become exergonic, In methanogenic ecosystems the hydrogen
concentration is maintained low by syntrophic consortia of AB and HMB (Dolfing 1988,
Schink 1992). It has been shown that at 55 °C acetate can be degraded via an acetogenic
oxidation to hydrogen and carbondioxide. This reaction is coupled with hydrogen
consumption by the HMB (Zinder and Koch 1984). At 75 °C this pathway seems to be the
major route for the degradation of acetate (J. van Lier, personal communication). The extent
to which this route also occurs at 30 °C is unknown. Blomgren et al. (1990) reported that
under the stress of high ammonia concentrations acetate conversion via a syntrophic
association of AB and HMB is important. At low ammonia concentration the direct
conversion of acetate by AMB was the most important route.

MB have a very limited substrate spectrum, consisting of hydrogen, acetate, formate,
methanol and methylamines (Vogels 1988). Sofar, only Methanosarcina sp. and Methanothrix
sp. are known to be able to degrade acetate (Jetten et al. 1992, Vogels 1992). Methanothrix
species are of great importance in modern high rate anaerobic reactors. Observations in
sludge granules and biofilms have indicated that Merhanothrix is the predominant AMB in
anaerobic reactors (Koorneef et al. 1990, Mac Leod et al. 1990, Grotenhuis 1992, Hulshoff
Pol 1989). This has been explained by the higher growth rates of Methanothrix sp. at the low
acetate concentrations, that are normatly found in proper operated anaerobic reactors (Gujer
and Zehnder 1983, Jetten et al. 1992).

When sulfate, sulfite or thiosulfate is present in wastewaters, SRB are able to use several
intermediates of the anaerobic mineralisation process (Fig 1.2). Under sulfidogenic conditions
the following reactions can occur :

* QOxidation of fatty acids with more than two carbon atoms by SRB. Two oxidation patterns
can be distinguished here. Firstly an incomplete oxidation with acetate and sulfide as
endproducts, and secondly a complete oxidation with CO, and sulfide as endproducts.

* Oxidation of acetate by acetotrophic SRB (ASRB) and molecular hydrogen by
hydrogenotrophic SRB (HSRB}.

SRB form a group of strict anaerobic bacteria, that share the ability to use sulfate as
electron-acceptor for the oxidation of molecular hydrogen and a variety of organic
compounds. The knowledge available about the SRB have recently extensively been reviewed
(Widdel 1988, Widdel 1992, Widdel and Bak 1992, Widdel and Hansen 1992), and will not
be discussed in detail. The SRB can be divided into two main groups :

- SRB oxidizing the substrate incompletely with acetate as the end-product. To this group
belong the genera Desuifovibrio, Desulfotomaculum, Desulfomonas, Thermodesulfobacterium
and Desulfobulbus.

- SRB oxidizing the substrate completely to carbon dioxide. To this group belong
Desulfobacter, Desuifococcus, Desulfosarcing, Desuifobacterium and desulfonema.

SRB can use many substrates as electron-donor, such as molecular hydrogen, formate,
acetate, propionate, butyrate and higher fatty acids, branched fatty acids, lactate, methanol,




ethanol and higher alcohols, fumarate, succinate, malate and aromatic compounds. In
addition to the reduction of sulfate, reduction of sulfite and thiosulfate is also very commaon
among SRB (Widdel and Hansen 1992). Desulfovibrio strains have been reported to be able
to reduce thri-thionate, tetra-thionate and di-thionate (Fitz and Cypionka 1990, Postgate
1951).

A unique ability of some SRB is the dismutation of sulfite or thiosulfate, a process that
may formally be termed an inorganic fermentation (Widdel and Hansen 1993). Desulfovibrio
dismutans and Desuifobacter curvatus carry out the following reactions :

4 S0 + H* - 380 + HS OGY = -235.6 K]
$,0% + H,O -SO” + HS + H* OG =-21.9KJ

In the absence of a sulfur containing electron-acceptor SRB are able to grow through a
fermentative or acetogenic reaction. E.g., pyruvate, lactate, and ethanol are easily fermented
by many SRB (Laanbroek et al. 1982 , Postgate 1984 , Stams et al. 1984, Stams et al. 1985,
Widdel and Pfennig 1982). An interesting feature of the SRB is the ability to perform
acetogenic oxidation in syntrophy with HMB. A syntrophic degradation of Jactate and ethanol
has been found for Desulfovibrio species which were co cultured with HMB (Bryant et al.
1977, Mc. Inerney and Bryant 1981, Traore et al. 1983, Yadav and Archer 1988, Tatton
et al. 1989). More recently Wu et al. (1991) found that Desulfobulbus-like bacteria can
degrade propicnate, an important intermedjate in the anaerobic digestion process, via an
acetogenic oxidation in syntrophy with HMB. In the presence of sulfate the bacteria reacted
as true SRB using propionate as electron-donor for the reduction of sulfate. Also Heppner
et al. (1992) and Zellner et al. (1992) reported the acetogenic oxidation of propionate by
Desulfobulbus sp. in experiments with a fluidized bed and a fixed bed reactor, respectively.
In addition, Wu et al. (1992) found that in granular sludge, adapted to a VFA-mixture and
brewery wastewater, in absence of sulfate, the SRB conduct the acetogenic oxidation of
ethanol and especially propionate. So far no acetogenic oxidation of butyrate by SRB has
been observed. However, according to Heppner et al. (1952) there are indications that this
process also proceeds.

In the presence of sulfate obligatory hydrogen producing AB and MB have to compete with
SRB for substrates such as hydrogen, acetate, propionate and other fatty acids. The outcome
of this competition will determine to what extent sulfide and methane, the end-products of
the anaerobic mineralization process, will be produced. The importance of this competition
increases with a decrease in the COD/sulfate ratio of the wastewater.

1.3 Competition between SRB and MB or SRB and AB

The outcome of the competition between bacteria can be predicted using the kinetic growth
and decay properties of the organisms involved. Growth of bacteria is generally described
using Monod kinetics of bacterial growth, namely the specific growth rate (u,,,) and the



substrate affinity (k). In CSTR systems, if two bactenia are in competition for the same
substrate, the organism with the higher ., will pre-dominate at high substrate
concentrations. At low substrate concentrations the . /k,-ratio gives an indication of the
outcome of the competition. Bacteria with a higher p,,/k-ratioc then have a kinetic
advantage.

1.3.1 Competition for hydrogen

Tables 1.1 and 1.2 reveal that the thermodynamic and kinetic data predict an advantage
of HSRB over HMB. HSRB gain more energy from the consumption of molecular hydrogen,
have higher growth rates, a higher cell yield, and a better substrate affinity than the HMB.
Consequently, provided sufficient sulfate is present, HSRB should be able to out-compete
HMB. Several studies performed at marine and fresh-water sediments and with anaerobic
reactors confirm this. In sediments, it is generally observed that in the presence of sufficient
sulfate, hydrogen is oxidised by HSRB (Abram and Nedwell 1978, Lovley et al. 1982,
Sorensen et al 1981, Winfrey and Ward 1983). Also, results of studies in anaerobic reactors
show that HSRB will out compete HMB for hydrogen (Mulder 1984, Rinzema et al.1986,
Rinzema and Lettinga 1988a).

An alternative explanation for the successful competition of HSRB with HMB has been
given by Lovley et al. (1982) and Lovley (1985). Because of their more effective
consumption of hydrogen, HSRB would maintain the hydrogen level below the threshold
value of the HMB. In that case hydrogen utilisation by the HMB becomes energetically
unfavourable.

1.3.2 Competition for acetate

From the thermodynamic and kinetic data presented in Tables 1.1 and 1.3 it can be seen
that ASRB have an advantage over AMB in their competition for acetate.
ASRB gain more energy from the consumption of acetate than AMB. Furthermore, ASRB
tend to have higher growth rates than AMB, especially at low acetate concentrations.
Therefore, if sufficient sulfate is available, a pre-dominance of ASRB over AMB can be
expected. Studies in sea- and freshwater sediments show, that in the presence of sufficient
sulfate, acetate indeed mainly is scavenged by ASRB (Winfrey and Zeikus 1977, Banat 1981,
Lovley and Klug 1982, Smith and Klug 1981). Also in CSTR reactors and in the contact
process a pre-dominance of ASRB has been reported (Middleton and Lawrence 1977, Olthof
et al. 1983). However, in modemn bhigh rate anaerobic reactors based on sludge
immobilisation and a high sludge retention the situation is less ciear, In several studies it was
found, that acetate is completely converted into methane, even in the presence of an excess
sulfate (Hoeks et al. 1984, Mulder 1984, Rinzema et al. 1986). However, other researchers
reported a pre- dominance of ASRB (Rinzema and Schultz 1987, Choi and Rim 1991, Stucki
et al 1992). The outcome of the competition between the two bacteria therefore seems
unpredictable (Rinzema 1988).




Table 1.1. Standard free enthalpy change for methanogenesis, and sulfate reduction. (Data from Thauer

et al. 1977)
Reaction OG° K¥/mole
4H, + CO, - CH, + 2H0 -32.7
CH,COOH + H,0 -+ CH, + HCO; -28.2
4 H, + HSO; - HS +4HO -38.0
CH,COOH+ 30+ - HS + 2 HCO; -39.5
Table 1.2. Kinetic Monod parameters for hydrogen utilization by mesophilic HSRB and HMB.
Ks e Y pH T Ref,
uM day"! g VSS.mol' H, °C
SRB
Desulfovibrio
ip. G171 3.3 1.37 0.85 67 37 1
vaulgaris (marburg) 4.75 2.50 7.0 37 2
vulgaris (hil) 3.33 2.25 70 37 2
vulgaris 4 1.10 7.0 30 3
desulfuricans 2.56 2.00 170 37 2
gigas 1.39 1.75 7.0 34 2
MB
Methanospirillum
hungatei (JF1) 6.6 1.27 0.20 67 37 I
Methanosarcing
barkeri 1.11 1.60 70 37 4
Methanobacter
bryantii 0.34 5
Jormicicum 2.0 2.0 0.80
Methanobacterium sp 14 0.60 7.0 30 3
Methanobrevibacter
arbophilus 38 1.4 0.65 7.0 33 1

1 Robinson and Tiedje 1984 ; 2 Brandis and Thauver 1981 ; 3 Lupton and Zeikus 1984 ; 4
Weimar and Zeikus 1978 ; 5 Roberton and Wolfe 1970 ; 6 Shauer and ferry 1980 ; 7 Zehnder
and Wubhrmann 1977




Table 1.3. Kinetic Monod parameters for acetate utilization by mesophilic ASRB and AMB.

Ks o Y pH T Ref.
mM day! g V8S.mol' C2 °C

SRB
Desulfobacter

postagei 1.03 2.56 28 1
Desulfotomaculum

acetoxidans 0.55 5.52 7.1 36

acetoxidans 1.4 7.55 7.1 36 3
Desulfonema

limicola 0.55 7.6 30
Enrichment culture 0.10 0.51 3 5
Eurichment culture 0.17 0.015 3.7 1.5 30 6
MB
Methanothrix

soehngenii 0.44 0.11 1.47 7.6 37

concilii 1.20 0.69 1.15 7.2 35 1
Methanesarcina

barkeri 0.69 2.4 6.3 35 9
Enrichment culture 5.60 0.26 3.2 30 10
Enrichment culture 0.55 0.037 7.5 30 6

1 Brandis-Heep et al. 1983 ; 2 Widdel and Pfennig 1977 ; 3 Widdel and Pfennig 1981 ; 4
Widdel 1980 ; § Middleton and Lawrence 1977 ; 6 Yoda et al. 1987 ; 7 Huser 1981 ; 8
Patel 1984 ; 9 Powell et al. 1983 ; 10 Lawrence and Mc Carty 1969

Factors that could influence the competition for acetate are discussed below.

Acetate concentration. Yoda et al. (1988) calculated from their experiments with a
fluidized bed reactor kinetic growth properties of AMB and ASRB growing in a biofilm (see
table 1.3). According to their findings the AMB have a higher K, value but also a higher
maximum specific growth rate. Consequently at high and at low concentrations of acetate a
pre-dominance of respectively AMB and ASRB can be expected. According to the data of
Yoda et al., AMB grow faster than ASRB at acetate concentrations exceeding 8 mg.I'.
However, in their calculations of the maximum specific growth rates, decay rates and yield
coefficients, Yoda et al. made several assumptions without verification. Moreover, from table
1.3 it can be seen that the parameters published by Yoda et al. differ significantly from other
published values, In general it is assumed that ASRB grow faster than AMRB, both at low and
high acetate concentrations.

Sulfate concentrarion. Growth of ASRB depends on both the acetate and the sulfate
concentration, whereas growth of AMB is dictated solely by the acetate concentration. At low
sulfate concenirations growth of ASRB will be sulfate limited, which could enable AMB to
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out-compete ASRB. Furthermore, at low sulfate concentrations different types of SRB will
compete for the available sulfate. Laanbroek et al. (1984) showed that in chemostats operated
under sulfate limiting conditions the acetate degrading Desulfobacter postagei is a poor
competitor for the available sulfate with the propionate degrading Desulfobulbus propionicus
and the hydrogen oxidizing Desulfovibrio (Desulfomicrobiom) baculatus. Reported sulfate
affinities for the SRB also reveal, that at low sulfate concentrations ASRB are poor sulfate-
scavengers as compared to the hydrogen-degrading Desulfovibrio species (Table 1.4).
Therefore, at low sulfate concentrations or high COD/sulfate-ratios, the oxidation of
compounds such as hydrogen and propionate by SRB is likely, while acetate is then mainly
left for the AMB.

Table 1.4. sulfate affinities of mesophilic SRB.
Kgge mg.I! Ref
Desulfovibrio vulgaris (Marburg) 0.5 1
Desulfovibrie vulgaris (Hildenborough) 3 1
Desulfovibrio sapoverans 0.7 1
Desulfovibrio salexigens 7 1
Desulfobacter postagei 19 2
enrickment culture® 45 3
enrichment culture® 30 4

1. Ingvorsen and Jorgensen 1984, 2. Ingvorsen et al. 1984, 3. Yoda et al. 1987, 4. Middleton and
Lawrence 1977

* biofilm, electrondonor acetate. ® suspended sludge, electrondonor acetate

It was shown that in granular sludge adapted to COD/sulfate-ratios exceeding 20, only few
ASRB are present. At COD/sulfate-ratios below 20, the number of ASRB in the sludge
increases with decreasing COD/sulfate-ratio (C.N.J. Buisman, personal communication),
Choi and Rim (1991) reported that for COD/sulfate ratios exceeding 2.7, AMB predominate,
whereas at COD/sulfate ratios below 1.7 ASRB become the pre-dominant organisms. At
COD/sulfate ratios between 1.7 and 2.7 there is an active competition between the AMB and
ASRB. For reactors operated at an excess of sulfate, sulfate limitation of ASRB and sulfate
competition among different types of SRB probably is less important. However, sulfate
limitation in an anaerobic biofilm or sludge granule still might occur due to mass transfer
limitation of sulfate into the biomass. Nielsen (1987) reported that a biofilm of only a few
hundred pm thickness will already become sulfate limited at sulfate concentrations in the bulk
liquid below 50 mg.l". Lens (1994) calculated that sludge granules will become sulfate
limited at bulk liquid sulfate concentration less than 300 mg/1.

Immobilisation properries. Sludge retention in modern high rate anaerobic reactors is
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usually based on the ability of the bacteria to immobilize on inert solid particles or into
sludge granules. Bacteria with a poor attachment ability will be washed out from these
reactors. Therefore, in addition to the growth properties of the bacteria, also their ability to
immobilize will affect the competition between organisms. The role of the attachment
capacity of SRB and MB was investigated by Isa et al (1986 a,b). They studied the
competition between SRB and MB in an anaerobic filter treating a synthetic sulfate containing
wastewater, Acetate, ethanol and formate were found to be largely converted into methane.
Cell counts and activity tests showed that the ratio of the number of bacteria present in the
packing material of the filter and in the liquid fase was much lower for the SRB than for the
MB. TIsa et al. concluded that the colonisation ability of the MB is superior over that of the
SRB. As a result MB can successfully compete with the SRB for the available substrate.
However, as indicated by Rinzema {1988), the cell count technique used by Isa et al., only
has limited accuracy for immobilised biomass, and the results of the activity tests were based
on incomplete conversion of the substrate, which can result in a incorrect estimation of the
ratio.

Type of substrate. Methanothrix, presumably the predominant AMB in anaerobic reactors,
can only grow on acetate (Vogels 1988). The pre-dominant ASRB in anaerobic granular
sludge was isolated recently by Oude Elferink et al. (1993). This bacterium uses a wide
range of substrates including hydrogen, fatty acids, ethanol and lactate. With the exception
of the specialized Desuifobacter species, for many completety oxidizing SRB, growth with
acetate as the sole substrate may be relatively low whereas it is considerably higher if other
substrates (e.g. butyrate) are also present (Widdel and Hansen 1993). If acetate and other
substrates are used simultaneously by the SRB, the outcome of the competition for acetate
between the nutrionally limited Methanothrix and the nutrionally versatile sulfate reducer
might be affected. The sulfate reducer then would have an advantage over the MB. To what
extent this is also valid for a complex eco-system such as granular studge is not yet clear.
In these systems the ASRB have to compete for the available other substrates with AB and
other non acetate degrading SRB.

Type of seed siudge and experimental runtime. A disadvantage of studying the competition
between bacterial species in modern high rate anaerobic reactors, is the long period of time
needed to reach a steady state sitvation. This is due to the fact that in these reactors very
high biomass retention times are common. In UASB reactors the sludge retention time can
be as high as 0.5-1 year (Hulshoff Pol 1989). Consequently, a long period of time may be
needed for one type of bacteria to out-compete other species. This will especially be true if
the quantity of one of the competing species is very low in comparison with the other, In this
respect, the choice of the seed sludge is very important. In sludge adapted to wastewaters
with low sulfate concentrations or even negligible sulfate concentrations a (very) low number
of ASRB can be expected. It was found that in sludge obtained from full-scale UASB
reactors adapted to COD/sulfate-ratios exceeding 20, no significant amount of ASRB are
present (C.N.]J. Buisman, personal communication).
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Nutrient concentrations. The SRB are known to have a high demand for iron (Postgate
1984), However, results of Isa et al (1986 a,b) show that dosing extra iron to an anaerobic
filter treating acetate, ethanol and formate does not exert a beneficial effect on the SRB.
Accurate assessment of the role of the nutrient concentration is difficult, because apart from
the concentration also the biological availability of the nutrients has to be considered.
Precipitation of iron (e.g. FeS) and complex formation can reduce its availability for micro-
organisms. Finally, a limitation of iron will affect both the MB and SRB.

Temperature. The temperature range and temperature optimum for growth of mesophilic

SRB and MB is about the same. Results of batch experiments performed at our department
with a granular studge adapted to 30 “C, show that the course of the specific methanogenic
and sulfidogenic activity within a temperature range 10-5¢ °C is virtually the same (A.
Visser, unpublished results). With respect to temperature variations we found that SRB are
less sensitive to temperature shocks than MB (Visser et al. 1393b).
Relatively little is known about the thermophilic anaerobic treatment of sulfate containing
wastewater, and the competition between the SRB and MB under these conditions. In
experiments with UASB reactors, Rintala and Lettinga (1992) observed that at 37 °C acetate
was converted into methane on a synthetic wastewater with high sulfate concentrations.
However, when operated under thermophilic conditions (55 °C) the acetate was mainly
degraded by the ASRB.

pH. Until now insufficient data are available to predict the effect of the pH or temporary
pH variations on the competition between ASRB and AMB. In addition to a direct pH-effect,
also an indirect influence of the pH is possible, e.g. the toxic effects of sulfide and ammonia
are pH dependent.

Toxic compounds. Since sulfate reduction always results in the formation of sulfide,
sulfide toxicity could be an important factor. Some wastewater streams, like those produced
in the paper and pulp production, contain the toxic compound sulfite. The toxicity of sulfate
itself is low, but wastewaters with very high sulfate concentrations will also contain high
amounts of cations. These cations, like sodium or potassium, can become inhibitory to the
bacteria at high concentrations. Toxicity phenonema related with wastewaters with high levels
of oxidised sulfur compounds will be discussed in paragraph 1.4.

1.3.3 Competition for propionate and butyrate

Table 1.5 lists the kinetic data for growth of SRB and AB on propionate and butyrate.
From this table it can be seen, that SRB exert a much higher maximum growth rate than
syntrophic consortia if neither sulfate nor the substrate are limiting. Therefore, a pre-
dominance of SRB can be expected. Unfortunately, hardly any information is available about
K,-vatues for propionate and butyrate sofar. A comparison of the growth rates of syntrophic
cultures and SRB at low substrate concentrations therefore is not possible. Studies on
ecosystemns in sea walter sediments have shown that here a direct oxidation of propionate and
butyrate by SRB is a significant route (Banat and Nedwell 1983, Smith and Klug 1981,
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Table 1.5. Specific growth rates for mesophilic AB in co culture with HMB or HSRB, and SRB growing
on propionate and butyrate.

Hous day”
- sulfate + sulfate Ref
propionate
SRB
Desulfobulbus propionicus 1pr3 0.89-1.66 1,2
Desulfobulbus propionicus 2.64 3
Desulfobulbus elongatus 1.39 4
Desulfococeus multivorans 0.17-0.23 5
AB
synirophobacter wolinii 0.02-0.10 0.18-0.21 6,7
strain MPOB 0.15-0.17 8
strain KoPropl 0.07
Culture PW 0.10 9
butyrate
SRB
Desulfovibrio sapoverans 1.58 3
Desulfococcus multivorans 0.17-0.23 5
Desulfotomaculum aceroxidans 1.11 10
Desuiforomaculum strain Groll 1.19-1.3 11
Desuifobacterium autotrophicum 0.67-1.11 12
AB
Symtrophospora (Clostridium) bryantii BH 0.25 9,13,14
Syntrophomonas sapovorans OM 0.6 15
Synirophomonas wolfei 0.19-0.20 0.31 6,16,17
Syntrophomonas strain FSM2 0.32 151

1. Widdel and Pfennig 1982, 2. Stams et al. 1984, 3. Nanninga and Gottschal 1987, 4. Samain et al,
1984, 5. Stieb and Schink 1989, 6. Dorner 1992, 7. Boone and Bryant 1980, 8. Stams et al. 1993, 9.
Wu et al. 1992, 10. Widde) and Pfennig 1931, 11. Kuever et al. 1993, 12. Brysh et al. 1987, 13. Stieb
and Schink 1985, 14. Zhao et al. 1990, 15, Roy et al. 1986, 16. McInerney et al. 1981, L7. Mclnerney
et al. 1979, 18. Zhao et al 1993.

Sorensen et al. 1981), However, similar data are not available yet for anaerobic reactors.
Most reports mention that the reducing equivalents formed in the conversion of fatty acids
into acetate are used by the SRB (Mulder 1984, Rinzema et al. 1986). However, these
studies don’t distinguish between syntrophic oxidation of fatty acids by acetogens growing
in syntrophy with HSRB, or a direct oxidation of these fatty acids by SRB. Nevertheless,
several studies reveal that SRB play an important role in the degradation of fatty acids such
as propionate and butyrate. According to Mulder (1984), the degradation of propionate and
butyrate will not proceed in anaerobic sludges adapted to high sulfate concentrations, when
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the sulfate concentration in the influent is decreased to low values. Mc Cartney and
Oleskiewicz (1991) found in a mixed culture growing on lactate and acetate, that the presence
of SRB is essential for the conversion of propionate. Ueki et al. (1988, 1992), found that in
the anaerobic digestion of sewage, sulfate reduction depends on the degradation of
propionate. An addition of propionate greatly enhanced the sulfate reduction. Quatabi et al.
(19990) studied the degradation of lactate and propionate in a mixed culture obtained from an
anaerobic fermenter treating wine distillery wastewater. In the absence of sulfate the
propionate degradation proceeded slowly, but in the presence of sulfate it proceeded
smoothly. At relatively low sulfate concentrations the degradation of propionate and butyrate
can proceed in different ways. Part of the fatty acids may be oxidised directly by SRB, while
the remainder is degraded by syntrophic consortia of AB and HMB. It is also possible that
the fatty acids are degraded by AB growing in syntrophy with HSRB and HMB. Since HSRB
have a higher affinity for sulfate than the fatty acid oxidizing SRB (Laanbrock et al. 1984),
it is likely that at low sulfate concentrations the degradation of fatty acids proceeds mainly
by AB growing in syntrophy with HSRB and HMB. Finally, it is also possible that SRB
perform the acetogenic oxidation of propionate and butyrate, at least partially. It has been
shown that in granular sludge adapted to a mixture of fatty acids, propionate is degraded
acetogenically by SRB. (Wu et al. 1991, Wu et al. 1992). Moreover, SRB also seems
capable to grow acetogenically on butyrate (Heppner et al. 1992).

1.4 Inhibition phenonema in the anaerobic digestion of waste streams with high levels
of oxidised sulfur compounds

1.4.1 Inhibition by sulfide

Sulfate reduction results in the production of sulfide, which is toxic at higher
concentrations. The inhibitory effect of sulfide is presumed to be caused by undissociated
hydrogen sulfide because only neutral molecules can permeate the cell membrane (Schlegel
1981). The exact mechanism of the inhibition by H,S has not been cleared up yet. Once H,S
has passed the cell wall it may denature native proteins through the formation of sulfide and
disulfide cross-links between the polypeptide chains (Conn et al. 1987). The H,S may also
interfere with the various key metabolic cbenzyme A and M through the formation of sulfide
linkages. The acetyl coenzym A pathway for CO, fixation is common for both SRB and MB
{Stouthamer 1988). H,$ may also interfere with in some way or another the assimilatory
metabolism of sulfur, while it possibly may also affect the internal cell pH.

The concentration of undissociated hydrogen sulfide in an anaerobic reactor is determined
by the chemical and physical equilibria :

HS() < HS +H*
H,S(1) i H,5(g)

The pKa value of the dissociation equilibrium of H,S is about 7.04 at 18 °C (Weast
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1977). Consequently, small pH-variations in the pH range 6-8 will significantly affect the
H,S concentration.

The gas-liquid distribution coefficient for H,S is about 2.27 at 30 °C (Wilhelm et al.
1977). As a result of stripping of H,S by the biogas produced, the H,S concentration in the
liquid fase can become significantly lower.

Most studies dealing with toxicity of sulfide focus on the inhibition of the AMB.

Relatively littie attention has been paid sofar to the effect of sulfide on AB and SRB.
In the 50's many researchers studied the inhibiting effect of sulfide on methanogenesis
{Bannink and Muller 1951, Rudolfs and Amberg 1952, Aulenbach and Heukelkian 1955,
Butlin et al. 1956). However, unfortunately the role of the pH and stripping of H,S by the
biogas was not taken into account in these studies. Therefore, the results of these studies are
less useful for interpretation of the effect of H,S. In more recent studies these factors
received more attention. Table 1.6 list some literature results for the inhibition of anaerobic
bacteria by sulfide. The data show that for suspended sludge systems the inhibition of the
AMB correlates well with the H,S concentration, both at low and high pH values. A 50 %
inhibition was found at about 100-130 mg H,S.1". For AMB immobilized in granules the
dependency of the toxicity of sulfide appeared to be more complex. According to Koster et
al. (1986), at high pH values (7.8-8.0} the inhibition caused by H,S is significantly higher
than in the pH range 6.2-7.2. In the pH-range 6.2-7.2 the inhibition of AMB is dictated by
the H,S concentration, whereas at higher pH values (7.0-8.0) it seems to correlate with the
total-sulfide concentration. The 50 % inhibition values reported by Koster et al. are 250 mg
H,S.I" at pH 6.2-7.2 and 825 mg.1" total sulfide at pH 7.0-8.0.

Comparison of the results of the different researches (see table 1.6) learns that a low and
neutral pH values granular sludge is less inhibited by H,S than suspended sludges, whereas
at high pH values the inhibition is very similar for suspended and granular sludge. This also
applies for thermophilic granular and suspended sludges (Visser et al. 1993a).

AMB pgrowing in immobilized form are less affected by sulfide than AMB growing in
suspended form. This has been confirmed by Maillacheruvu et al. (1993) and Parkin et al.
(1991) in experiments with anaerobic filters and CSTR’s.

In order to be able to predict maximal allowable sulfide concentrations in anaerobic
treatment processes, also the effect of sulfide on AB and SRB should be known. For this
reason, increasingly emphasize has been put on the latter systems more recently.

In a UASB reactor fed with propionate and sulfate a sharp decrease in the propionate
conversion rate at H,S concentrations exceeding 100 mg.1”, viz. a 50 % inhibition was found
at 140 mg H,S.17 at a pH range of 7.0-7.4 (Rinzema and Lettinga 1988b). The granular
sludge used by these researchers was adapted to low sulfate concentrations. In an earlier
research Koster et al. (1986) found a 50 % inhibition of the aceloclastic methanogenic
activity at 250 mg.l". Apparently, the oxidation of propignate is the most sulfide sensitive

step.




Table 1.6. H,S concentrations (mg.1") causing a 50 % inhibition of the methanogenesis, sulfate reduction
and degradation of specific substrates.

T H,$
Biomass substrate °C pH mg.1" Ref
methanogenesis
sludge suspension acetate - -—- 50 1
sludge suspension distellery wastewater 37 7.0-7.2 130
sludge suspension acetate 35 6.5-7.4 125 3
1.7-1.9 100
sludge suspension lactate 35 7 100 4
8 100
sludge granules acetate 30 6.2-6.4 246 5
7.0-7.2 252
7.8-8.0 90
Sulfate reduction
Desulfovibrio sp. lactate 37 6.2-6.6 450 6
Desulfovibrio desulfuricans lactate 35 7 250 7
sludge suspension lactate 35 7.2-7.6 8O 8
sludge suspension lactate 35 7 > 300 9
8 185
Specific substrates
sludge granules propionate 30 7.0-7.5 140 10
sludge suspension propionate 35 6.5-7.4 100 3
7.7-7.9 60
sludge suspension butyrate 15 6.5-7.4 235 3
1.7-7.9 > 200
sludge suspension lactate 35 6.5-7.4 320 3
1.7-7.9 3%0

1. Kroiss and Plahl-Wabnegg (1983), 2. Karhadkar et al. (1987), 3. Oleskiewicz et al. {1989), 4. Mc¢
Cartney and Oleskiewicz (1993}, 5. Koster et al. (1986}, 6. Reiss et al. (1992), 7. Okabe et al. (1992),
8. Mc Cartney and Oleskiewicz {1991), 9. Mc Cartney and Oleskiewicz {1993), 10. Rinzema and
Lettinga (1988h).

For a suspended sludge adapted to low sulfate concentrations Oleskiewicz et al (1989) found
that the H,S inhibition increased for different electrondonors in the following sequence :
lactate, butyrate, acetate, propionate. Again propionate degradation is the most sulfide
inhibited step. McCartney and Oleskiewicz (1991, 1993) studied the degradation of lactate
by flocculant types of sludge adapted to a COD/sulfate ratio of 3.7, 1.6 and 0.8. For the
sludge cultivated at a COD/sulfate ratio of 3.7, propionate accumulation was observed at H,S
concentrations exceeding 110 mg.I". For the other two sludges any accumulation of
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propionate was not found at H,S concentrations up to 325 mg.I'. Apparently, in sludges
adapted 1o COD/sulfate ratios less than approximately 1.6 the conversion of propionate is
much less affected by sulfide than sludges cultivated at higher COD/sulfate ratios. Possibly
in sludge adapted to high COD/sulfate ratios, propionate is degraded by AB growing in
syntrophy with HMB or HSRB. Apparently, in these systems the propionate oxidizers are
seriously inhibited by sulfide. In sludge cultivated at low COD/sulfate ratios the direct
oxidation of butyrate and propionate by SRB very likely is the pre-dominant route. The
degradation of acetate then will become most inhibited by sulfide. Research at our laboratory
has shown that for sludge adapted to COD/sulfate ratios of 0.5, the degradation of propionate
and butyrate in the presence of sulfate was less inhibited by sulfide than the conversion of
acetate by SRB or MB (A. Visser, unpublished results).

Sofar, only very few data are available for the effect of sulfide on the SRB, especially the
ASRB. Reiss et al (1992) found a complete inhibition of the growth of Desulfovibrio sp on
lactate at H,S concentration of 550 mg.I'"' and pH 6.2-6.6. The extent of the inhibition
correlated well with the H,S concentration. Okabe et al. (1992) found a 50 % inhibition of
the growth of Desulfovibrio desulfuricans on lactate at a H,S level of 250 mg.I" at pH 7.
According to Hilton and Oleskiewicz (1988), in the degradation of lactate, the inhibition of
SRB is directly related to the total-sulfide concentration whereas that of the MB by the H,S
concentration. Therefore, according to these findings high pH values would be relatively
favourable for the MB. For a flocculant sludge adapted to lactate, acetate and sulfate
(COD/sulfate 3.7), McCartney and Oleskiewicz (1991) found a higher inhibition of the SRB
relative to that of the MB, in the degradation of lactate. On the contrary, McCartney and
Oleskiewicz (1993) found for a sludge cultivated on lactate, acetate and sulfate at
COD/sulfate 1.6 and 0.8, respectively, that the SRB were less sensitive for sulfide than the
MB. According to the authors, the lactate degradation pathway was dependent upon the
COD/sulfate ratio used. A ratio of 3.7 resulted in a pathway with propionate and acetate as
the products, but did not result in a significant sulfate reduction. Here, the sulfate reduction
was associated with the degradation of propionate which was more inhibited by sulfide than
the MB. As said before, the inhibition of the SRB here, was probably due to an inhibition
of propionate degrading AB. At COD sulfate ratios < 1.6, the lactate degradation resulted
in an SRB pathway with acetate as the endproduct. Here, the SRB were much less inhibited
than the MB.

Unfortunately, hardly any data are available about the effect of sulfide on ASRB. Stucki
et al. (1992) observed a process failure in a sulfidogenic fixed bed reactor treating a mixture
of acetate and sulfate at H,S concentration exceading 50 mg.l'', indicating to rather high
susceptibility of ASRB.

1.4.2 Inhibiticn by sulfite

From the few information available it seems that sulfite exerts a strong inhibitory effect
on anaerobic bacteria. In batch experiments, sulfite causes a lag fase in the methane
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production, the length of which depends on the history of the biomass. Yang et al. (1879)
observed a lag fase of more than 60 hours and 12 days after dosing 25 and 75 mg SO;*/1,
respectively, to an enrichment-culture of AMB. Eis et al.(1983), however, did not find any
lag fase, even after addition of 100 mg SO,*/1 to an adapted sludge. Maaskant and Hobma
(1981) and van Bellegem et al. (1979} found a 50 % inhibition of the methanogenic activity
at about 150-200 mg SO,*/1. However, they also showed that upon repeated dosing of sulfite
the inhibition become significant less as a result of adaptation of the sludge. This adaptation
of the sludge presumably can be contributed to the development of SRB in the sludge. They
will reduce sulfite to sulfide. Inhibition by sulfite probably will be insignificant in continuous
reactors, because here a sulfate reducing population will develop, which will eliminate the
sulfite (Rinzema and Lettinga 1988a). It has been shown that wastewaters with sulfite
concentrations up to 800 mg SO;*/1 can be treated in anaerobic reactors satisfactory (Eis et
al 1983, Ferguson et al 1983, Sarner 1986, Simer 1989).

1.4.3 Inhibition by Cations

Although sulfate by itself is a non-toxic compound, in wastewaters with high sulfate
concentrations high cations concentrations like calcium or sodium can inhibit the anaerobic
bacteria. Although the calcium ion does not exert a severe direct toxic effect it has been
found that CaCOj, and/or Ca,(PO,), precipitates may entrap the biomass (scaling). This may
result in substrate transport limitation (Lettinga et at. 1987). Serious scaling of biomass by
calcium-precipitates may already occur at calcium concentrations of 400 mg.l'. The
precipitates will gradually accumulate in the reactor and in the piping system which results
in clogging problems, and ultimately it even may lead to a complete loss of the activity of
the sludge granules due to the fact that a calcium-layer completely blocks the transport of
substrate (Visser 1287, Pereboom 1984). Moreover, calcium-fosfate precipitation may cause
fosfate deficiency (Callander and Bardford 1983, Lettinga et al. 1987, Alphenaar 1994).

The effect of sodium on the anaerobic digestion has been studied extensively. However,
the results published concerning the effect of sodium on methanogenesis show many
inconsistencies. Reported values for the SO % inhibition of MB by sodium range from 6 to
40 g.1? (de Baere et al. 1984, Kugelmann and Mc Carty 1964, Lettinga and Vinken 1981,
van den Berg et al 1976, ). These differences presumably can be attributed to the history of
the sludge, antagonistic and synergistic effects and the test method used. Sludge adapted to
high sodium levels undoubtedly will be much less sensitive than non-adapted sludge. The
presence of other cations like potassium cause antagonistic or synergistic effects, resulting
in a significant change in the sodium sensitivity (Kugelmann and Chin 1971, McCarty and
McKinney 1961). Rinzema et al. (1988) observed for a granular sludge a 10 %, 50 % and
100 % inhibition of the acetoclastic methanogenic activity at 5, 10 and 14 g.I'. The sludge
used in their experiments did not show any clear adaptation after continuous exposure to 13,7
g Na*.I" for a 12 week period. Experiments conducted at our laboratory revealed that
granular sludges adapted to sodium concentrations of 1.5-2 and 5.5-6 g.I* respectively,
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become inhibited at sodium concentrations exceeding 6 g.1. A 50 % inhibition of the activity
was observed at 7 to 8 g Na*.I"' for both sludges (A. Visser, unpublished results).

The presence of high concentrations of sodium is essential for the growth of many marine
SRB (Widdel 1988). On the Contrary, freshwater SRB may be inhibited by high sodium
concentrations. Sofar, relatively little data are available regarding the effect of sodium on the
sulfate reduction process in anaerobic reactors. Results of experiments performed at our
laboratory show that the sulfidogenic activity of granular sludge adapted to sodium levels of
1.5-2 and 5.5-6 g.1" respectively, becomes inhibited at sodium concentrations exceeding 11
g.I'. A 50 % inhibition of the activity was observed at about 15 g.I' of sodium for both
sludges (A. Visser, unpublished results), which really are exceptionally high concentrations.

1.5 Technological aspects of anaercbic treatment of sulfate containing
wastewaters

The strategy to be applied in order to accomplish a successful anaerobic treatment of a
sulfate containing waste stream is related to the objective of the treatment. The goals of the
treatment process can be !

* The removal of organic matter. Considering the disadvantages, viz. the potential problems
related to the sulfate reduction process, a complete suppression of the sulfate reduction and
a complete conversion of the organic substrate into methane could be considered as an
optimal process configuration. However, as already mentioned in chapter 1.1, sulfate
reduction to some extent will always occur.

* The removal of organic master and/or sulfate. Generally for wastewaters containing
organic matter and sulfate, the removal of the organic matter will proceed via sulfate
reduction and methanogenesis, in a ratio that depends on the COD/sulfate ratio of the
wastewater. For waste streams with a COD/sulfate ratio of 0.67 in principle enough sulfate
is available to accomplish a complete removal of the organic matter by a sulfidogenic
biomass only. For COD/sulfate ratios less than 0.67, the amount of organic matter for a
complete reduction of the sulfate doesn’t suffice, and then extra substrate should be added.
Otherwise, for COD/sulfate ratios exceeding 0.67 a complete removal of the organic matter
can only be achieved if, in addition to sulfate reduction also methanogenesis will occur. To
what extent sulfate reduction or methanogenesis will proceed, more knowledge should be
obtained about the processes, especially with respect to the competition between SRB and
MB.

Sulfide toxicity certainly can be a serious problem in the anaerobic treatment of
wastewaters with high levels of oxidised sulfur compounds. Sofar, insufficient data are
available to predict the conditions where a process failure by sulfide inhibition will not oceur.
Moreover, the results which have been reported sofar show big discrepancies. For example,
reparted H,S-values causing a 50 % tnhibition of the methanogenesis vary between 50 and
270 mg/1 (See chapter 1.4). In general, higher sulfide concentrations can be tolerated in high
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rate anaerobic reactors based on the formation of a biofilm or sludge granules (anaerobic
filter, UASB reactor), than reactors operated with suspended sludge (CSTR, contact process).
Speece (1983) estimated that for a stable methanogenic process the H,S concentration should
not exceed 150 mg/l. For the sulfate reduction process such guidelines have not yet been
given. Based on literature data Rinzema and Lettinga (1988a) concluded that at COD to
sulfate ratios higher than 10 anaerobic treatment always proceeds successfully. Using a model
based on chemical and physical equilibria they calculated, that for these wastewaters the H,S
concentration in the anaerobic reactor will never exceed the presumed critical value of 150
mg/l. At COD/sulfate ratios lower than 10 process failures of anaerobic reactors have been
reported, while in other cases the process proceeds successfully though only after additional
precautions were taken to prevent sulfide toxicity (Rinzema and Lettinga 1988a). Suitable
measures to prevent sulfide inhibition are (Rinzema and Lettinga 198Ra) :

- dilution of the wastewater,

- elevation of the pH in the reactor,

- extending of the anaerobic treatment step with a sulfide removal step.

The last option implies the installation of a extra treatment unit in the treatment system,
There exist several options to integrate the anaerobic treatment step with a sulfide removal
unit (Fig 1.3).

mathanogenesis
Wada ————-1 Suifate reduiction I——-r sulfide removal |————> etluent
Yadta -—-[ wﬁ,‘ﬁ'ﬂ;ﬁﬂg’fon |--} sulfide removal |—~ -}nmhanogeneals }—P effluent
methanogenaesis
Yaate = sulfate reduction > affiuent
sulfide removal
® sifluantcecycle.
Waste ‘Lb‘ ;“um“r:%m:‘: l—»l:.llﬂde remaval ’——‘——-‘ sfftuent
& biogas
wase ——| methanogenesis l—b etfusnt [gas scrubbing ]
gas recycle
Fig 1.3. Process configurations integrating sulfide removal, sulfate reduction and MB
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If sulfide toxicity is not of major concern, the sulfide removal process can be placed after
the anaerobic step (Fig 1.3a). If a severe sulfide inhibition is expected, differeni process
configurations can be used, viz. :

- Anaerobic digestion in two stages, a pre-acidification step with sulfate reduction, followed
by a methanogenic stage. The sulfide can be removed in the first stage or between the two
stages {fig 1.3b). Because of the relatively low pH of the effluent of an acidification reactor,
stripping of H,S would proceed relatively easy. The critical facts in this configuration is to
assure a complete reduction of sulfate in the first stage. Results obtained sofar show that a
complete sulfate reduction in the acidification stage does not occur (Mulder 1982, Rinzema
et al. 1986, Rudolfs and Amsberg 1952). A complete removal of sulfate will only be possible
if a sufficient amount of hydrogen is generated, which implies relatively high COD/sulfate
ratios in the wastewater.

- The precipitation of sulfide in the anaerobic digester (Fig 1.3¢). The most common heavy
metal used for sulfide precipitation is iron. Research of Sarner (1986) showed that supply of
iron was effective for maintaining the sulfide concentration in the anaerobic reactor at low
values. However, important drawbacks for this method are the costs associated with iron
dosage, and the accumulation of precipitated FeS in the reactor, which could result in a low
VSS/TSS- ratio of the sludge and an increase in the total sludge production. Recently, also
organic H,S-scavengers on the market have been introduced. The effectiveness of these
chemicals still needs to be established.

- The removal of sulfide from the effluent of the anaerobic reactor, combined with the
recirculation of the effluent (Fig 1.3 d). In this configuration any of the present known
sulfide removal techniques, which will be discussed later in this chapter, can in principle be
used.

- The stripping of sulfide from the anaerobic reactor with the biogas, using gasscrubbing
and gasrecirculation (Fig 1.3e). Stripping of H,S has been investigated in the past (Olthof
et al. 1985, Samer 1986). Samer (1989) used an anaerobic trickling (antric} filter in which
sulfate and sulfite were reduced, as a pre-treatment step. In the antric filter the sulfide was
stripped from the liquid by gas that passed a recirculation system in which the H,S in the gas
gas was removed in a scrubber. Afier passing the antric filter the wastewater was treated
in an anamet (a contact process followed by an activated sludge plant) system. To what
extent stripping of H,S combined with gasscrubbing and gasrecirculation is well feasible for
modern high rate anaerobic reactors is still uncertain.

Presently, several sulfide removal techniques, including precipitation, stripping, and
chemical or biological oxidation can be used along with anaerobic treatment of wastewaters
containing high levels of oxidised sulfur compounds. The selection of the most suitable
method depends also on factors like the operation and investment costs of the process. If
sulfate removal is not required, an aerobic post-treatment system can be used converting the
sulfide into sulfate. If no or only limited amounts of sulfur compounds can be discharged
other techniques must be used. Methods which are suitable are :
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*  precipitation of sulfide. This option has already been discussed in this chapter.

* Stripping of sulfide from the reactor combined with gasscrubbing and gasrecirculation.
Samer (1989) applied a gas-washing system which uses a solution of ferric ions. The Fe**-
ions react with the H,S in the biogas producing elemental sulfur. A chelating agent was
added to the liquid to prevent FeS, Fe(OH), or Fe{OH); precipitation. After separation of the
elemental sulfur, the Fe?* ion was oxidised to Fe'* using air oxygen. In this way the iron
could be re-used in the gas washing circuit. The process is quite attractive because it enables
the recovery of sulfur. On the other hand, in the oxidation of Fe’* to Fe**, part of the of the
oxygen will be used for oxidizing organic compounds, including the chelating agent. This
means that a part of the chelating agent, which is a very essential compound in the process,
will be lost and must again be replaced. Since chelating agents, like EDTA, HEDTA or NTA
are quite expensive, this will affect the economic feasibility of the process seriously,

* Biological oxidation of sulfide to elemental sulfur. This process, developed at the
Department of Environmental Technology of the Agricultural University of Wageningen, is
based on the biclogical conversion of the sulfide by the colourless sulfur bacteria. In fact,
this biological oxidation of sulfide is an incomplete oxidation, because the ultimate
endproduct is sulfate. However, by imposing the proper process conditions, such as oxygen
supply and sulfide loading rate, sulfide can be converted almost completely into elemental
sulfur (Buisman 1989). The very attractive feature of this process is that it also enables the
recovery of sulfur, Presently the process is already applied successfully at full-scale {Buisman
et al. 1993 a,b).

1.6 Scope and organisation of this thesis

As described before there exist interesting new applications for the sulfate reduction
process as a wastewater treatment system. With respect to the possible application of sulfate
reduction and the suppress of this process in anaerobic treatment systems, a betier
understanding of the process is becoming increasingly important,

The research conducted for this thesis deals with sulfate reduction and methanogenesis in
anaerobic reactors under mesophilic and thermophilic conditions. The objectives of the
investigations were :

- to asses the role of sulfate reduction in the anaerobic degradation of organic matter in the
anaerobic treatment of sulfate containing wastewater.

- to gain a better understanding of the competition between the SRB, MB and AB in
anaerobic reactors, i.e of the role of the kinetic growth properties of the bacteria, the
immobilisation properties of the bacteria, and the effect of environmental conditions.

- To define reliable guidelines with respect to :

(1) conditions that must be imposed to maximize or minimize the sulfate reduction and/or

methanogenesis and,

{2) maximal allowable sulfide concentrations in sulfidogenic and methanogenic systems.
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