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ABSTRACT 
 
Lopes, S.I.C. (2007) Sulfate reduction at low pH in organic wastewaters. Doctoral Thesis, 
Wageningen University, Wageningen, The Netherlands, 248 pages.  
 
The objective of the research described in this thesis was to investigate the operational window of 
dissimilatory sulfate reduction at low pH (6, 5 and 4) during the acidification of organic wastewaters. High 
sulfate reduction efficiencies at low pH are desirable for a more sustainable operation of acidification 
reactors in a two-phase wastewater treatment system, as pH control requires less caustic and/or the 
effluent recirculation from the second (methanogenic) reactor can be skipped. The low pH would also 
facilitate the removal of sulfide by stripping, as the fraction of gaseous sulfide increases with decreasing 
pH.  
Sucrose was used as a model substrate at moderate loading rates (1-5 gCOD (lreactor d)-1 ) and the effect of 
low pH (6, 5 and 4) and different COD/SO4

2- ratios (9 to 1) was evaluated in terms of sulfate reduction and 
acidification efficiencies, acidification products and methanogenesis. The dynamics of micro and 
macronutrients were quantified and the effects of sulfide, VFA and trace metal concentrations on the 
treatment efficiency were studied as well. Most experiments were performed in thermophilic (55°C) 
UASB reactors. One experiment was also performed in mesophilic (30°C) CSTR and UASB reactors.  
Acidification was complete at all pH and COD/SO4

2- ratios tested in the thermophilic UASB reactors 
under the conditions investigated. The pH had a strong effect on the sulfate reduction efficiency and 
acidification products formed. Sulfate reduction was complete at pH 6 and a COD/SO4

2- ratio of 9. At pH 
5, sulfate reduction efficiencies were 80-95% for both COD/SO4

2- ratios (9 and 3.5). At pH 4, sulfate 
reduction efficiencies further dropped to 55-65% at a COD/SO4

2- ratio of 9 and 30-40% at a COD/SO4
2- 

ratio of 3.5. The pH decrease from 6 to 5 or 4 caused a shift in the acidification products from mainly 
acetate to butyrate, as well as a higher production of ethanol, mainly at pH 4. At pH 4, there was no 
propionate or methane formed and hydrogen concentrations in the biogas reached 50%, equivalent to a 
hydrogen yield of 1.3 mol H2 (mol glucose)-1. The pH had a strong effect on the micro and macronutrient 
retention in the sludge granules. Most metals leached from the sludge granules except for Co at pH 6, Al 
at pH 6 and 5 and Cu and Zn at all three pH values investigated. At the end of the UASB reactor runs at 
pH 5 and 4 (270 days), the sludge granules were almost completely deprived of Fe and Mn.  
The results obtained in this thesis showed the strong effect of sulfide on the sulfate reduction efficiency at 
low pH. At pH 6 and a COD/SO4

2- ratio of 1, the presence of sulfide at a concentration of approx. 200 mg 
l-1 caused the low sulfate reduction efficiencies obtained (35%). The stepwise decrease in sulfide by N2 
stripping caused an immediate stepwise increase of the sulfate reduction efficiency, which indicated a 
reversible inhibition. At sulfide concentrations lower than 45 mg l-1, the sulfate reduction efficiency 
reached 96%. At pH 5 and a COD/SO4

2- ratio of 4, the decrease in sulfide concentration from 100 to 20 
mg l-1 resulted in a fast increase in the sulfate reduction efficiency from approx. 70% to 91%. Nearly 
complete sulfate reduction efficiencies at a COD/SO4

2- ratio of 1 were achieved at a sulfide concentration 
below 50 mg l-1 and 25 mg l-1 at pH 5 and 4, respectively.  
The effect of trace metals (7.5 μM Fe and 0.5 μM for the other trace elements) on the sulfate reduction 
efficiency was studied at pH 5. The absence of trace metals in the influent of a UASB reactor did not 
affect its sulfate reducing or acidifying performance throughout a 305 day long reactor run. In contrast, the 
low concentrations of trace metals fed to a parallel UASB reactor were inhibitory for sulfate reduction. 
The UASB reactor design proved to be adequate for sulfate reducing acidification reactors, with superior 
performance than a CSTR, at the OLR applied in this study, provided that granular biomass is used as 
inoculum. A good sludge retention was observed in all the UASB reactor runs performed with anaerobic 
granular sludge as inoculum. In contrast, granulation was not observed when using a crushed granular 
sludge inoculum.  
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1 INTRODUCTION 

Several wastewater streams contain sulfate or sulfite, in addition to high concentrations of 
unacidified organic matter. Typical wastewaters are those produced by industries that use sulfuric 
acid as a cheap and strong acid or sulfite or dithionate as a bleaching agent in the production 
process, such as food production, pulp and paper manufacturing, or sulfate rich feedstocks, such 
as sea-food processing industry (Colleran et al., 1995; Lens et al., 1998a; Celis-Garcia et al., 
2004).   
The advantages of anaerobic biological wastewater treatment for most organic 
wastes/wastewaters are well known (Lettinga, 1996; Rajeshwari et al., 2000; McHugh et al., 
2003). The development of high rate reactor systems, such as the Upflow Anaerobic Sludge Bed 
(UASB) reactor, in which sludge retention time is uncoupled from liquid retention time, allowed 
for a widespread adoption of anaerobic technologies for industrial wastewater treatment 
throughout the world (Lettinga, 1995; McCarty, 2001).  
If sulfate is present in the wastewater, it can act as external electron acceptor for sulfate reducing 
bacteria, which couple the oxidation of organic or inorganic intermediates in the anaerobic 
degradation to the reduction of sulfate for bioenergetic purposes, a process called dissimilatory 
sulfate reduction (Colleran et al., 1995). The end product of dissimilatory sulfate reduction is 
sulfide, which is generally considered as a problem to anaerobic treatment processes because it is 
toxic to the different microbial groups involved in anaerobic degradation, malodorous, corrosive, 
causes a lower methane yield and contamination of the produced biogas (Lens et al., 1999). 
Nevertheless, in combination with sulfide removal techniques, such as the biological sulfide 
oxidation to elemental sulfur (Buisman, 1989), sulfate reduction allows for the removal of 
oxidized reduced compounds from wastewaters. 
A method to avoid sulfide inhibition to methanogenic bacteria and contamination of the methane 
containing biogas is the separation of the sulfide production step from the methanogenic step in a 
two phase anaerobic treatment system (Reis et al., 1991b). This configuration also improves the 
overall treatment efficiency and stability for unacidified wastewaters and previous research 
shows that sulfate reduction proceeds well together with the acidification of organic matter (Reis 
et al., 1991b; Mizuno et al., 1998a; Lens et al., 2003). However, acidification can cause a 
lowering of the pH in the acidification reactor. Wastewater treatment plants using this two-phase 
configuration add NaOH to the acidification reactor to avoid excessive lowering of the pH (Romli 
et al., 1994). The role of pH in the acidification and sulfate reduction pathways and conversion 
efficiencies is not completely clear. If the operation of the acidification stage at lower pH (6, 5 or 
4) would be feasible or even beneficial, the NaOH addition could be lowered, therefore making 
the wastewater treatment cheaper and more environmentally friendly. Besides, the separation of 
sulfide from the wastewater would be easier as the fraction of gaseous sulfide increases with 
decreasing pH. 
This chapter presents the main research findings on the anaerobic treatment of organic rich 
wastewaters with a special focus on the first step of a two-phase anaerobic treatment system, i.e., 
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acidification, acetogenesis and sulfate reduction. Then, effects of a low pH and toxicity problems 
in this first step are discussed. Finally, the scope and organization of this thesis will be presented. 

2 ANAEROBIC TREATMENT OF ORGANIC SULFATE RICH WASTEWATERS 

Under anaerobic conditions, organic matter is degraded in several steps through the sequential, 
cooperative and syntrophic involvement of different trophic groups of prokaryotes, including 
fermentatives, obligate hydrogen producing acetogens and possibly homoacetogens, methanogens 
and sulfate reducers (Figure 1.1) (Zenhder, 1988; Colleran et al., 1995). In the absence of sulfate 
or other electron acceptors like nitrate, Fe3+, etc, organic compounds are oxidized to CH4 and 
CO2 as end products (McCarty and Smith, 1986; Pavlostathis and Giraldo Gomez, 1991).  
In the presence of sulfate as alternative electron acceptor, sulfate reducers can compete with the 
other prokaryotes for substrates at different levels in the degradation process (Figure 1.1): 
- competition between sulfate reducers and fermentative bacteria for monomeric starting 

compounds, such as sugars, amino acids, etc., 
- competition between sulfate reducers and acetogenic bacteria for intermediate fermentation 

products, such as propionate, butyrate, ethanol, etc., 
- competition between sulfate reducers and homoacetogenic bacteria for H2, 
- competition between sulfate reducers and methanogens for direct methanogenic substrates, such 

as H2 and acetate. 
 

 
Figure 1.1 Anaerobic degradation of organic compounds in the presence of sulfate (adapted from Visser 
(1995) and Colleran et al. (1995)). a C2: acetate. 
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2.1 Sulfate reducing prokaryotes  

Sulfate reducing prokaryotes are a heterogeneous group of bacteria and archaea characterized by 
the use of sulfate as terminal electron acceptor for anaerobic respiration, i.e., that are capable of 
dissimilatory sulfate reduction. To date, more than 120 species of 35 genera, belonging to 3 
bacterial phyla and 1 archaeal phylum have been described and their metabolism elucidated 
(Thauer et al., 2007). Sulfate is unique among microbial electron acceptors because it must be 
activated to adenosine 5’- phosphosulfate (APS) by means of adenosine triphosphate (ATP) 
before it is reduced (Hamilton, 1998) (Figure 1.2). In addition to sulfate, reduction of sulfite and 
thiosulfate is very common among sulfate reducers (Widdel, 1988). Also elemental sulfur, 
fumarate, nitrate, dimethylsulfoxide, Mn(IV) and Fe(III) can be used as electron acceptor by 
sulfate reducers (Thauer et al., 2007). 
 

 
Figure 1.2 Pathway of dissimilatory sulfate reduction (Hansen, 1994; Lampreia et al., 1994; Madigan et 
al., 2000).  
 
More than 125 compounds can be oxidized by the available pure cultures of sulfate reducers 
(Hansen, 1994). Direct utilization of biopolymers is very rare, with only one archaeal strain 
capable of using starch (Hansen, 1994). Most of the substrates for sulfate reducers include typical 
organic fermentation products and intermediates such as lactate, alcohols, fatty acids and 
hydrogen. Figure 1.3 shows how Desulfovibrio vulgaris Hildenborough couples the oxidation of 
lactate to acetate to the reduction of sulfate to sulfide for energy generation. 
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Figure 1.3 Bioenergetic model explaining how D. vulgaris Hildenborough derives energy for growth by 
coupling the oxidation of lactate to acetate and CO2 with the reduction of sulfate to sulfide. As the ATP 
formed by substrate level phosphorylation during conversion of acetyl-CoA to acetate is used for 
activation of sulfate, a net bioenergetic benefit is only realized by H2 or formate cycling. H2 cycling 
involves: (i) generation of reduced ferredoxin (Fdred) during Por-catalyzed conversion of pyruvate; (ii) 
cytoplasmic production of H2 from Fdred by Ech or Coo Hase; (iii) periplasmic oxidation of H2 by Hyd, 
HynBA, HynBAC3 or Hys Hases; (iv) transport of electrons to the cytoplasm through 6 possible 
membrane-bound complexes, Hmc, Tmc, Ohc, Rnf, Qmo and Dsr, of which the last two feed electrons 
into the sulfate-reduction pathway; the other four complexes may transfer electrons to Qmo and Dsr 
through the quinone pool (not shown) or may function in other cytoplasmic reduction reactions; (v) proton 
import through ATP synthase with associated energy conservation. Formate cycling involves: (i) 
generation of cytoplasmic formate by Pfl-catalyzed conversion of pyruvate; (ii) transport of formate to the 
periplasm by symport with a proton; (iii) periplasmic oxidation of formate by FdhAB, FdhABC3 or Cfd; 
steps (iv) and (v) are then as for hydrogen cycling (Pereira et al., 2007). 
 
Although some sulfate reducers are capable of fermentative and sulfidogenic growth on sugars 
and amino-acids, in anaerobic reactors and in the presence of sulfate, sulfate reducers are more 
likely to be involved in the last stages of mineralization than in the initial fermentative stage 
(Colleran et al., 1995). Based on their metabolic characteristics, two major groups of sulfate 
reducers are distinguished: those species that completely oxidize their organic substrates 
completely to CO2 and those that carry incomplete oxidation of their substrates usually to acetate 
and can not oxidize it further (Widdel, 1988).  
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2.2 Competition between sulfate reducers with methanogens and acetogens  

Although thermodynamic and kinetic considerations generally favour sulfate reducing bacteria 
(SRB) in the competition for the substrates available in anaerobic degradation (Colleran et al., 
1995), in practice factors such as substrate composition and concentration, pH, temperature, type 
of reactor and biomass, sulfate concentration and chemical oxygen demand (COD)/SO4

2- ratio, 
differential sulfide toxicity, trace metals and other nutrients, etc, may significantly affect the 
outcome of the competition (Patidar and Tare, 2005).  
The COD/SO4

2- ratio of the wastewater is a very important parameter because it determines 
which part of the COD can be degraded via sulfate reduction. In theory, all COD can be degraded 
via sulfate reduction if the COD/SO4

2- (g g−1) ratio is below 0.67.  
The following paragraphs present research findings in the competition between sulfate reducers 
and methanogens for acetate and H2 and between sulfate reducers and acetogenic bacteria for 
propionate, butyrate and ethanol. Unless mentioned otherwise, the studies refer to near neutral pH 
values. 

2.2.1 Hydrogen 

Both thermodynamic and kinetic data predict an advantage of sulfate reduction in relation to 
methanogenesis from H2 (Robinson and Tiedje, 1984; Visser, 1995). Moreover, it is accepted that 
SRB maintain the concentration of H2 in the reactor below the threshold level for methanogens 
(Lovley and Tiedje, 1984). Consequently, if sufficient sulfate is available, hydrogenotrophic SRB 
should out-compete hydrogenotrophic methanogens. Under conditions of excess sulfate, Visser 
(1995) clearly showed that hydrogenotrophic methanogens were out-competed by the SRB in 
UASB reactors, which was observed both for mesophilic (30°C) and thermophilic (55°C) 
conditions. However, the hydrogenotrophic methanogens were not expelled from the biomass but 
remained present in relative high numbers. In mesophilic EGSB reactors, O’Reilly and Colleran 
(2006) observed a dominance of hydrogenotrophic methanogens at COD/SO4

2- ratios of 16 and 4, 
but SRB were dominant at a COD/SO4

2- of 2. Nevertheless, Maillacheruvu and Parkin (1996) 
found that methanogens were less inhibited by sulfide than SRB in batch tests with propionate, 
acetate and hydrogen at a COD/SO4

2- of 3. Thus, sulfide inhibition can favour methanogens over 
sulfate reducers. 

2.2.2 Acetate 

Although both thermodynamic and kinetic considerations favour sulfate reduction over 
methanogenesis, literature data on the outcome of competition for acetate in anaerobic reactors 
are contradictory. Several studies have found that acetate is completely converted into methane 
even in the presence of excess sulfate (Isa et al., 1986a; Isa et al., 1986b; Yoda et al., 1987; 
Parkin et al., 1990; Visser et al., 1993b) while others found that acetotrophic methanogens were 
out-competed by sulfate reducers (Stucki et al., 1993; Alphenaar, 1994; Uberoi and Bhattacharya, 
1995).  
Several authors tried to explain this discrepancy based on the sulfate concentration and 
COD/SO4

2- ratio (Choi and Rim, 1991; Omil et al., 1998; Oude Elferink, 1998a; O'Reilly and 
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Colleran, 2006), type of substrate (Maillacheruvu et al., 1993; Uberoi and Bhattacharya, 1995; 
Oude Elferink, 1998a) and concentration (Yoda et al., 1987), pH (Visser, 1995; De Smul et al., 
1997), temperature (Visser, 1995; De Smul et al., 1999), the type of seed sludge (Oude Elferink 
et al., 1998b) and experimental operation time (Harada et al., 1994; Omil et al., 1998; Oude 
Elferink, 1998a), differences between immobilization properties (Isa et al., 1986a; Isa et al., 
1986b; Visser, 1995; Omil et al., 1996; De Smul et al., 1997) and sensitivity to sulfide (Visser, 
1995; Maillacheruvu and Parkin, 1996; De Smul et al., 1997) between acetotrophic sulfate 
reducers and methanogens.  

2.2.3 Propionate 

Several studies found that SRB play a significant role in the degradation of propionate (Qatibi et 
al., 1990; McCartney and Oleszkiewicz, 1991; Wu et al., 1991; Visser et al., 1993b; Harada et al., 
1994; Oude Elferink et al., 1998b). Sulfate reducers can participate in the degradation of 
propionate by oxidizing propionate directly or by using hydrogen in syntrophy with the oxidation 
of propionate by acetogens. Moreover, sulfate reducers can oxidize propionate completely or 
incompletely. Incompletely oxidising SRB are thought to outcompete completely oxidising 
species due to the faster growth rate of the former on propionate (Widdel, 1988). Also O’Flaherty 
et al. (1999b) showed, in activity tests involving addition of sulfate plus bromoethane sulphonic 
acid (BES), that the SRB population established degraded propionate by an incomplete oxidation 
to acetate. 
Growth rates of propionate-degrading SRB are higher than of syntrophic propionate-degrading 
bacteria (Visser et al., 1993b; Maillacheruvu and Parkin, 1996). However, if sulfate is limiting, 
propionate-degrading SRB have to compete with other groups of SRB for the available sulfate 
(Visser et al., 1993b; Oude Elferink, 1998a). Under sulfate limiting conditions, propionate-
degrading SRB are not very effective competitors for hydrogenotrophic SRB (Maillacheruvu and 
Parkin, 1996), which can enable propionate-degrading acetogens to compete with propionate-
degrading SRB. If sulfate is present in excess, sulfate limitation and sulfate competition between 
different groups of SRB becomes unimportant and therefore propionate-degrading SRB are able 
to outcome acetogens for propionate (Visser et al., 1993b). Moreover, due to utilization of 
propionate by SRB, H2 production drops, channeling more sulfate to propionate-degrading SRB 
(Maillacheruvu and Parkin, 1996; Speece, 1996). 

2.2.4 Butyrate 

Few studies focus on the competition for butyrate between acetogenic bacteria and SRB in 
anaerobic reactors. Rinzema and Lettinga (1988) and Mulder (1984) reported that the reduced 
equivalents produced in the oxidation of butyrate were completely oxidized by SRB, but no 
distinction was made between direct incomplete oxidation of butyrate by SRB or a syntrophic 
degradation coupled to hydrogen utilization by SRB. Visser et al. (1993b) found that, in contrast 
to propionate oxidation, acetogenic bacteria were competitive with SRB for butyrate both at low 
and high COD/SO4

2- ratios in UASB reactors. However, in continuously stirred tank reactors 
(CSTR), Mizuno et al. (1994) reported that the degradation pathway of butyrate was dominated 
by the COD/SO4

2- ratio. At high COD/SO4
2- ratios, butyrate was degraded to methane via acetate 
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and hydrogen by methanogens (MPA) (Figure 1.4A). At low COD/SO4
2- ratios, butyrate was 

firstly degraded to acetate by SRB, and the produced acetate was then degraded by acetate 
consuming methanogens and SRB (Figure 1.4B) (Mizuno et al., 1994).  
 
 
 
 
 
 
 
 
 
  
 

 
Figure 1.4 Effect of COD/SO4

2- ratio on the degradation pathway of butyrate (Mizuno et al., 1994). 
 

2.2.5 Ethanol 

Wu et al. (1991) showed that the addition of sulfate increased the maximum degradation rates for 
ethanol in granules from a UASB reactor treating brewery wastewater and that the presence of 
molybdate decreased ethanol conversion rates. O’Flaherty et al. (1999b) similarly reported that 
SRB were involved in ethanol metabolism in anaerobic hybrid reactors fed with propionate, 
butyrate and ethanol. Kaksonen et al. (2004a) observed an average 76% electron flow from 
ethanol to sulfate reduction in a fluidized bed reactor treating acidic metal-containing wastewater. 
In an ethanol fed EGSB reactor, De Smul et al. (1997) observed that SRB oxidized ethanol 
incompletely to acetate. 
 

3 TWO–PHASE ANAEROBIC TREATMENT  

The two-phase anaerobic treatment was firstly proposed by Pohland and Ghosh (1971) and 
consists on the physical separation of the hydrolytic and acidogenic steps from the methanogenic 
step. It has been adopted for the treatment of industrial wastewaters and organic solid waste (for 
reviews, see Fox and Pohland (1994), Jeyaseelan and Matsuo (1995), Demirel and Yenigun 
(2002) and Ke et al. (2005)). The main motivation is to separately provide optimum 
environmental conditions for each group of microorganisms. Table 1.1 shows the main 
advantages and disadvantages of phase separation in relation to one-phase anaerobic treatment. 
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Table 1.1 Main advantages and disadvantages of the phase separation (after Fox and Pohland (1994), 
Mizuno et al. (1998b), Hwang et al. (2004) and Ke et al. (2005)). 
Advantages 
Isolate and optimize potential rate-limiting steps (hydrolysis and acidogenesis in the first phase and 
methanogenesis in the second phase)  
Increased loading rates  
Improved stability to shock loads  
Potential for detoxification in the first phase  
Faster start-up  
Growth of acidifiers just in the first phase, therefore not affecting granular sludge quality in the 
methanogenic reactor 
Potential to produce H2 and CH4 separately  
Removal of sulfide before the methanogenic phase 
Separation of sulfate reduction from the methanogenic phase  
Biogas from methanogenic reactor less contaminated by CO2 and H2S  
Disadvantages 
Disruption of syntrophic relationships 
Product inhibition  
More difficult to implement, engineer and operate  
Lack of process experience and applicability to a variety of wastes  

 
The two-phase anaerobic treatment of carbohydrates has been studied intensively and its 
suitability has been demonstrated (Fox and Pohland, 1994; Ke et al., 2005). Cohen et al. (1980) 
and Cohen et al. (1982) compared one-phase and two-phase systems for the anaerobic digestion 
of glucose. They found that the maximum specific sludge loadings and gas production of the 
methanogenic phase in the two-phase system were more than three times higher than in the one-
phase system and that the two-phase system was more stable to shock loadings with glucose or 
fatty acids. On overloading of the one-phase system, considerable accumulation of propionate 
occurred, which did not disappear after interruption of the feed supply. After shock loadings, the 
maximum COD turnover rate was 6-8 fold higher in the two-phase system than in the one-phase 
system.  
Product inhibition can, nevertheless, be a limitation for phase separation in the treatment of 
soluble carbohydrates, as referred by van den Heuvel et al. (1988), when showing that free 
butyric acid inhibited growth of a mixed acidogenic culture. 
So far, two-phase anaerobic processes have been applied in the treatment of many kinds of 
wastewater and wastes, viz. distillery, landfill leachate, pulp and paper, olive mill, 
slaughterhouse, starch, cheese whey and dairy wastes, food wastes, dye wastes, coffee wastes and 
sludges (Lens et al., 1998b; Ke et al., 2005) (Table 1.2). Several reactor configurations have been 
used for the acidification and methanogenic reactors (Table 1.2). 
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Table 1.2 Applications of two-phase anaerobic treatment systems (after Lens et al. (1998b) and Ke et al. 
(2005)). 

Process configuration Substrate OLR 
 (gCOD (lreactor d)-1)

COD removal 
(%) 

Reference 

CSTR-CSTR Cane-molasses 
alcohol stilage 

4.6-20 85 (Yeoh, 1997) 

CSTR-UAF a Dilute milk 1.5 91 (Tanaka and Matsuo, 1986) 
CSTR + UAF Cheese whey - 95 (Yilmazer and Yenigun, 

1999) 
CSTR-CSTR Slaughterhouse waste 1.7-7 87 (Banks and Wang, 1999) 
CSTR-CSTR Landfill leachate 2.4-8.0 > 90 (Lin, 1991) 
CSTR-filter Olive mill waste 2.3-2.4 - (Gharsallah, 1994) 
UASB-CSTR Glucose 7.5 96 (Cohen et al., 1982) 
UASB-UASB Glucose 54 85 (Lun et al., 1995) 
UASB-UASB VFA b 60 90 (Wiegant et al., 1986) 
UASB-UASB Distillery wastewater 16.5-44 80 (Shin et al., 1992) 
UASB-UASB Beer brewing process 30-40 80-90 (Ohtsuki et al., 1994) 
UASB-UASB Pulp and paper 12 84 (He et al., 1995) 
UASB-UASB Sewage sludge 19 - (Fongastitkul et al., 1994) 
UASB-UAF Dairy waste 5 90 (Ince, 1998) 
EGSB-EGSB Malting 12 80 (Rebac et al., 1998) 
APBR-APBR c Dye waste 0.25-1.0 90 d (Talarposhti et al., 2001) 
- Coffee waste - 70 (Kida et al., 1994) 
Fixed bed + UASB Starch wastewater 20 99 (Yanagi et al., 1994) 

a upflow anaerobic filter; b volatile fatty acids; c anaerobic packed bed reactor; d color removal. 
 

3.1 Sulfate reduction in the acidogenic phase 

For sulfate rich wastewaters, the two-phase anaerobic process has the potential of separating the 
sulfate reduction step from the methanogenic step. Several studies show that sulfate reduction is 
possible in the acidogenic phase (Table 1.3). Thus, sulfide can be removed from the wastewater 
prior to methanogenesis, avoiding problems of inhibition and contamination of the biogas and 
effluent from the methanogenic reactor (Figure 1.5) (Nanninga, 1987). Reis et al. (1991b) showed 
that a two-phase system has more stability and higher CH4 yield relatively to a one-phase system, 
for the treatment of molasses slop wastewater with a COD/SO4

2- ratio of 10. Figure 1.6 shows an 
example of a full scale application of a two-phase anaerobic treatment system in a starch-
producing company that produces a wastewater with a COD/SO4

2- ratio of approximately 4. 

Figure 1.5 Scheme of the two-phase anaerobic treatment process for sulfate containing organic 
wastewaters. 
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Sulfate reduction 

(Acetogenesis) 

(Acetogenesis) 
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Figure 1.6 Two-phase wastewater treatment plant at Cerestar (Sas van Gent, The Netherlands) (Reith et 
al., 2003). Methanogenic reactor (UASB) at the front and acidification reactor (CSTR) at the back. 
 
Reis et al. (1988) showed that sulfate reduction occurred together with the acidification of an 
influent consisting of cane sugar molasses slops in CSTR or Upflow fixed film bed reactors 
controlled at pH 5.4, 5.8, 6.2 and 6.6. Also Mizuno et al. (1998a; 1998b) observed simultaneous 
acidogenesis and sulfate reduction in chemostat systems and in a membrane bioreactor between 
pH 6 and 7 using sucrose as the substrate at 35 °C. Freese and Stuckey (2004) showed that in a 
mesophilic anaerobic baffled reactor fed with sucrose and protein with COD/SO4

2- ratio between 
10 and 1, the higher rates of sulfate reduction and the higher relative percentage of SRB (mainly 
Desulfovibrio) occurred in the first compartments of the ABR. Unfortunately, pH values in the 
reactor were not reported, except for the fact that the pH was lower in the first compartments.   
Under thermophilic (55°C) conditions, Sipma et al. (1999) and Lens et al. (2001; 2003) similarly 
found that sulfate reduction occurred during the acidogenesis of starch and sucrose at pH 6 in 
UASB and EGSB reactors representing the first stage of a upflow staged sludge bed reactor. 
 

Most studies so far report a negative effect of sulfate on the acidification rate. Sipma et al. (1999) 
and Lens et al. (2003) observed a decrease of the thermophilic sucrose degrading activity in batch 
tests at pH 7 and 5, respectively, in the presence of excess sulfate. At low HRT (less than 4 
hours), Mizuno et al. (2000) observed a decrease in sucrose acidification efficiency with the 
increase in sulfate concentration at 35°C, which was not observed at the longer HRT tested. In 
these studies, sulfide was present in low concentrations, which indicates that the acidification 
bacteria were not inhibited by sulfide. 
The presence of sulfate did not significantly affect the acidification pathways of sucrose (Sipma 
et al., 1999) or lactate and glucose (Maillacheruvu et al., 1993). However, Mizuno et al. (1998a) 
observed a significant influence of sulfate in the metabolites from sucrose degradation, especially 
in the production of ethanol and lactate. 
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In the acidification phase, sulfate reducers mostly use hydrogen and VFA as substrates (Mizuno 
et al., 1998a; Mizuno et al., 1998b; Ren et al., 2007). By maintaining low levels of hydrogen 
partial pressure in the acidification reactor, SRB contribute to the stability of the system (Ren et 
al., 2007). Mendez et al. (1989) observed a 5 fold increase in propionate concentrations in 
sucrose acidification at a COD/SO4

2- of 100 compared to 5, which was attributed to H2 
scavenging by the SRB at the lower COD/SO4

2- ratio. 
The presence of sulfate reduction was associated to increased production of acetic acid in the 
acidogenic reactor in several studies. Mizuno et al. (1998b) observed the decrease in n-butyrate 
and 3-pentanol and concomitant increase of acetate and 2-propanol with the increase in sulfate 
concentrations. Ren et al. (2007) reported that the metabolic activities of SRB resulted in 45-82% 
acetic acid in the terminal liquid products in the acidogenic reactor. Similarly, Reis et al. (1991b) 
showed a linear relationship between sulfate reduction and acetate production and that the 
decrease in SRB activity shifted the fermentation towards butyric acid production. Therefore, it is 
advantageous to operate the acidogenic phase in the presence of high SRB activities, as acetic 
acid is the main precursor for methanogenic bacteria (Reis et al., 1991b). 
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4 EFFECT OF LOW pH ON ANAEROBIC MICROBIAL CONVERSIONS 

Microbial conversions are strongly affected by the pH. Different microorganisms have different 
pH-optima and pH ranges for growth. High concentrations of free intracellular protons can impair 
the functions of proteins and nucleic acids and therefore affect processes such as DNA 
transcription, protein synthesis and enzyme activity.  
The effect of pH may also be indirect by affecting the speciation of weak acids like sulfide, VFA 
or ammonia in dissociated or undissociated forms, which will determine their toxicity. Moreover, 
the pH determines the bioavailability of nutrients (e.g. trace metals), substrate ingredients (e.g. 
proteins) or the speciation of CO2.  
The following paragraphs will describe the effect of (low) pH values on sulfate reducers, 
acidogens and methanogens. 

4.1 Sulfate reduction 

Most known SRB have a pH optimum of around 7 and are inhibited at pH values below 6 or 
higher than 9 (Widdel, 1988). However, sulfate reduction has been found in natural or engineered 
ecosystems at lower pH values.  
Sulfate reduction has been proven to occur at pH ≤ 3 in the acidic sediments of an Argentinean 
lake influenced by volcanism (Koschorreck et al., 2003). Tuttle et al. (1969) observed sulfate 
reduction in incubations of water from acid mine drainage accumulated in a dam composed of 
wood dust at initial pH 3 with saw dust cellulose as the substrate. Gyure et al. (1990) reported 
sulfate reduction in incubations with sediments from an acid mine lake in Indiana at pH as low as 
3.8 using several substrates. 
Other studies reported sulfate reduction in continuous packed bed column experiments at pH as 
low as 3 with enrichments of sulfate reducers from mine sites (Elliott et al., 1998; Kolmert and 
Johnson, 2001; Jong and Parry, 2006) or from horse manure (Tsukamoto et al., 2004). However, 
the effluent pH of these reactors was always higher, in general higher than 5.5 and it was not 
clear at what pH sulfate reduction occurred in the reactors. 
 

The isolation of acid-tolerant or acidophilic SRB has not been very successful so far. Pure 
cultures isolated from mixed cultures capable of reducing sulfate at pH 3 were not capable of 
reducing sulfate below pH 5.5 (Tuttle et al., 1969). Also Gyure et al. (1990) reported that primary 
enrichments could be maintained and transferred at pH 3.8 but pure cultures growing at pH 3-5 
were not obtained. It was therefore suggested that the SRB present in the acid environments 
occurred in microenvironments of a higher pH in the sediment or around wood or other 
suspended particles (Tuttle et al., 1969; Gyure et al., 1990). Koschorreck et al. (2003) attributed 
the lack of success in the isolation of acidophilic SRB from most acidic mining lakes to the lack 
of organic substrates and to competition with iron-reducing bacteria for electron donors, which 
leaves acidophilic SRB in competitive disadvantage in those habitats. Indeed, Kusel et al. (2001) 
reported the presence of SRB in lower deep slightly acidic sediment zones of coal-mining 
impacted sediments, whereas the reduction of Fe(III) occurred in the upper acidic sediment zone. 
From the sediment zone with maximum sulfate reduction activity, with an in situ pH of 5.2, the 
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authors isolated a spore-forming, lactate utilizing SRB with a pH optimum of 5.2 and capable of 
growing in the pH range 4.9-6.1. Kimura et al. (2006) showed sulfate reduction at pH 3.8-4.2 
with a defined mixed culture with methanol as the substrate. The presence of sulfate reduction 
was attributed to the syntrophic interactions involving hydrogen transfer between the two 
constituents of the mixed culture (an endospore-forming sulfate reducer isolated from an acidic 
sediment of a geothermal area, isolate M1, and a non sulfate reducer acidophile, isolate PFBC) 
(Figure 1.7) and to the substrate utilized: methanol, which did not pose problems of toxicity at 
those low pH values, unlike most organic acids. Also Hard et al. (1997) were able to isolate an 
SRB from a copper mine waste-water pond that could grow at pH 4.0. These authors also 
observed that Desulfovibrio salexigens could grow on methanol at pH 4.5.  
 
 

 
Figure 1.7 Hypothetical syntrophic relationship between isolate M1 and PFBC, grown anaerobically on 
glycerol (Johnson et al., 2006; Kimura et al., 2006). 

4.2 Acidogenesis 

The pH value affects the growth rate and activity of acidogenic microorganisms but very 
importantly also, affects the fermentation products obtained, which will affect the subsequent 
processes in anaerobic digestion, which are in general slower and more sensitive (Ruzicka, 1996). 
In general, acidogenic organisms can withstand slightly acidic conditions and the pH range 4-6.5 
has been reported as optimal (Speece, 1996). Criteria for the optimal pH range definition differ 
according to the research objectives. They include optimum growth or activity of acidifiers; 
production of good substrates for the methanogenic reactor; minimization of methane production 
(in the acidogenic phase); maximization of hydrogen production; minimization of alkali addition 
to the acidification reactor or maximization of sulfate reduction, in case sulfate is present in high 
concentration in the wastewater.  
 

A study by Zoetemeyer et al. (1982) showed that the optimum growth of a population of glucose 
consuming bacteria occurred in a pH range of 5.8-6.2 in mixed culture systems. There was a 50% 
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decrease in the growth rate at pH 5, while for pH levels higher than 6.0, there was a gradual 
decrease in biological activity down to 25% at a pH of 8. A similar optimum pH range was found 
for an acidogenic population degrading a complex waste based on beef extract (Dinopoulou et al., 
1988a). The optimum pH was 7 but significant acidification of the wastewater occurred within 
the tested range (pH 5.0 to 8.0). 

4.2.1 Acidogenesis in two-phase anaerobic treatment 

In a two-phase anaerobic treatment system, the fermentation products from the acidogenic reactor 
will determine the metabolic rates and operational stability to be expected in the methanogenic 
reactor. Acetic acid, butyric acid, lactate and ethanol are considered to be the best substrates for 
the methanogenic reactor (Ren et al., 1997; Yang et al., 2003), contrary to propionate (Reis et al., 
1991b; Inanc et al., 1999). 
Kisaalita et al. (1987) suggested the pH range of 6.0 to 6.5 as optimum, in order to obtain 
butyrate and acetate in the acidification of lactose. However, the same authors stated that to 
maintain such a pH range, a high concentration of NaOH should be added. Romli et al. (1994) 
observed that lowering the pH from 6.0 to 5.3 in the acidification of molasses in a CSTR led to a 
reduction in the external alkali addition by 30% without any significant deterioration in the final 
effluent quality. For sulfate rich wastewaters, Reis et al. (1991b) suggested the operation of the 
acidogenic phase at pH 6.2 in order to achieve high sulfate removal efficiencies and acetic acid 
concentrations and to minimize methane production in the acidogenic phase.   
 

The strong effect of the pH on the acidification products was reported by several authors. Table 
1.4 shows the main products obtained according to the pH. It should be noted the studies 
reviewed in this section use mixed cultures as inoculum, so besides acidogenesis, subsequent 
processes in the anaerobic digestion chain also take place, according to the inoculum and 
operational conditions. Therefore, also acetogenesis/homoacetogenesis, methanogenesis or 
sulfate reduction can occur in these ‘acidification’ reactors.  
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Table 1.4 Main products from the acidification stage according to the pH. 
Substrate Reactor Inoculum T 

(°C) 
pH Main products Reference 

6.0 C4 Glucose CSTR Anaerobic 
digestor  

37 
8.0 C2 and C3 

(Horiuchi et al., 
1999) 

4.0 → 7.0a More C2, less C4 Glucose CSTR CSTR H2 
producing 

36 
6.5-7.0 Increase in C3 and 

CH4 

(Fang and Liu, 
2002) 

Glucose Batch Anaerobic 
digestor 

25 7.5, 6.2 C2, C4 and ethanol (Oh et al., 2003) 

4.0-4.5 C4 
4.5-5.0 Ethanol 

Glucose Semi-
continuous 
and batch 

Mixed 
culture 

35 

5.0-6.0 C3 

(Hwang et al., 
2004) 

4.5 C4 Glucose Semi-
continuous 
and batch 

Mixed 
culture 

35 
4.3 Butanol 

(Kim et al., 
2004) 

Glucose CSTR + 
N2 

Fermented 
soybean-meal 

35 6 C4 (followed by C2) (Mizuno et al., 
2000) 

4.0-5.0 C4 Glucose Fermentor Heat-treated 
granular 
sludge 

30 
6.0-8.0 C2 

(Zheng and Yu, 
2004) 

Glucose CSTR Anaerobic 
sludge 

25 7 C2 and C3 (Inanc et al., 
1996) 

Glucose  Upflow 
reactor 

Secondary 
sludge 

30 5.9 Lactate, C4 and C2 (Zoetemeyer et 
al., 1982b) 

Sucrose CSTR UASB 
sludge/heat 
shocked 

30-
45 

4.7-6.0 C4, C2 and H2 (Wang et al., 
2005) 

Sucrose  Fermentor Acidogenic 
granular 
sludge  

26 5.5 VFA (mainly C4 (60-
70%) and C2) and 
alcohols 

(Liu and Fang, 
2003) 

Sucrose CSTR Aeration tank 
sludge 

35 6.4-7 Mainly C4 (also 
some C2 and less 
ethanol and C3) 

(Chen and Lin, 
2003) 

Lactose CSTR 35 4-4.5 H2, ethanol, C2 and 
C4 

(Kisaalita et al., 
1987) 

  

Municipal 
waste 
treatment 
plant 

 4.5-6.5 No H2, more C2, less 
C4 and ethanol 

 

Molasses CSTR Mixed 
culture 

35 6.0 → 5.3 a High H2 production 
More C3, C4 and 
lactate, less C2 

(Romli et al., 
1994) 

4.5 Ethanol and C2 Molasses CSTR Activated 
sludge 

30 
5.5 Ethanol and C3 

(Ren et al., 
1997) 
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Table 1.4 Main products from the acidification stage according to the pH (continuation). 
Substrate Reactor Inoculum T 

(°C) 
pH Main products Reference 

5.2 C4 Batch 
5.8-6.6 C2 and C3 
5.4-5.8 C4 
6.2-6.6 C2 and C3 

Molasses 
slop 

CSTR or 
AF 

Anaerobic 
digestor 

37 

5 C2 and C4 

(Reis et al., 
1991b) 

4.0-5.0 C3 and H2 
5.0-6.0 Transition zone 

Gelatin-
based 

Upflow 
reactor 

Methanogenic 
sludge 

37 

6.0-7.0 C2 and C4 

(Yu and Fang, 
2003) 

Beef 
extract 

CSTR Anaerobic 
digestor 

35 8.0 → 5.0a Less C2 and more C3  (Dinopoulou et 
al., 1988b) 

a change in pH from the first to the second value. 
C2: acetate; C3: propionate; C4: butyrate. 
 
The changes observed in the fermentation pathways according to the pH can be attributed to 
shifts in the dominant population present (Kisaalita et al., 1987; Horiuchi et al., 1999), to changes 
in the metabolism of the populations present or to a combination of both (Reis, 1991a). 
Most studies report a decrease in the fraction of acetate relatively to the total VFA produced with 
the decrease of pH together with an increase in the fraction of butyrate (Reis et al., 1991b; Romli 
et al., 1994; Fang and Liu, 2002; Hwang et al., 2004; Zheng and Yu, 2004; Rodriguez et al., 
2006). Although Romli et al. (1994) observed an increase in lactate and propionate together with 
the decrease in pH from 6.0 to 5.3, most authors report less propionate formation at low pH 
values, as propionic acid producers are inhibited by low pH, contrary to butyric acid producers 
(McCarty and Mosey, 1991; Inanc et al., 1996). Kim et al. (2004) and Inanc et al. (1999) 
recommended a pH of about 5 in order to prevent propionate accumulation. Kisaalita et al. (1987) 
reported an increased production of ethanol below pH 4.5 in the fermentation of lactose and Ren 
et al. (1997) described an ethanol-type fermentation from molasses around pH 4.5. At pH values 
lower than 5, acetone and butanol production (solventogenesis) have also been reported (Gyure et 
al., 1990; Lee et al., 2002; Kim et al., 2004). Moreover, Wang et al.(2005) and Yang et al. (2003) 
clearly showed by response surface analysis that temperature, substrate concentration and HRT 
influenced the pH effect on acidification. This explains different observations when experimental 
conditions are different.  
In the last years, research on biological H2 production with mixed cultures has increased 
significantly (Fang and Liu, 2002). As a result, several studies tried to steer acidification reactors 
to maximize H2 production, which is usually obtained at low pH (Lay, 2000; Fang and Liu, 2002; 
Hwang et al., 2004).  
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4.3 Methanogenesis 

The pH range of approximately 6.5-8.2 is generally required for methanogenesis (Speece, 1996). 
The inhibition of methanogenesis has been reported under weak acidic conditions (Hwang et al., 
2004). Under mesophilic conditions, although Fang and Liu (2002) observed a biogas free of 
methane at pH 5.5 or lower by a mixed culture fed glucose, Kim et al. (2004) reported that when 
the HRT of the reactor was long enough for the growth of methanogens, hydrogenotrophic 
methanogenesis was not completely inhibited at pH 4.5. Hwang et al. (2004) similarly concluded 
that the pH range 4.5-6 did not completely inhibit hydrogenotrophic methanogens. However, 
acetotrophic methanogenesis was inhibited at pH 4.5 (Kim et al., 2004). Similar observations 
were made by Paulo et al. (2003) at pH 4 and thermophilic (55°C) conditions. The authors 
operated a methanol fed UASB reactor at pH 4 for 160 days without detecting methane 
formation. However, at the end of reactor run, the sludge still showed significant 
hydrogenotrophic methanogenesis at neutral pH. On the contrary, the sludge did not show any 
acetotrophic methanogenesis, which confirmed that the hydrogen utilizing methanogens are more 
tolerant to the acidic conditions than acetate utilizing methanogens. 

4.4 Mechanisms for pH homeostasis 

Although neutrophiles and acidophilies have different pH optima, both require a circum-neutral 
intracellular pH (Baker-Austin and Dopson, 2007). Figure 1.8 illustrates the mechanisms used by 
acidophiles to maintain a pH gradient across the molecular membrane: 
 (i) pumping out excess protons by potassium transport (a predominance of potassium-
transporting ATPases is found in acidophile genomes).  
(ii) the presence of  highly impermeable cell membranes to retard the influx of protons into the 
cell.  
(iii) active proton export by transporters.  
(iv) the sequencing of several acidophile genome sequences has indicated that there is a higher 
proportion of secondary transporters than in neutrophiles. Overall, they reduce the energy 
demands associated with pumping necessary solutes and nutrients into the cell.  
(v) the presence and availability of enzymes and/or chemicals capable of binding and 
sequestering protons.  
(vi) comparative genome analysis suggests that a larger proportion of DNA and protein repair 
systems might be present in acidophiles compared with neutrophiles. 
 (vii) organic acids that function as uncouplers in acidophiles might be degraded by heterotrophic 
acidophiles. 
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Figure 1.8 Processes associated with pH homeostasis in acidophiles (Baker-Austin and Dopson, 2007). 
See text for explanation. 
 

5 TOXICITY 

5.1 Sulfide  

Sulfate reduction results in the production of sulfide, which is inhibitory at high concentrations to 
the different trophic groups involved in anaerobic digestion. Nevertheless, the presence of small 
amounts of sulfide is advantageous as it can maintain a low oxidation-reduction potential in the 
reactors, constitutes an important sulfur source for methanogens, the majority of which does not 
contain assimilatory sulfate reductases (Daniels et al., 1986) and decreases the bioavailability of 
some toxic metals by the production of insoluble metal sulfides (Mizuno et al., 1994). 
The inhibitory effect of sulfide has been associated to the formation of insoluble metal sulfides 
with essential trace metals for microorganisms (Bharathi et al., 1990) or to intrinsic toxicity to 
living systems (Postgate, 1979). Sulfide can cause denaturation of proteins due to the formation 
of cross-links between polypeptide chains and interfere with key metabolic enzymes in the cells 
(Postgate, 1979; Madigan et al., 2000). Sulfide can also interfere with the assimilation of sulfur 
and affect the intracellular pH (Visser, 1995). Thus, more energy is needed for cell maintenance, 
which uncouples growth from energy production (Okabe et al., 1995). The toxic form of sulfide 
and its relative toxicity to the different trophic groups will be discussed in the following 
paragraphs. 

5.1.1 Toxic form of sulfide 

The toxicity of sulfide is often associated with its undissociated form (H2S) due to the facilitated 
passage of neutral molecules across cell membranes and to its high reactivity with cellular 
components (Postgate, 1979; O'Flaherty et al., 1998). H2S concentrations are related to the pH 
and to its solubility in water: 
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 H2S (l) ↔ H+ + HS-   
 H2S (l) ↔ H2S (g) 
 
The pKa of sulfide is 6.68 at 55°C and 6.99 at 25°C (Amend and Shock, 2001), which means that 
small pH variations around those values will significantly affect the H2S concentration, with 
higher concentrations at lower pH values. At 55°C and pH 7, 30% of the sulfide is in the 
undissociated form. At pH 6, the percentage increases to 80% and at pH 5 and 4, nearly all the 
sulfide is in the undissociated form. H2S has a relatively low solubility in water, which means that 
stripping by the biogas produced or other gases can significantly decrease the H2S concentration 
in the liquid phase. 
Reis et al. (1991c; 1992) indeed showed that the inhibitory form of sulfide to a sulfate reducing 
culture of the genus Desulfovibrio at pH 6.2 and 6.6 was the undissociated form of sulfide, by 
correcting bacterial growth rates for the pH effect and for the effect of acetic acid concentration. 
However, many studies conclude about the relative toxicity of total dissolved sulfide (TS) and 
undissociated sulfide based on comparisons between microbial growth or activity at different pH 
values, without correcting for the effect of the pH alone (Oleszkiewicz et al., 1989; De Smul et 
al., 1997). 
Nevertheless, several studies conclude that H2S is not always the most toxic form of sulfide, 
which seems to depend on the pH range (Koster et al., 1986; Visser, 1995; O'Flaherty et al., 
1998), type of microorganism (Hilton and Oleszkiewicz, 1988; Okabe et al., 1992) and if growing 
in suspended or attached form (Visser, 1995). 

5.1.2 Fermentatives  

Fermentative bacteria are not very sensitive to sulfide toxicity. Studies by Maillacheruvu et al. 
(1993) showed that fermentatives are less susceptible to sulfide toxicity than methanogens or 
SRB. Shin et al. (1992) reported that glucose utilization was only retarded when the total 
dissolved sulfide concentration was higher than 800 mg l-1. Mizuno et al. (1998a; 1998b) 
observed no inhibition of sucrose utilization at a H2S concentration of 105 mg l-1. Under 
thermophilic conditions, Sipma et al. (1999) and Lens et al. (2001) found that sucrose 
degradation was not affected by H2S concentrations up to 300 mg l−1. 

5.1.3 SRB 

Literature data on the sensitivity of SRB to sulfide toxicity are contradictory. Isa et al. (1986a) 
reported that SRB growing on acetate and ethanol were not affected by high levels of sulfide 
(IC50 approx. 1300 mg l-1 H2S) and Greben et al. (2005) even observed increased sulfate removal 
rates on ethanol and sugar with increased total sulfide concentrations up to 1424 mg l-1. Most 
reports, however, state a negative effect of elevated sulfide concentrations on sulfate reduction 
but the concentration level at which inhibition occurs differs largely between studies (Table 1.5). 
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Table 1.5 H2S and TS inhibition values for SRB. 
Biomass Substrate T 

(oC) 
pH H2S 

(mg l-1) 
TS 

(mg l-1)
Criteria Reference 

H2/CO2 37 6.8 241 446 IC50 a 
C4 37 6.8 264.5 489 IC50 a 

Granular  
non-sulfate 
adapted 

ethanol 37 6.8 294 544 IC50 a 
H2/CO2 37 6.8 256 474 IC50 a 
C4 37 6.8 252 467 IC50 a 

Granular  
sulfate adapted 

ethanol 37 6.8 270 500 IC50 a 

H2/CO2 37 6.8 273 505 IC50 a 

C2 37 6.8 202 374 IC50 a 
C3 37 6.8 177 328 IC50 a 
C4 37 6.8 320 593 IC50 a 

Non granular 
sulfate adapted 

ethanol 37 6.8 303 561 IC50 a 

(O'Flaherty et al., 
1998) 

7.2-7.4 171 615 IC50 b Granular sludge C2 30 

8.1-8.3 57 1125 IC50 b 
(Visser, 1995) 
 

Biofilm C2 35 7.5-8.5 50 - Process 
failure 

(Stucki et al., 1993) 

Biofilm C2 and 
ethanol 

35 7 1300 - IC50 b (Isa et al., 1986a) 
 

Biofilm  H2/CO2 30 7 450 - No 
inhibition 

(van Houten et al., 
1994) 

Biofilm  H2/CO2 55 7 250 - Total 
inhibition 

(van Houten et al., 
1997) 

Digester sludge sugar and 
ethanol 

20-
25 

> 7.5 - 500-
1500 

No 
inhibition 
(benefitial 
effect) 

(Greben et al., 
2005) 
 

Granular sludge C2 and C3 35 7.5 - 750 IC50 b (Celis-Garcia et al., 
2004) 

Biofilm C2 and C3 35 7.5 - 860 IC50 b  

H2 35 7 380  IC50 b Suspended sludge 

C2 35 7 270  IC50 b 

(Yamaguchi et al., 
1999) 

C2 35 - 8 35 Ki 
c 

C3 35 - 194 681 Ki 
c 

Suspended sludge 

H2/CO2 35 - 140 422 Ki 
c 

(Maillacheruvu and 
Parkin, 1996) 

Mixed SRB culture ethanol 35 6.9-7.3 84 248 Ki 
c (Kaksonen et al., 

2004a) 
Mixed SRB culture C2 35 6.9-7.3 124 356 Ki 

c  

Flocculent sludge C3, C4 and 
ethanol 

35 8 70 1000 Severe 
inhibition of 
C3 and C2 
degradation 

(O'Flaherty and 
Colleran, 1999a) 
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Table 1.5 H2S and TS inhibition values for SRB (continuation). 
Biomass Substrate T 

(oC) 
pH H2S 

(mg l-1) 
TS 

(mg l-1)
Criteria Reference 

D. desulfuricans lactate 35 7 - 500 IC50 d (Okabe et al., 1992) 

D. desulfuricans lactate 35 7 - 267 Ki 
c (Okabe et al., 1995) 

D. magnum C2 30 6.8 239 443 IC50 growth (O'Flaherty et al., 
1998) 
 

D. acetoxidans C2 37 6.8 263 487 IC50 a  

D. postgatei C2 30 6.8 315 583 IC50 a  

D. vulgaris H2/CO2 37 6.8 299 554 IC50 a  

D. propionicus C3 37 6.8 120.5 223 IC50 a  

D. sapovorans C4 37 6.8 277 513 IC50 a  

D. multivorans ethanol 37 6.8 269 498 IC50 a  

Desulfovibrio sp. lactate 37 6.2, 6.6 547 - Complete 
inhibition of 
growth 

(Reis et al., 1991c) 
 

a growth; b sulfate reducing activity; c inhibition constant.; d lactate oxidation. 
C2: acetate; C3: propionate; C4: butyrate. 
 
Table 1.5 shows that there is considerable variation among different groups of SRB with respect 
to sulfide inhibition. O’Flaherty et al. (1998) found that propionate utilizing SRB were 
considerably more sensitive to sulfide toxicity than the other SRB tested (Table 1.5). However, 
Maillacheruvu and Parkin (1996) and Uberoi and Bhattacharya (1997) observed a higher sulfide 
inhibition on acetotrophic SRB than in propionate utilizing SRB. A high sensitivity of 
acetotrophic sulfate reduction was also observed by Stucki et al. (1993) with complete process 
failure of a fixed-bed biofilm column reactor fed with acetate at a H2S concentration of 50 mg l-1. 
On the contrary, hydrogen and lactate utilizing sulfate reducers were less sensitive to sulfide. 
Yamaguchi et al. (1999) showed a 50% inhibition of microbial activity of acetotrophic and 
hydrogenotrophic sulfate reducers at 270 and 380 mg l-1 H2S, respectively. Also Maillacheruvu 
and Parkin (1996) concluded that hydrogenotrophic sulfate reducers were less sensitive to sulfide 
inhibition than propionate and acetate utilizing sulfate reducers. van Houten (1994) showed that 
sulfate reduction was not inhibited by H2S concentrations up to 450 mg l-1 in a mesophilic 
fluidized bed reactor with pumice particles as carrier material and H2/CO2 as carbon and energy 
source. Nevertheless, at 55°C, growth of the mixed culture was completely inhibited at a H2S 
concentration of 250 mg l-1 (van Houten et al., 1997). Okabe et al. (1992) observed a 50% 
inhibition of lactate utilization by D. desulfuricans at approximately 500 mg l-1 TS and Reis et al. 
(1991c) observed complete inhibition of growth of Desulfovibrio sp. on lactate at 547 mg l-1 H2S 
(Table 1.5). 
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5.1.4 Syntrophs 

In a UASB reactor inoculated with a sludge adapted to low sulfate concentrations and fed with 
propionate and sulfate, Rinzema and Lettinga (1988b) observed a decrease in propionate 
degradation at H2S concentrations higher than 100 mg l-1. Also Oleszkiewicz et al. (1989) found 
that propionate utilization was more affected by H2S inhibition than lactate, butyrate and acetate 
utilization by a suspended sludge adapted to low sulfate concentration. This was confirmed by 
Maillacheruvu and Parkin (1996), who found that propionate utilizing acetogens were very 
sensitive to H2S and by O’Flaherty et al. (1999b), who reported that the propionate utilizing 
syntrophs present in the sludge appeared to be irreversibly inhibited by sulfide. 

5.1.5 Methanogens 

Several studies confirm the high susceptibility of acetotrophic methanogenesis to sulfide and the 
lower susceptibility of hydrogenotrophic methanogenesis. Yamaguchi et al. (1999) showed a 50 
% inhibition of microbial activity of acetotrophic and hydrogenotrophic methanogens at 160 and 
220 mg l-1 H2S, respectively. Maillacheruvu and Parkin (1996) also found that acetotrophic 
methanogens were much more inhibited by H2S than hydrogenotrophic methanogens. Toxicity 
tests carried out by O’Flaherty et al. (1999b) showed that acetoclastic methanogenesis was the 
most sensitive step in sulfide inhibition, with 50% inhibition observed at total sulfide 
concentrations of 220-980 mg l-1 (69-150 mg l-1 H2S) over the pH range 6.5-8.0. Koster et al. 
(1986) reported a 50% inhibition of maximum specific acetotrophic methanogenic activity at 
approximately 250 mg l-1 H2S in the pH range 6.4-7.2. At higher pH values, the inhibitory effect 
of a given H2S concentration increased significantly. 
Higher sensitivities were reported for acetotrophic methanogens under thermophilic conditions. 
Pender et al. (2004) demonstrated that the methanogenic conversion of acetate at 55°C was 
extremely sensitive to inhibition by sulfide (50% inhibition at 8-17 mg l-1 H2S at pH 7.6-8.0), 
while the methanogenic conversion of H2/CO2 was favored. Similarly, Visser et al. (1993c) 
reported 50% reduction in the acetotrophic methanogenic activity at H2S concentrations of 18-24 
mg l-1 at pH levels 6.3-8.0 and 55°C. 

5.1.6 Comparative toxicity between trophic groups 

The different groups of organisms involved in anaerobic degradation have different 
susceptibilities to sulfide toxicity. As mentioned above, fermentative bacteria are considered less 
sensitive than sulfate reducers and methanogens to sulfide toxicity (Maillacheruvu et al., 1993). 
In a comprehensive study on effect of pH (6.8-7.5) and sulfide toxicity on methanogens, sulfate 
reducers and syntrophs by O’Flaherty et al. (1998), it was found that in the pH range 7.2-8.5, 
propionate utilizing SRB were the most sensitive of the bacterial groups, both in pure culture and 
in sludge samples, to high concentrations of total sulfide. Moreover, in the pH range 6.8-7.2, the 
levels of sulfide which resulted in 50% inhibition of the growth of the bacterial groups were 
similar (O'Flaherty et al., 1998). However, Maillacheruvu and Parkin (1996) showed that for the 
microbial groups involved in systems treating propionate and sulfate, sensitivity to sulfide 
increased in the following way: hydrogenotrophic methanogens < hydrogenotrophic SRB < 
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incomplete propionate oxidizing SRB < acetotrophic methanogens  <  propionate utilizing 
syntrophs  <  acetotrophic SRB. 
Maillacheruvu and Parkin (1996) showed that both for hydrogen and acetate as substrates, sulfate 
reducers were more inhibited by sulfide than methanogens. Yamaguchi et al. (1999) reported the 
opposite conclusion, based on values of 50% inhibition of sulfate reduction and methanogenesis 
on hydrogen and acetate as substrates. However, the sludge used by Yamaguchi et al. (1999) for 
the assessment of sulfate reducing activities was taken from a sulfate rich reactor, whereas the 
sludge used for the assessment of methanogenic activities was taken from a sulfate poor reactor. 
Therefore, probably the adaptation of the sulfate reducers to higher sulfide concentrations in the 
former sludge caused its higher resistance to sulfide toxicity. Nevertheless, Visser (1995) found 
that acetate utilizing SRB and MPB have similar sensitivities to sulfide between pH 7.0 and 7.5 
and at higher pH levels, SRB are considerably less sensitive to sulfide inhibition than MPB.  

5.1.7 Type of biomass 

The type of biomass immobilization is extremely important in determining its sensitivity to 
sulfide. Factors such as substrate transport inside the biofilm or granule/floc, location of sulfate 
reduction and its proximity to the location of methanogenesis, the diffusion of unionized H2S and 
total sulfide, pH gradients etc., can have significant effects on the toxicity of sulfide (Koster et 
al., 1986; Maillacheruvu et al., 1993; Speece, 1996). 
Maillacheruvu et al. (1993) clearly showed that sulfide toxicity was mediated at lower 
concentrations in suspended growth systems than in anaerobic filters. Levels of 64-80 mg l-1 H2S 
(150-200 mg l-1 TS) were found to cause stress in all suspended growth systems tested with 
acetate and propionate. By contrast, propionate-fed filters could withstand 213 mg l-1 H2S and 
total sulfide levels of 1060 mg l-1. With acetate fed filters, 133 mg l-1 H2S caused no inhibition 
and total sulfide concentration of 425 mg1-1 could be tolerated with no adverse effect 
(Maillacheruvu et al. 1993). Also Speece and Parkin (1983) found that total sulfide concentration 
up to 400 mg l-1 had no effect on methane production from a submerged anaerobic filter and that 
concentrations higher than 800 mg l-1 only reduced methane formation by about 30%. Similarly, 
O’Flaherty et al. (1998) observed a higher sulfide sensitivity in sludge samples than in pure 
cultures of methanogens, sulfate reducers and syntrophs. Celis-Garcia et al. (2004) found 50% 
inhibition of methanogenic activity at 800 mg l-1 TS for granular sludge and 1250 mg l-1 TS for 
attached biomass. 

5.2 VFA toxicity 

Acetic, propionic and butyric acids were reported to inhibit the growth of several microbial 
species (van den Heuvel et al., 1988). The undissociated forms of VFA are considered the toxic 
form, as they can diffuse across the cell membrane and dissociate intracellularly, thereby 
preventing the bacterial cell from maintaining a membrane potential and proton motive force (van 
den Heuvel et al., 1988; Gyure et al., 1990). As a consequence, less energy will be available for 
the synthesis of biomass and the attainable growth rate will be lowered (van den Heuvel et al., 
1988). As the pKa of acetate, propionate and butyrate are in the range of 4.80-4.93 at 55°C 
(Amend and Shock, 2001), approximately 40% and 90% of those acids at, respectively, pH 5 and 
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4, will be in the undissociated form. Therefore, at low pH values, VFA toxicity can become very 
important.   

5.2.1 Fermentatives  

Product inhibition in acidogenic bacteria by the acids formed is well known (Zoetemeyer et al., 
1982a; van den Heuvel et al., 1988). Zoetemeyer et al. (1982a) reported that 4580 mg l-1 (52 
mmol l-1) butyrate caused a 30% reduction on acidogenesis of glucose at pH 5.5 and a decrease in 
propionate and butyrate and increase in lactate, suggesting that the fermentation shifted in an 
attempt to reduce the levels of butyric acid in the reactor. In the presence of 18339 mg l-1 
butyrate, acidification dropped to 70%, but the inhibition was reversible. van Heuvel et al. (1988) 
tested the effect of acetate or butyrate up to 200 mmol l-1 at different pH (5 to 6.5) values in the 
acidification of glucose and concluded that only the undissociated butyric acid inhibited growth 
of acidifiers, while the addition of acetate did not reduce the attainable growth rate. Bahl et al. 
(1982) reported similar results on a pure culture of Clostridium acetobutylicum: butyrate affected 
the fermentation while acetate did not. Nevertheless, Denac (1988) reported significant inhibition 
of propionic acid producing bacteria at 10 mmol l-1 acetic acid and significant inhibition of 
butyric acid producing bacteria at 26.7 mmol l-1 acetic acid. 

5.2.2 SRB 

Gyure et al. (1990) reported that SRB were inhibited at acetic acid concentrations higher than 2 
mM and that organic acids concentrations greater than 5 mM completely inhibited SRB activity 
in sediments at pH 3.8. Inhibition of SRB by acetic acid has been described already by Ghose and 
Wiken (1955) in cultures of D. desulfuricans, suggesting that the inhibition was due to 
competition between the fatty acids and pyruvate for the sulfhydryl group of coenzyme A. Reis et 
al. (1990) reported 50% inhibition of SRB growth on lactate (pH 5.8 to 7.0) for undissociated 
acetic acid concentrations of approximately 54 mg l-1 and concluded that the inhibition of SRB 
growth was related to the undissociated form. According to James et al. (1998), SRB are 
generally more susceptible to elevated VFA concentrations than the methanogens.   

5.2.3 Syntrophs 

Acetogenic bacteria are in general more inhibited by acetic acid than the acetoclastic bacteria 
(Denac et al., 1988; Costello et al., 1991). O’Flaherty et al. (1999b) observed inhibition of 
propionate-utilizing syntrophs by acetate concentrations as low as 300 mg l-1. The addition of 
acetate to the influent of a methanogenic UASB reactor inhibited propionate degradation 
severely, while addition of equimolar butyrate concentrations did not affect propionate 
degradation (van Lier et al., 1993). Kaspar and Wuhrmann (1978) reported complete inhibition of 
propionate utilizing populations at 4800 mg l-1 (80 mmol l-1) acetate, while no inhibition was 
observed at half of that concentration. Acetate concentrations higher than 5000 mg l-1 completely 
inhibited butyrate oxidation in a fluidized bed reactor (Labib et al., 1992). High propionate 
concentrations inhibited butyrate consumption in a mesophilic methanogenic biofilm reactor (Yu 
and Pinder, 1993). 
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5.2.4 Methanogens 

High propionate concentrations have been reported as toxic for methanogens (Barredo and 
Evison, 1991; Otieno, 1996; Inanc et al., 1999). Both studies of Barredo and Evison (1991) and 
Otieno (1996) reported the inhibition of methanogenesis at propionate concentrations of 1760 mg 
l-1. Results from other studies indicated that methanogens were inhibited at 1000 mg l-1 
propionate, while they could tolerate acetic and butyric acids up to 10000 mg l-1 (Inanc et al., 
1999). Dogan et al. (2005) found 50% and 100% inhibition of acetoclastic methanogenesis in 
granular sludge at acetate concentrations of 13000 mg l-1 and 25000 mg l-1, butyrate 
concentrations of 15000 mg l-1 and 25000 mg l-1, and propionate concentrations of 3500 mg l-1 
and 5000 mg l-1, respectively. 

6 SCOPE AND ORGANIZATION OF THIS THESIS 

The main goal of the research described in this thesis was to gain insight on sulfate reduction at 
low pH in organic wastewaters. For that, sucrose was used as substrate at moderate loading rates 
(1-5 gCOD (lreactor d)-1 ) and the effect of low pH (6, 5 and 4) and different COD/SO4

2- ratios was 
evaluated in terms of sulfate reduction and acidification efficiency, acidification products, 
methanogenesis and the dynamics of micro and macronutrients. The effects of sulfide, VFA and 
trace metal concentrations were studied as well. Chapters 2 to 6 describe experiments performed 
in thermophilic (55°C) UASB reactors, while Chapter 7 describes experiments performed in 
mesophilic (30°C) CSTR and UASB reactors.  
Chapters 2 and 3 studied the effect of pH 6, 5 and 4 and different COD/SO4

2- ratios (9 and 3.5) on 
the UASB reactor performance (sulfate reduction, acidification, acidification products and 
methanogenesis), sludge characteristics and metal dynamics. In Chapter 4, the effect of the 
COD/SO4

2- ratio (4 and 1) and the sulfide concentration on sulfate reduction were studied at pH 
6. Chapter 5 describes the effect of trace metal concentrations, sulfide concentrations and 
COD/SO4

2- ratios (4 and 1) on the sulfate reduction efficiency at pH 5. In Chapter 6, sulfate 
reduction at pH 4 and COD/SO4

2- ratio of 1 was studied and the main microbial populations 
present in the sludge were analysed. In Chapter 7, the effect of lowering the pH from 6 to 5 in the 
sulfate reducing and acidification performance of a CSTR reactor with similar operating 
conditions as in a wastewater treatment plant from a starch-producing company was evaluated, 
and compared to the performance of a UASB reactor. Finally, in Chapter 8, the results of the 
work presented in this thesis are summarized and discussed. 
 
 
 
 
 
 
 
 
 



 

 

 
 
 
 
 
 
 
 
 
 



 
 

 

 
 
 
 
 
 
 
 
 
 

 Chapter       
 
 

Low pH (6, 5 and 4) sulfate reduction during the 
acidification of sucrose under thermophilic  

(55oC) conditions 
 
Abstract 
 
The effect of a low pH (6, 5 and 4) and different COD/SO4

2- ratios (9 and 3.5) on thermophilic 
(55°C) sulfate reduction and acidification of sucrose was investigated using three upflow 
anaerobic sludge bed reactors fed with sucrose at an organic loading rate of 3.5 gCOD (lreactor d)-1. 
The three reactors showed nearly 100% acidification of sucrose for all pH values and COD/SO4

2- 
ratios investigated. Sulfate reduction was complete at pH 6 and a COD/SO4

2- ratio of 9. At pH 5, 
sulfate reduction efficiencies were 80-95% for both COD/SO4

2- ratios (9 and 3.5). At pH 4, 
sulfate reduction efficiencies further dropped to 55-65% at a COD/SO4

2- ratio of 9 and 30-40% at 
a COD/SO4

2- ratio of 3.5. The pH decrease from 6 to 5 or 4 caused a shift in the acidification 
products from mainly acetate to butyrate, as well as a higher production of ethanol, mainly at pH 
4. At pH 4, the effluent was free of propionate and hydrogen concentrations in the biogas reached 
50%, equivalent to a hydrogen yield of 1.3 mol H2 (mol glucose)-1. This study shows that sulfate 
reduction is possible in the acidification phase of anaerobic wastewater treatment at pH values as 
low as 6 till 4 and that the pH strongly affects both the acidification pathways and the sulfate 
reduction efficiencies. 
 
A modified version of this chapter was published as: 
Lopes S.I.C, Sulistyawati I., Capela M.I. and Lens P.N.L. (2007) Low pH (6, 5 and 4) sulfate reduction during the 
acidification of sucrose under thermophilic (55 oC) conditions. Process Biochemistry 42, 580-591. 



 

 

40 

C
ha

pt
er

 2
 

1 INTRODUCTION 

Many wastewaters that can be treated anaerobically contain sulfate, in addition to high 
concentrations of unacidified organic matter, e.g. fermentation, starch or pulp and paper 
industries (Omil et al., 1996; Lens et al., 2003). The fact that, in many cases, the wastewaters are 
discharged at high temperatures, in addition to the current interest in closing water-loops and 
reusing process waters, leads to thermophilic treatment as a desirable option, as it avoids energy 
investments for cooling and heating the wastewater prior and after the wastewater treatment step, 
respectively (Reis et al., 1995; Sipma et al., 1999; Yu et al., 2002; Lens et al., 2003). 
Under anaerobic conditions, the end product of dissimilatory sulfate reduction is sulfide, which 
can be toxic for the different trophic groups involved in the anaerobic treatment, particularly the 
methanogens (Mizuno et al., 1998a). Previous studies show that sulfate reduction occurs together 
with acidification in the acidification stage (Reis et al., 1995; Sipma et al., 1999; Lens et al., 
2003). Therefore, in a two-phase anaerobic treatment process (Demirel and Yenigün, 2002), 
sulfide can be removed before the methanogenic reactor, resulting in higher methanogenic 
activities, as well as a biogas from the methanogenic reactor with less or no sulfide. Wastewater 
treatment plants using this two-phase configuration add NaOH to the acidification reactor to 
avoid excessive lowering of the pH (Romli et al., 1994). If operation would be feasible at lower 
pH (5 or 4), this NaOH addition could be lowered or completely omitted. Moreover, sulfide 
stripping would proceed more efficiently at a lower pH, as a higher percentage of the total 
dissolved sulfide is in the gaseous form (H2S). 
To our knowledge, there are no studies reported on sulfate reduction in the acidification stage for 
mixed liquor pH values lower than 5.4 (Reis et al., 1988). Therefore, this work studies the effect 
of a low pH (6, 5 and 4) of the reactor mixed liquor combined with different COD/SO4

2- ratios (9 
and 3.5) on the sulfate reduction and acidification of a sucrose containing synthetic wastewater. 
For this purpose, three thermophilic anaerobic upflow sludge bed reactors (UASB) were operated 
and the acidification, sulfate reduction efficiencies and metabolite production were determined. 
The metabolic characteristics of the sludge were also assessed by batch experiments. 

2 MATERIALS AND METHODS 

2.1 Experimental Set-up 

One UASB reactor with 6.5 l volume (R1) and two UASB reactors with 0.92 l each (R2 and R3) 
were used in this study (Figure 2.1). Throughout the experiment, the three reactors were operated 
at 55oC, a hydraulic retention time (HRT) of 10h and an organic loading rate (OLR) of 3.5 gCOD 
(lreactor d)-1. The pH in the reactors was measured with a pH electrode (Hamilton, Hilkomij BV, 
Rijswijk, The Netherlands) and was controlled by automatic pH controllers (Endress and Hauser, 
Naarden, The Netherlands) by 0.1 M NaOH or HCl addition. The influent was fed to the bottom 
of the reactors using peristaltic pumps (Gilson Minipuls 2) and in order to keep the upflow 
velocity at 1 m h-1, the effluent was recirculated using a peristaltic pump (Watson Marlow 503 S, 
Falmouth, Cornwall, UK).  
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The conical bottom of the reactors was filled with glass marbles (5 mm diameter) in order to 
distribute the influent evenly over the sludge bed. The produced biogas was led through a 
waterlock filled with NaOH (1 M) and a column with soda lime pellets, in order to remove CO2 
and H2S. 
 
 

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1 Schematic representation of the UASB reactors used in this study. 1: pH electrode; 2: pH 
controller; 3: NaOH; 4: HCl; 5: safety bottle; 6: NaOH; 7: soda lime pellets; 8: gas meter; 9: waterbath; 
10: double wall. a in the 6.5 l reactor (R1), heated water was recirculated in a double wall, whereas the 
0.92 l UASB reactors (R2 and R3) were submerged in a heated waterbath. b dilution water was just used in 
the 6.5 l UASB reactor (R1) due to the higher influent flows. 
 

2.2 Inoculum 

R1 was inoculated with approximately 2 kg wet granular Eerbeek sludge (Oude Elferink et al., 
1998b) and after 120 days of operation, 600 g wet sludge was removed from R1 and used to 
inoculate R2 and R3 (300g wet sludge each).   

2.3 Medium 

The reactors were fed with a synthetic influent consisting of sucrose as a model carbohydrate 
(sole electron donor and carbon source), sulfate and nutrients, added to the reactors by peristaltic 

Nutrients 

Sucrose and sulfate (at 4°C) 

Dilution water b 

3   4 

 5 6

7  8 

 9 a 

  10 a 

1

 2
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pumps. The concentration of sulfate, added as sodium sulfate, depended on the applied 
COD/SO4

2- ratios (Table 2.1). The nutrient solution consisted of macro and micronutrients 
according to Vallero et al. (2003).  

2.4 Experimental design 

In order to investigate the effect of low pH in combination with two different COD/SO4
2- ratios, 

the reactor runs were divided in the following phases. R1 was operated for 425 days at pH 6 and a 
COD/SO4

2- ratio of 9 throughout the experiment. R2 and R3 were run for 190 days, which was 
divided in 3 periods. After an initial start-up period of 12 days (Period I) operating at pH 6, R2 
was operated at pH 5 and R3 at pH 4 (Period II and III). The COD/SO4

2- ratio was 9 (Period I and 
II) for both reactors and was decreased to 3.5 (by the increase in sulfate concentrations) after 114 
and 134 days of operation for R2 and R3, respectively (Period III). 

2.5 Batch activity tests 

Batch activity tests were performed to compare the metabolic properties of the sludge developed 
in R2 (pH 5) and R3 (pH 4) and to see whether adaptation to the low pH values had occurred. 
Therefore, after 97 and 96 days of operation for R2 and R3 (Period II), respectively, sludge 
samples were harvested from both reactors in order to assess its activity on glucose, acetate and 
hydrogen (2 gCOD l-1) in the absence or presence of sulfate (COD/SO4

2- ratio of 0.5) and at 
different pH values (pH 6, 5 and 4). For R3 sludge, activity tests were also performed at pH 3, to 
investigate whether the sludge showed any metabolic activity at that pH value, and thus if reactor 
operation at such a low pH would still be feasible. 
The activity tests were performed in 117 ml vials (glucose or acetate) or in 243 ml vials 
(hydrogen) with 50 ml of basal medium containing (in g l-1): NH4Cl (0.3), CaCl2.2H2O (0.11), 
MgCl2.6H2O (0.10), NaCl (0.3), yeast extract (0.5) and 1 ml l-1 of an acid and an alkaline trace 
element solution according to Stams et al. (1993). Resazurine was used as redox indicator at a 
concentration of 0.5 μg l-1. The medium was buffered at the different pH with 6.8 g l-1 KH2PO4, 
7.8 g l-1 NaH2PO4.2H2O and the necessary concentration of NaOH. The activity tests were 
performed in duplicate. 

2.6 Analysis 

Sugars (sucrose, glucose and fructose) and lactate were measured by High-Pressure Liquid 
Chromatography according to van Lier et al. (1997). Sulfate was measured by Ion 
Chromatography according to Sipma et al. (2004). Sulfide was fixed with zinc acetate and 
measured photometrically according to Trüpper and Schlegel (1964). Volatile fatty acids (VFA), 
alcohols and biogas composition were measured using Gas Chromatography, according to 
Weijma et al. (2000). VSS was analyzed according to standard methods (APHA, 1998). The 
volume of biogas produced in the reactors was measured using a wet-type precision gas meter 
(Schlumberger Industries, Dordrecht, The Netherlands). 
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3 RESULTS 

3.1 Acidification 

The three reactors showed nearly complete acidification. A 100% acidification is defined as the 
complete elimination of sucrose, glucose and fructose. Figure 2.2 shows that R1 (pH 6) showed 
100% acidification throughout the experiment with the exception of day 35, after the 
reestablishment of the influent flow after a period with less influent flow due to a pump 
malfunctioning (day 21-35). R2 (pH 5) showed always complete acidification. R3 (pH 4) also 
showed acidification efficiencies close to 100%, occasionally reduced to around 80%, following 
2 episodes without influent solution for a few hours, but with a fast recovery to complete 
acidification. 

3.2 Sulfate reduction 

R1 (pH 6) showed nearly complete sulfate reduction over the experimental run (Figure 2.3A). 
The drop in the period day 21-35 was due to lack of influent as a result of a peristaltic pump 
malfunction. Both R2 and R3 also showed complete sulfate reduction while operating at pH 6 
(Period I). The decrease to pH 5 on day 12 (R2, Period II) resulted in an immediate drop in 
sulfate reduction efficiency, but with fast recovery to about 95%, followed by an unstable period 
with an average of 85% (Figure 2.3A). R3 also showed an immediate drop in sulfate reduction 
efficiency, when the pH was lowered to 4 (Period II). In this case, sulfate reduction dropped to 
below 10% and gradually increased up to 65% after approximately 90 days (Figure 2.3A).  
The increase in sulfate loading rate (Period III) caused a decrease in the sulfate reduction 
efficiency in R2, but a fast recovery occurred, first to an unstable period with sulfate reduction 
efficiencies of about 80% and then further to 95% (Figure 2.3A). R3 showed, in the 
corresponding period, a lowering in the sulfate reduction efficiency to approximately 35%, 
although with a short period with lower sulfate reduction efficiencies around day 163 (Figure 
2.3A). However, it should be noted that, despite the lower sulfate reduction efficiencies at 
COD/SO4

2- ratio of 3.5 (Period III) compared to COD/SO4
2- ratio of 9 (Period II), R3 showed a 

comparable sulfate reduction rate in both periods (0.26 ± 0.02 g (lreactor d)-1 in Period II and 0.32 ± 
0.08 g (lreactor d)-1 in Period III).  
Figures 2.3B give the corresponding dissolved sulfide concentrations in the reactors effluents. R1 
showed an average of 30 mg l-1 dissolved sulfide over the reactor run. R2 showed an average of 
30 mg l-1 dissolved sulfide in Period II and 65 mg l-1 dissolved sulfide in Period III.  R3 showed 
an average of 18 mg l-1 dissolved sulfide in Period II, which increased to an average of 25 mg l-1 
dissolved sulfide in Period III. 
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Figure 2.2 Acidification efficiencies in R1, R2 and R3. Sucrose influent ( ), sucrose effluent ( ), 
sucrose removal efficiency ( ). 
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Figure 2.3 Sulfate reduction efficiencies (A) and total dissolved sulfide effluent concentrations and 

reactor pH (B) in R1, R2 and R3. Sulfate influent ( ), sulfate effluent ( ), sulfate reduction 

efficiency ( ), total dissolved sulfide effluent ( ), pH ( ). 

 

3.3 Acidification products  

3.3.1 VFA 

The VFA concentrations in the R1 (pH 6) effluent over the 425 days of operation are shown in 
Figure 2.4. The initial decrease in concentrations refers to a lack of influent (previously referred). 
The reestablishment of the influent flow resulted in a short-term peak in the VFA concentrations. 
After that, the total VFA concentration decreased to about 1300 mgCOD l-1 and then gradually to 
about 600 mgCOD l-1. The main VFA was acetate (330 mgCOD l-1), followed by propionate (135 
mgCOD l-1) and butyrate (82 mgCOD l-1).  

R1
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Period I (pH 6) in R2 and R3 showed similar VFA concentrations as R1 around day 120 (day at 
which sludge was harvested from R1 to inoculate R2 and R3). The decrease in pH from 6 to 5 
(R2) or 4 (R3) (Period II) resulted in a clear shift of the main VFA produced from acetate to 
butyrate. Moreover, the propionate concentration slightly increased when the pH decreased to 5 
(R2), but decreased when the pH decreased to 4 (R3). Valerate concentrations remained low 
(below 50 mgCOD l-1) in all reactors. The increase in sulfate loading rate (Period III) caused a 
small decrease in butyrate (17%) and propionate (30%) in R2 and a small decrease in butyrate 
(12%) concentrations in R3.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.4 VFA effluent concentrations in R1, R2 and R3. Total VFA ( ), acetate ( ), propionate 
( ), butyrate ( ), valerate ( ). 
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3.3.2 Lactate and alcohols 

Lactate and alcohols were not detected in the effluent of any of the reactors, while operating at 
pH 6. There was a small lactate concentration, transient, detected in the R2 effluent in Period III, 
around day 140 (Figure 2.5). For R3, lactate started to accumulate in Period III as well and 
remained at a concentration between 50-150 mgCOD l-1. Ethanol started to accumulate in the 
effluent of both R2 and R3 when the pH was decreased to 5 and 4, respectively (Period II) 
(Figure 2.5). In R3, ethanol concentrations in the effluent increased fast to about 250 mg l-1, 
whereas in R2, ethanol concentrations in the effluent increased gradually to a maximum of 90 mg 
l-1 at the end of Period II. In Period III, ethanol effluent concentrations did not change 
considerably in R3 but for R2, ethanol in the effluent increased further up to 140 mg l-1. Propanol 
and pentanol were not detected and butanol was found in very small concentrations in R2 and R3 
(less than 15 mg l-1 – data not shown). 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5 Ethanol ( ) and lactate ( ) effluent concentrations in R2 and R3. Note that ethanol and 
lactate were absent in the effluent from R1. 
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3.4 Biogas production 

The biogas composition for the three reactors is presented in Table 2.2. R1 (pH 6) biogas was 
mainly composed of methane (53%). R2 (pH 5 – Period II) biogas had a lower fraction of 
methane (25%) but contained also hydrogen (9%). The methane content of the biogas produced 
in R2 decreased sharply (<2%) with the increase of the sulfate loading rate (Period III) and 24% 
of the biogas was hydrogen. 
R3 (pH 4) produced 3-4 fold more biogas than R2 in Periods II and III (Figure 2.6). R3 showed a 
very high hydrogen production, accounting for about 50% of the biogas produced in Periods II 
and III. This corresponded to an average hydrogen yield of 1.3 mol H2 (mol glucose)-1 in Period 
II. During Period III, the total biogas production was lower, leading to a lower hydrogen yield 
(0.74 mol H2 (mol glucose)-1). Although the hydrogen fraction of the R2 biogas was also high in 
Period III, the hydrogen yield was still low, given the low volume of biogas produced (Figure 
2.6). 
 
Table 2.2   Hydrogen, methane and carbon dioxide fractions in the biogas of R1, R2 and R3.  
 Period I Period II Period III 
Reactor H2 (%) CH4 (%) CO2 (%) H2 (%) CH4 (%) CO2 (%) H2 (%) CH4 (%) CO2 (%) 

R1 < 1 52.56 ± 6.20 29.18 ± 3.34  -   -   -   -   -   -  
R2   na a na na 9.25 ± 1.32 24.68 ± 4.07 27.40 ± 4.04 24.02 ± 5.34 < 2 35.75 ±7.92
R3 na na na 49.07 ± 3.89 nd b 35.75 ± 7.59 47.84 ± 1.59 nd 40.30 ± 5.23

a na = not analysed; b not detected. 

3.5 Electron flow 

For R1, the share of electrons was mainly between VFA and methane (Figure 2.7). VFA 
decreased and methane increased gradually, indicating a slow increase in the methanogenic 
activity over time. For R2 and R3, VFA production accounted for the major part of the electron 
flow in both Period II (90% and 70%, respectively) and Period III (75% and 65%, respectively). 
For R2, sulfide was the second largest sink for electrons, followed by ethanol. For R3, ethanol 
accounted for a significant fraction of the electron flow (around 20%), followed by hydrogen and 
sulfide.  

3.6 Granular sludge characteristics 

During the time of operation, the colour of the granular sludge from R2 and R3 changed 
gradually from black to greyish (Chapter 3). The granular form of the biomass was nevertheless 
maintained in all three reactors throughout the reactor run and no considerable biomass washout 
was noticed. 
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Figure 2.6 Biogas production in R1, R2 and R3. 
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Figure 2.7 Electron flow in R1, R2 and R3. Residual sucrose ( ), lactate ( ), VFA ( ), alcohols 
( ), sulfide ( ), methane ( ), hydrogen ( ). Lactate and hydrogen in R1, residual sucrose 
in R1 and R2, and methane in R2 and R3 are not represented because their contribution was nearly zero. 
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3.7 Batch activity tests 

3.7.1 Glucose 

The electron flow at the end of the batch tests with glucose (Figure 2.8) shows that the 
fermentation products at pH 5 and 4 were similar for the sludge of each reactor and also between 
the two sludges (from R2 and R3): mainly ethanol and VFA, followed by lactate and hydrogen. 
Moreover, the presence of sulfate did not significantly affect the fermentation products at these 
pH values. The main differences were observed for pH 6. At that pH, in the absence of sulfate, 
the sludge from R2 (pH 5) showed methanogenic activity while R3 (pH 4) sludge did not. Also at 
pH 6 but in the presence of sulfate, the sludge from R2 (pH 5) showed both methanogenic (in one 
of the duplicates) and sulfidogenic activity while R3 (pH 4) just showed sulfidogenic activity. At 
pH 3 (test performed with R3 (pH 4) sludge), hardly any (maximum 13%) acidification of 
glucose took place (data not shown).  
The electron flow at the end of the batch tests differed from those encountered in the reactors. 
Comparing the incubations of R2 (pH 5) sludge at pH 5 with the electron flow in R2 and the 
incubations of R3 (pH 4) sludge at pH 4 with the electron flow in R3 (Figures 2.7 and 2.8), the 
electron share of ethanol and lactate were higher in the batch incubations than in the reactors. 
Contrary to the reactors, the main VFA found in the incubations was acetate (more than 90% of 
the total VFA), with the exception of R3 (pH 4 sludge) incubated at pH 5, without sulfate, where 
butyrate represented approx. 50% of the total VFA (data not shown). Moreover, the differences in 
fermentation pattern observed between R2 and R3 were not observed between the incubations of 
R2 (pH 5) sludge at pH 5 and the incubations of R3 (pH 4) sludge at pH 4. The differences in the 
incubations of R2 (pH 5) sludge at pH 5 and R3 (pH 4) sludge at pH 4 were less ethanol and 
more lactate in the later.  

3.7.2 Acetate 

Figure 2.8 shows that acetate was not used at pH 4 by any of the two sludges (from R2 and R3), 
for either sulfate reduction or methanogenesis. At pH 6 and 5, acetate was used by both sludges 
for sulfate reduction. The sludge from R2 (pH 5), at pH 6, showed more sulfate reduction than R3 
(pH 4) sludge while at pH 5 the sulfate reduction was less than R3 sludge. At pH 6, R2 (pH 5) 
used acetate for methanogenesis in the absence of sulfate but not in the presence of sulfate. R3 
(pH 4) sludge did not show any acetoclastic methanogenic activity in the same conditions, which 
indicates that in R3 the acetoclastic methanogens were not present or were irreversibly inhibited. 
At pH 3 (test performed with R3 (pH 4) sludge), no acetate degradation was detected (data not 
shown).  
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3.7.3 Hydrogen 

Figure 2.8 shows that hydrogen was not used at pH 4 by the two sludges, for either sulfate 
reduction or methanogenesis, but only a small amount for homoacetogenesis (less than 5%). At 
pH 5 (absence of sulfate), no hydrogenotrophic methanogenic activity was observed for both 
sludges, but hydrogen was utilized for homoacetogenesis. In the tests at pH 5 with sulfate, there 
was insufficient buffer capacity and the pH rose to 6.2-6.7 during the experiment for both 
sludges, due to sulfate reduction and methanogenesis. However, while sulfate reduction and 
homoacetogenesis took place with R3 (pH 4) sludge, R2 (pH 5) sludge produced mainly methane, 
although sulfidogenesis also occurred. At pH 6 and in the absence of sulfate, R2 (pH 5) sludge 
showed mainly methanogenic activity, besides homoacetogenesis, contrary to R3 (pH 4) sludge, 
that presented just homoacetogenesis, which confirms that hydrogenotrophic methanogens were 
not present in the sludge of this reactor or were irreversibly inhibited. At pH 6 and in the presence 
of sulfate, both sludges showed similar sulfate reduction (about 15% of electron flow). However, 
R2 (pH 5) sludge showed methanogenic activity (40%), contrary to R3 (pH 4) sludge. At pH 3 
(test performed with R3 (pH 4) sludge), no hydrogen consumption was detected (data not shown).  

4 DISCUSSION 

4.1 Effect of pH on sulfate reduction 

This study shows that thermophilic (55°C) sulfate reduction is possible in the acidification stage 
of a two-phase anaerobic treatment process at pH 6, 5 and 4 (Figure 2.3). To our knowledge, this 
is the first study reporting continuous sulfate reduction in a bioreactor with the reactor liquid 
controlled at pH 5 and 4. Decreasing the pH from 6 to 5 and 4 caused a decrease in the sulfate 
reduction efficiency, especially to pH 4 (Figure 2.3). However, the long reactor runs (R1-pH 6: 
425 days; R2-pH 5 and R3-pH 4: 190 days) with significant sulfate reduction efficiencies open 
new perspectives in relation to sulfate reduction processes at low pH. 
Low pH values can have a direct effect on the sulfate reduction by affecting enzyme activity and, 
consequently, affecting the activity or even the growth of the neutrophilic microorganisms. 
Effects may also be indirect with changes in chemical equilibrium of the system related to e.g., 
toxicity of sulfide, VFA and heavy metals.  
The undissociated sulfide is considered to be the most toxic form of sulfide to microorganisms, 
because it can pass through the cell membrane (Postgate, 1979; O'Flaherty et al., 1998). The pKa 
of sulfide is 6.68 at 55°C (Amend and Shock, 2001), which means that at pH 6, 80% of the 
sulfide is in the undissociated form whereas at pH 5 and 4, nearly all the sulfide is in the 
undissociated form. Undissociated sulfide concentrations in R3 (pH 4) were always less than 30 
mg l-1 (Figure 2.3). Although no sulfide toxicity data for sulfate reducing bacteria (SRB) are 
available for the low pH values investigated in this study, the lowest value reported in the 
literature is in the work of Stucki et al. (1993), where an undissociated sulfide below 40 to 50 mg 
l-1 was advised in order to achieve high sulfate reduction efficiencies with acetate, at pH 7.5-8.5. 
Therefore, the sulfide concentrations obtained at pH 4 in this study are expected to have not 
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adversely affected sulfate reduction. At pH 5 and at COD/SO4
2- ratio of 3.5 (Period III), 

undissociated sulfide concentrations reached 65 mg l-1 in R2, so sulfide toxicity can not be 
excluded in that reactor (Figure 2.3).  
VFA concentrations reached very high values (1-1.4 gCOD l-1) in the reactors (Figure 2.4). As 
the pKa of acetate, propionate and butyrate are in the range of 4.80-4.93 at 55°C (Amend and 
Shock, 2001), approximately 40% and 90% of those acids at, respectively, pH 5 and 4, will be in 
the undissociated form. The later form is, as with sulfide, considered the toxic form, as it can 
diffuse across the cell membrane and prevent the bacterial cell from maintaining a membrane 
potential and proton motive force (Gyure et al., 1990). Gyure et al. (1990) showed that 
concentrations of organic acids greater than 5 mM, which are lower than the values encountered 
in the present study (Figure 2.4), completely inhibited SRB activity in sediments at pH 3.8. Also 
Reis et al. (1990) reported 50% inhibition of SRB growth on lactate (pH 5.8 to 7.0) for 
undissociated acetic acid concentrations of approximately 54 mg l-1, so VFA toxicity was likely 
one of the causes of the lower sulfate reduction efficiencies observed in this study at pH 5 and 4. 

4.2 Long term acidification and sulfate reduction at pH 6 and COD/SO4
2- ratio of 9 

The results obtained in this study showed that complete acidification and sulfate reduction at pH 
6 occurred over the whole 425 days run. This is in agreement with previous studies (Sipma et al., 
1999; Lens et al., 2001; Lens et al., 2003). Lens et al. (2001) reported efficient acidification and 
sulfate reduction under the same environmental conditions (pH 6 and 55°C) at an OLR up to 40 
gCOD (lreactor d)-1 and HRT of 5 hours over a period of 100 days, treating a synthetic cardboard 
wastewater containing starch, sucrose, lactate, propionate and acetate, at a COD/SO4

2- ratio of 10. 
The long time span during which sulfate reduction was observed in R1 suggests that SRB 
metabolize and grow at pH 6 and 55°C in the acidogenic phase of a two-phase anaerobic 
treatment. This study also showed that methanogens can slowly grow in such a system, given by 
the increase in methane production over approximately 150 days, up to a 50% utilization of the 
electron flow (Figure 2.7). 

4.3 Effect of pH on the acidification efficiency and pathways 

Acidification was complete at all the pH values tested, at the applied OLR (Figure 2.2). Besides 
the acidification efficiencies, the type of fermentation products obtained in the acidification 
reactor is very important for the overall treatment as it represents the substrate for the subsequent 
methanogenic reactor and therefore will determine the metabolic rates and operational stability to 
be expected. Acetic acid, butyric acid, lactate and ethanol are considered to be the best substrates 
for the methanogenic reactor (Ren et al., 1997; Yang et al., 2003). The present study showed that 
pH had a strong effect on the fermentation pathways (Figures 2.4 and 2.5). Decreasing the pH to 
5 or 4 shifted the main fermentation products from mainly acetate at pH 6 to mainly butyrate at 
pH 5 and 4 (Figure 2.4). The least desirable substrate for methanogenesis, propionate (Wang et 
al., 2006), was minimum in the effluent of the reactor operating at pH 4, as compared with pH 5 
and 6. Lactate, ethanol and hydrogen, absent in the effluent of the reactor at pH 6, accumulated in 
the reactors at pH 5 and pH 4, especially in the latter (Figure 2.5 and Table 2.2). At pH 4, 
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hydrogen yield averaged 1.3 mol H2 (mol glucose)-1, which shows the potential of hydrogen 
production in the acidification stage of a two-phase treatment process (Liu and Fang, 2003; 
Hwang et al., 2004).  
Other studies on carbohydrate fermentation similarly show a decrease in the fraction of acetate 
relatively to the total VFA produced with the decrease of pH together with an increase in the 
fraction of butyrate (Reis et al., 1991b; Romli et al., 1994; Fang and Liu, 2002; Hwang et al., 
2004; Zheng and Yu, 2004). Romli et al. (1994) also observed an increase in lactate and 
propionate together with the decrease in pH from 6.0 to 5.3. However, Kim et al. (2004) and 
Inanc et al. (1999), recommended a pH of about 5 in order to prevent propionate accumulation, 
which is not in agreement with the results obtained in this study (Figure 2.4). Kisaalita et al. 
(1987) reported an increased production of ethanol below pH 4.5 in the fermentation of lactose 
and Ren et al. (1997) described an ethanol-type fermentation from molasses around pH 4.5. The 
optimal pH value for hydrogen production was reported by Ren et al. (1995) to be in the pH 
range 4.0-4.5 for the continuous fermentation of sucrose, which is in agreement with the results 
of the present study.  
According to Romli et al. (1994), the lowering of the pH of the acidification reactor from 6.0 to 
5.3 did not have any significant deterioration in the effluent quality of the two-phase treatment 
process and allowed a reduction in alkali addition of 30%. In this study, the operation at pH 5 as 
compared to pH 6 resulted in a significant decrease in NaOH addition of approximately 50% 
(Table 2.1) whereas at pH 4 no NaOH needed to be added for pH control (at pH 4 and COD/SO4

2- 
ratio of 3.5, even low amounts of HCl were needed to control the pH – Table 2.1). Moreover, 
although the overall efficiency of the two-phase treatment process was not addressed in this 
study, the metabolic pathways found in the acidification reactor at pH 4 seem to be more 
favourable to phase separation than operation at pH 6.  
The changes observed in the fermentation pathways according to the pH can be attributed to 
shifts in the dominant population present (Kisaalita et al., 1987; Horiuchi et al., 1999), to changes 
in the metabolism of the populations present or to a combination of both (Reis, 1991a). 
The relationship between fermentation products and hydrogen are given by the reaction 
stoichiometry: 
 
C6H12O6 + 2 H2O → 2 CH3COOH + 2CO2 + 4H2      (1) 

C6H12O6               → CH3CH2CH2COOH + 2CO2 + 2H2     (2) 

C6H12O6 + 2H2     → 2 CH3CH2COOH + 2H2O      (3) 

3 C6H12O6             → 4 CH3CH2COOH + 2 CH3COOH + 2CO2 +2 H2O   (3’) 

C6H12O6                → 2 CH3CH2OH + 2CO2       (4) 

The shifting of glucose fermentation towards butyric acid (reaction 2) and ethanol (reaction 4) 
(Ren et al., 1997) at the lower pH is a way of counteracting the high proton concentration, in 
contrary to reactions (1), (3) and (3’), where more acid molecules are formed.  
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Although reaction (1) is the one that yields more energy for the acidogenic bacteria (Thauer, 
1982), reactions (2) to (4) become more favourable at elevated hydrogen concentration, as they 
are less sensitive (2), independent (3’ and 4) or even favoured (3) by high hydrogen 
concentration. However, reaction (3) was not considered to be important in anaerobic reactors 
(IWA, 2002). The higher hydrogen concentration at pH 5 and 4 relative to pH 6 (Table 2.2) 
would therefore lead to a decrease in the acetate concentration and a consequent increase in the 
butyrate, propionate and ethanol concentrations, which is in agreement with the results obtained 
in this study (Figures 2.4 and 2.5), except for propionate at pH 4. In fact, propionate accumulated 
in the reactor at pH 5, but not at pH 4 (Figure 2.4). This behaviour was described in previous 
studies (Inanc et al., 1996; Inanc et al., 1999; Wang et al., 2006). Propionate production can be 
inhibited at low pH as propionate-producing bacteria are suppressed at a low pH value (McCarty 
and Mosey, 1991; Inanc et al., 1999; Fang and Liu, 2002), contrary to the butyrate-producing 
bacteria, which are acid-tolerant bacteria (McCarty and Mosey, 1991).  
The accumulation of propionic and butyric acids could also be attributed to the pH inhibition of 
the acetogenic bacteria (Romli et al., 1994) and SRB (O'Flaherty et al., 1998) and to the fact that 
the correspondent syntrophic acetogenic reactions are also dependent on hydrogen concentration 
(Thauer et al., 1977). The accumulation of ethanol at pH 5 and 4 (Figure 2.5) can also be 
tentatively attributed to its production from acetic acid and hydrogen, which is a feasible reaction 
at high hydrogen partial pressures (Oh et al., 2003).The reason why hydrogen accumulates can be 
explained by the lower activity of the hydrogenotrophic methanogens (Kim et al., 2004) or SRB 
(van Houten, 1996) at low pH. The activity tests at pH 4 showed indeed the absence of 
sulfidogenic or methanogenic activity with hydrogen at that pH (Figure 2.8). At pH 5, the results 
were not clear, due to the insufficient buffering capacity of the batch medium (Figure 2.8). 

4.4 Effect of sulfate reduction on the acidification efficiency and pathways 

The acidification efficiency was complete in the reactors even with the increase in sulfate loading 
in R2 and R3 (Figure 2.2) and the fermentation pathways do not seem to have been affected by 
sulfate reduction, as the increase of sulfate loading in both R2 and R3 (Period III) did not 
significantly affect the fermentation products (Figures 2.4 and 2.5). The results of the activity 
tests with glucose as the substrate also did not show differences between the incubations with and 
without sulfate (Figure 2.8). Similarly, Sipma et al. (1999) found that the product patterns of the 
acidification of a synthetic wastewater composed of sucrose, propionate and butyrate in a 
thermophilic UASB reactor were not significantly affected by different sulfate concentrations 
(COD/SO4

2- ratios 1.33 and 6.67). Also Maillacheruvu et al. (1993) reported that the fermentation 
pathways of lactate and glucose did not change with different sulfate loading rates in chemostats 
fed with glucose. In contrast, Mizuno et al. (1998a) found a significant influence of the growth of 
SRB on the mesophilic degradation pathways of sucrose in a chemostat. 

4.5 Substrates for sulfate reduction 

Fermentation products from sucrose that SRB can use as substrates for sulfate reduction are VFA, 
hydrogen, lactate and alcohols (Mizuno et al., 1998a). SRB compete better than the hydrogen 
producing acetogens for the same substrates such as propionic acid and butyric acid (Mizuno et 
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al., 1994). Oude Elferink et al. (1998b) reported that propionate is the preferred substrate for 
sulfate reduction in a sulfate limited reactor. Qatibi et al. (1990) showed that the oxidation of 
propionate was strongly dependent on sulfate reduction. It accelerated considerably in the 
presence of sulfate. The increase in sulfate concentration in Period III in R2 (pH 5) was 
accompanied by a decrease in butyrate and propionate (Figure 2.4), suggesting that these two 
substrates were also used by SRB at pH 5 to reduce the additional sulfate fed to the reactor. The 
same was observed for R3 (pH 4) in relation to butyrate. 
The non-preference for acetate is a nutritional characteristic of SRB (Oude Elferink et al., 1998b) 
and acetate utilizing SRB have a low growth rate (Widdel, 1988). Moreover, the inoculum sludge 
(Eerbeek sludge) contains only a small population of acetate degrading SRB (Oude Elferink et 
al., 1998b). The sludges of R2 and R3 show a poor sulfate reduction with acetate as the substrate 
at pH 6 and 5 and none at pH 4 (Figure 2.8). Besides, there was no change in the acetate 
concentration in the effluents of both R2 and R3 with the increase in sulfate concentration from 
Period II to III (Figure 2.4). So it is not likely that acetate was used as substrate for sulfate 
reduction in the reactors, as also reported by Mizuno et al. (1998a).  
Hydrogen was considered a key electron donor for SRB in the acidification phase at pH 6-6.5 and 
mesophilic conditions (Mizuno et al., 1998a) and at pH 6 and thermophilic conditions (Sipma et 
al., 1999; Lens et al., 2001; Lens et al., 2003). This is in agreement with this work, where both 
the sludge from R2 (pH 5) and R3 (pH 4) were capable of utilizing hydrogen for sulfate reduction 
at pH 6. In contrast, hydrogenotrophic sulfate reduction at pH 4 was absent in the sludge from 
reactors R2 (pH 5) and R3 (pH 4) (Figure 2.8). The fact that hydrogen was detected in the biogas 
from both R2 (pH 5) and R3 (pH 4) (Table 2.2 and Figure 2.7) and that sulfate reduction was not 
complete indicates that SRB are not capable of utilizing hydrogen for sulfate reduction at these 
lower pH values, at least within the HRT applied.  
Ethanol and lactate are reported in several studies as good substrates for SRB (Qatibi et al., 1990; 
Reis et al., 1992; Smul et al., 1997; Kaksonen et al., 2004b) and SRB are thought to outcompete 
lactate and ethanol oxidizers (Qatibi et al., 1990; Colleran et al., 1995). However, in the present 
study, ethanol accumulated in the effluent at pH 5 (R2) and even more at pH 4 (R3) (Figure 2.5). 
The increase in sulfate concentration from Period II to III did not cause a decrease in ethanol 
concentrations, suggesting that ethanol was not used for sulfate reduction. Lactate started to 
accumulate in the effluent of R2 and specially R3 with the increase in sulfate, suggesting as well 
that lactate was not a preferential substrate for sulfate reduction at these low pH values. 

4.6 Effect of pH and sulfate concentration on methanogenesis 

One of the most important parameters for the inhibition of the methanogenic activity in an 
acidogenic reactor is the pH (Kim et al., 2004). This study clearly shows the strong effect of pH 
on methanogenesis. At pH 6, methanogenesis represented up to 50% utilization of the electron 
flow, whereas at pH 5 it dropped to a maximum of 2% and at pH 4 methanogenesis was absent. 
This is in agreement with the findings of Hwang et al. (2004), where methanogenesis was 
completely inhibited below pH 4.5. On the other hand, Fang and Liu (2002) reported that the 
biogas was free of methane already at pH lower than 5.5. The activity tests performed in this 
study (Figure 2.8) confirmed that neither hydrogen nor acetate utilizing methanogens were 



 
Effect of low pH (6, 5 and 4) on sulfate reduction and acidification 

 

 

C
ha

pt
er

 2
 

59 

present in the sludge of the reactor at pH 4, or were irreversibly inhibited. The nearly and 
complete suppression of methanogenesis at pH 5 and pH 4, respectively, has the advantage of 
avoiding methane losses in the acidification reactor which is desirable in a two-phase anaerobic 
treatment process (Demirel and Yenigün, 2002).  
Besides the direct effect of pH, the indirect effects of pH on sulfide and VFA toxicity are also 
important for methanogenesis, in a similar way as discussed for sulfate reduction, in the previous 
section. Pender et al. (2004) showed that the thermophilic acetotrophic methanogenesis was 
extremely sensitive to inhibition by sulfide (50% inhibition at 8-17 mg/l undissociated sulfide at 
pH 7.6-8.0) but that hydrogenotrophic methanogenesis was favoured. VFA toxicity does not 
seem to be relevant in the present study as reported values of inhibition are generally reported for 
much higher concentrations of VFA than the concentrations obtained in this study (McCarty and 
McKinney, 1961; Barredo and Evison, 1991; James et al., 1998).  
In R2 (pH 5), the decrease in the COD/SO4

2- ratio from 9 to 3.5 was followed by a suppression of 
the methanogenesis (Table 2.2). In a complex system involving acidogens, methanogens and 
SRB, competition between the bacteria/archaea for electron donors and inhibition by sulfide 
species will determine the outcome of the competition (Colleran et al., 1995; Maillacheruvu and 
Parkin, 1996). In the present study, hydrogen and acetate were still available as electron donors 
for methanogenesis, so probably the reason for the inhibition of methanogenesis was sulfide 
toxicity, given higher sulfide concentrations at the lower COD/SO4

2- ratio (Figure 2.3).  

4.7 Characteristics of the acidifying granular sludge 

The low pH (6, 5 and 4) and the presence of sulfate (COD/SO4
2- ratio of 9 and 3.5) did not 

negatively affect the granular shape of the biomass. This is in agreement with previous studies 
which indicated that the granular sludge nature could be maintained at pH 6 during the 
acidification of a synthetic wastewater composed of starch, sucrose, lactate, propionate and 
acetate with a COD/SO4

2 ratio of 10 and HRT of 5 hours up to an OLR of 35 gCOD (lreactor d)-1 in 
UASB and EGSB reactors (Lens et al., 2001) and up to an OLR of 25 gCOD (lreactor d)-1 in a 
nitrogen sparged UASB reactor (Lens et al., 2003). At higher OLR flocculent sludge developed 
and in the absence of nitrogen sparging, slimy filaments deteriorated the sludge bed quality, 
which did not happen in a nitrogen sparged UASB (Lens et al., 2003). However, in the latter case 
a selective washout of SRB from the reactor or overgrowth of fermentatives was noticed (Lens et 
al., 2003). The poor attachment properties of SRB have been reported by several authors 
(Alphenaar, 1994; Omil et al., 1996; Shayegan et al., 2005). Sipma et al. (1999) observed good 
granular sludge at a COD/SO4

2 ratio of 6.67 (up to an OLR of 46 gCOD (lreactor d)-1) but higher 
sulfate loading rates (COD/SO4

2 ratio of 1.33) induced gelation of the sludge bed. It was not clear 
how the higher sulfate loading lead to the over-production of extracellular polymers (Sipma et al., 
1999).  
The effect of low pH values on granulation is presently also poorly understood. Mulder (1990) 
reported granulation in mesophilic acidification in gas-lift reactors fed with glucose at pH values 
between 5.5 and 6.4 and concluded that the lower pH enhanced granulation. However, no studies 
were found for lower pH values. Further research is needed to elucidate the influence of sulfate 
reduction and low pH values on granulation and granule growth. 
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5 CONCLUSIONS 

• Thermophilic (55°C) sulfate reduction is possible in the acidification stage at pH 6, 5 and 4 at 

an OLR of 3.5 gCOD (lreactor d)-1, although sulfate reduction efficiencies decreased with the 

decrease in pH. 

• Complete acidification of sucrose occurred at the pH values (6, 5 and 4) and COD/SO4
2- ratios 

(9 and 3.5) investigated. The pH decrease caused a significant shift in the acidification 

products. 

• The granular form of the sludge was maintained throughout the reactors run (R1: 425 days; 

R2/R3: 190 days). 

 

 

 



 
 

 

61 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

 

63 

 
 
 
 
 
 
 
 
 
 

  Chapter    
 
 

Influence of low pH (6, 5 and 4) on nutrient dynamics 
and characteristics of acidifying sulfate reducing 

granular sludge 
 
Abstract 
 
The effect of a low pH (6, 5 and 4) on macro and micronutrient dynamics in anaerobic sludge 
granules was investigated in batch leaching experiments (48h) and thermophilic (55°C) Upflow 
Anaerobic Sludge Bed (UASB) reactors. The UASB reactors were fed with sucrose and sulfate at 
an organic loading rate of 3.5 gCOD (lreactor d)-1 and a COD/SO4

2- ratio of 9 or 3.5 over a period 
of 520 days at pH 6 and 270 days at pH 5 and 4. Decreasing the pH led to increased solubilisation 
of metals from the sludge in the leaching experiments within 48 hours. For many metals (Co, Ni, 
Fe, Zn and Al), the difference between pH 6 and 5 was very small. For the three pH values 
investigated, the degree of leaching was the highest for the macronutrients K, Ca and Mg while 
for the other micronutrients leaching decreased in the following order: Mn > Ni ≈ Co ≈ Fe > Al ≈ 
Zn ≈ Cu. In the continuously operating UASB reactors, most metals leached from the sludge 
granules except for Co at pH 6, Al at pH 6 and 5 and Cu and Zn at all three pH values 
investigated. At the end of the UASB reactor runs, the sludge granules were almost deprived of 
Fe and Mn both at pH 5 and 4. Despite the significant changes in the inorganic composition of 
the sludge granules, the granular form of the sludge was kept at the different pH values and 
sulfate loading rates applied, and no significant washout occurred, though the granules’ strength 
decreased at pH 5 and 4. The color of the granules changed gradually from black to grey during 
the operation at pH 6 and to a pale yellow during the operation at pH 5 and 4.  
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1 INTRODUCTION  

The anaerobic treatment of sulfate rich organic wastewaters involves interactions among various 
trophic groups of bacteria including acidogenic bacteria, acetogenic bacteria, methanogenic 
archaea and sulfate reducing bacteria. All these trophic groups require nutrients to sustain enzyme 
activity and for biomass growth (Zandvoort et al., 2006). Metals can be present as free ions or as 
different chemical species due to (bio)chemical processes such as precipitation, sorption onto 
minerals or extracellular polymers, ion exchange and chelation or complexation with both 
inorganic ions and organic ligands (Patidar and Tare, 2004b; van Hullebusch et al., 2005a). These 
processes can contribute to metal accumulation in biofilms and granular sludge, thus constituting 
a stock of trace metals. Depending on the speciation and thus the bioavailability, this stock can 
sustain the trace metal requirements of the microbial populations in granular sludge based 
bioreactors, like the Upflow Anaerobic Sludge Bed (UASB) reactor (Zandvoort et al., 2006).  
Not much is known about the effect of different operational conditions on the dynamics of the 
various macro and micronutrients in anaerobic granular sludge, i.e., under which conditions the 
nutrients are stored in or leached from the sludge granules. Such knowledge is important to allow 
for an efficient nutrient dosage to the bioreactors. The operational pH is an important parameter 
influencing the metal dynamics, as in general, metal solubility increases at lower pH values. 
Therefore, a decrease in the metal stock in the sludge granules is expected at lower pH values, 
which can lead to suboptimal reactor performance in case nutrient limitation develops. However, 
given the complexity of the granular sludge matrix, it is difficult to predict the extent of metal 
solubilisation and the changes in chemical speciation induced by the low pH values. This 
knowledge is important to assess the effects of unintended (pH shock) or intended (operation at 
acidophilic conditions) decreases in operational pH. 
Therefore, this work studied the effect of a low pH (6, 5 and 4) on the macro and micronutrients 
dynamics in granular sludge and on its characteristics. For this purpose, batch leaching 
experiments with granular sludge were performed and long-term continuous UASB reactors fed 
with sucrose and sulfate were operated under thermophilic (55°C) conditions. Macro and 
micronutrient retention was assessed by monitoring their concentrations in the sludge and in the 
liquid phase. In order to evaluate the distribution of the nutrients over different chemical fractions 
in the granular sludge, a sequential extraction scheme distinguishing 4 fractions of decreasing 
mobility/bioavailability was applied to the sludge. The UASB reactor sludges were observed by 
scanning electron microscopy (SEM) and their chemical composition was further quantified by 
the determination of soluble microbial products (SMP) and extracellular polymeric substances 
(EPS), as well as by energy dispersive X-ray (EDX) analysis.  
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2 MATERIALS AND METHODS 

2.1 Inoculum sludge 

The inoculum of the batch leaching experiments and the continuous UASB reactor R1 was 
granular sludge harvested from a full-scale UASB treating papermill wastewater (Industriewater 
Eerbeek B.V., Eerbeek, The Netherlands) (Oude Elferink et al., 1998b). R1 was inoculated with 
approximately 2 kg wet granular Eerbeek sludge and after 120 days of operation, 600 g wet 
sludge was removed from R1 and used to inoculate two other UASB reactors, R2 and R3 (300 g 
wet sludge each).  

2.2 Batch leaching experiments 

The leaching of elements from the sludge granules at low pH under non-feeding conditions was 
studied in batch leaching experiments. 30 g wet granular Eerbeek sludge was added in 400 ml 
double-wall glass vessels containing 90 ml ultra-pure water (Milli-RO system, Millipore, 
Bedford, MA, USA). The pH was adjusted to the desired value with 1M HCl, the vessels were 
closed with butyl rubber stoppers and flushed with N2 to ensure anaerobic conditions. The vessels 
were placed in a rotative shaker at 100 rpm and kept at 55°C due to water heated in a thermostatic 
waterbath (Julabo, Seelbach, Germany) and recirculated in the double-wall of the vessels. The pH 
in the vessels was measured on-line with a pH electrode (Hamilton, Hilkomij BV, Rijswijk, The 
Netherlands) and controlled by automatic pH controllers (Endress and Hauser, Naarden, The 
Netherlands) by 0.1M NaOH or 0.1M HCl addition. Liquid samples were taken over time during 
2 days in the experiments at pH 4 and 5 and 27 hours in the experiments at pH 6 and filtered 
through a 0.2 μm microfiber filter (Whatman FP 30, Germany) to determine dissolved element 
concentrations.   

2.3 Continuous bioreactor experiments 

In order to investigate the effect of low pH values on macro and micronutrients retention in 
granular sludge bioreactors treating unacidified sulfate rich wastewater, one UASB reactor with 
6.5 l volume (R1) and two UASB reactors of 0.92 l each (R2 and R3) were used in this study. A 
detailed description of the experimental set-up and design as well as the performance of the three 
reactors, i.e., sulfate reduction, acidification and intermediate product formation was described in 
Chapter 2. 
The reactors were fed with a synthetic influent consisting of sucrose as a model carbohydrate 
(sole electron donor and carbon source), sulfate and nutrients, added to the reactors by peristaltic 
pumps. The concentration of sulfate, added as sodium sulfate, depended on the applied 
COD/SO4

2- ratios. The nutrient solution consisted of macro and micronutrients according to 
Table 3.1. In order to avoid precipitation in the storage vessels, the influent consisted of two 
different streams: 1. sucrose and sodium sulfate (kept at 4°C), and 2. macro and micronutrients. 
The medium was prepared with demineralised water. 
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Table 3.1 Macro and micronutrients composition of the reactors influent. 

Macronutrient Compound Influent  
(mg l-1) 

N NH4Cl 8.72 
K K2HPO4 4.19 
P K2HPO4 1.66 
S MgSO4.7H2O 0.87 

Mg MgSO4.7H2O 0.66 
Ca CaCl2.2H2O 0.36 

Micronutrient  (μg l-1) 
Fe FeCl2 . 4H2O 11.22 
B H3BO3 0.17 
Zn ZnCl2 0.48 
Cu CuCl2 . 3H2O 0.26 
Mn MnCl2 . 4H2O 2.77 
Al AlCl3 . 6H2O 0.20 
Co CoCl2 . 6H2O 9.90 
Ni NiCl2 . 6H2O 0.45 
Se Na2SeO3 . 5H2O 0.98 
Mo (NH4)6Mo7O24 . 4H2O 0.08 

 
Throughout the experiment, the three reactors were operated at 55oC, a hydraulic retention time 
of 10h, 1 m h-1 upflow velocity and an organic loading rate of 3.5 gCOD (lreactor d)-1. R1 was 
operated for 520 days at pH 6 and a COD/SO4

2- ratio of 9 throughout the experiment. R2 and R3 
were run for 270 days, which was divided in three periods. After an initial start-up period of 12 
days (Period I) operating at pH 6, R2 was operated at pH 5 and R3 at pH 4 (Period II and III). 
The COD/SO4

2- ratio was 9 (Period I and II) for both reactors and was decreased to 3.5 (by 
increasing the influent sulfate concentration) after 114 and 134 days of operation for R2 and R3, 
respectively (Period III).  
Effluent liquid samples were taken over time during the reactor runs to determine dissolved 
element concentrations in the same way as in the batch leaching experiments. Sludge samples 
were harvested from R1 after 210, 390 and 520 days of operation. From R2 and R3, sludge was 
harvested after 43, 90 and 270 days of operation (sludge samples named 163, 210 and 390 days, 
respectively, in order to refer to the start-up of R1, as R2 and R3 were inoculated with sludge 
harvested from R1 on day 120). Therefore, the first two sludge samples from R2 and R3 refer to a 
COD/SO4

2- ratio of 9 (Period II), whereas the last sludge samples from R2 and R3 refer to a 
COD/SO4

2- ratio of 3.5 (Period III).  

2.4 Sequential extraction procedure and pseudo-total metal determination 

The sequential extraction procedure applied to the sludge harvested from the continuous UASB 
reactor runs and at the end of the batch leaching experiments consisted of 4 steps and was based 
on Tessier et al. (1979) with some modifications (Osuna et al., 2004; van Hullebusch et al., 
2005a) as described in Table 3.2. Extractants of increasing reactivity are used in each subsequent 
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step, so that the fractions obtained correspond to metal species with lesser mobility. The pseudo-
total metal content (TMC) was determined according to van Hullebusch et al. (2005a). The 
sequential extractions and the pseudo-total metal content were performed in triplicate on 
subsamples of about 1 g wet sludge. If the sum of the sequential extraction fractions and the TMC 
differed more than 25%, the sequential extraction results were not considered. All vessels used 
for metal analysis were previously cleaned in a 4 M HNO3 acid bath for at least 12 h. 
 
Table 3.2 Modified Tessier sequential extraction procedure. 
Fraction Extracting agent Extraction conditions 
  Shaking timea Temperature (°C) 
1. Exchangeable 10 ml NH4CH3COO 

(1M, pH = 7) 
1 h 20 

2. Carbonates 10 ml CH3COOH 
(1M, pH = 5.5) 

1 h 20 

3. Organic matter/sulfides 5 ml H2O2 
(30%, pH = 2) 

3 h 35 

4. Residual 10 ml Aqua regia 
(HCl:HNO3, 3:1) 

26 min Microwave-ovenb 

a Shaking was applied at 100 rpm. 
b Extraction of the residual fraction in the microwave was equal to the pseudo-total extraction method. 

2.5 Microscopic analysis 

At the end of the R2 and R3 run, samples were taken from these reactors and also from R1 (day 
390) for scanning electron microscopy (SEM) and energy dispersive X-ray (EDX) analysis. Prior 
to electron microscopic analysis, intact and cross-sectioned granules were prepared as described 
by Alphenaar et al. (1994). SEM observations were performed with a scanning electron 
microscope (JSM 6300F; JEOL, Tokyo, Japan) at 10 keV as described by Gonzalez-Gil et al. 
(2001). Environmental Scanning Electron Microscopy (ESEM) examinations were performed in 
an Electroscan (Wilmington, MA) Type II LaB6gun microscope. The ESEM was operated at 30 
keV using the environmental secondary detector. Qualitative elemental analysis of the granules 
(selected area of 20 µm × 20 µm in the ESEM) were performed by EDX. 

2.6 SMP and EPS 

Soluble microbial products (SMP) and extracellular polymeric substances (EPS) were extracted 
from the sludge samples harvested from R1 on days 390 and 520 and from R2 and R3 on days 
210 and 390. The extraction procedure was based on Zhang et al. (1999). SMP were extracted by 
centrifuging 1 g wet sludge in 50 ml demineralised water for 5 minutes at 5000 rpm, followed by 
filtration of the supernatant through a 0.2 μm microfiber filter (Whatman FP 30, Germany). For 
EPS determination, 50 ml of demineralised water was added to the remaining sludge and heated 
for 60 minutes at 105°C. The samples were subsequently centrifuged for 5 minutes at 7500 rpm 
and the supernatant was filtered through a 0.2 μm microfiber filter. The carbohydrate and protein 
content were determined in the SMP and EPS extracts. 
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2.7 Analysis 

Total suspended solids (TSS) and volatile suspended solids (VSS) were determined according to 
standard methods (APHA, 1998). Carbohydrate concentrations contained in the fluid after the 
extraction for SMP or EPS were determined photometrically at a wavelength of 480 nm using 
glucose standards as described by Dubois et al. (1956). Protein concentrations were determined 
based on Lowry (1951) at a wavelength of 595 nm and using bovine serum albumin as standard. 
Both carbohydrates and proteins were analyzed on a HP 8453 UV-Vis diode-array 
spectrophotometer. Element determinations were performed with inductively coupled plasma – 
optical emission spectroscopy (ICP-OES, Vista-MPX CCD, Varian, Australia). The following 
wavelengths were employed: 396.152, 396.847, 228.615, 324.754, 259.940, 766.491, 279.553, 
257.610, 216.555, 213.618, 181.972 and 213.857 nm for Al, Ca, Co, Cu, Fe, K, Mg, Mn, Ni, P, S 
and Zn, respectively. 

2.8 Calculations 

The theoretical solubility of the studied metal precipitates under the conditions of the batch 
leaching experiments was calculated using Stream Analyser 2.0, which is part of the OLI System 
software package (OLI Systems Inc, Morris Plains, USA). Each metal was considered to be 
present in the sludge granules as different precipitates (as sulfide, carbonate, hydroxide, 
phosphate, chloride, sulfate or other) and its solubility was calculated as a function of the pH 
value.  

3 RESULTS 

3.1 Micronutrients 

3.1.1 Co and Ni 

Figure 3.1A shows that leaching of both Co and Ni in the batch leaching experiments was much 
more pronounced at pH 4 than at pH 5 and 6. Surprisingly, leaching did not differ considerably 
between pH 5 and 6. Approximately 24% of both Co and Ni leached from the sludge at pH 4, 
whereas leaching was only 5.6 and 1.9% for Co at pH 5 and 6, respectively, and 8.2 and 3.4% for 
Ni, at pH 5 and 6, respectively (Figure 3.1A). 
Co and Ni were present in the inoculum sludge mainly in the organic matter/sulfides (OM/S) and 
carbonates fractions (Figures 3.1B and 3.2). Note that the inoculum sludge for the batch leaching 
experiments and for R1 were harvested from the full scale Eerbeek reactor at different times, 
therefore small differences were observed in the metal composition between both inocula. At the 
end of the batch leaching experiments, the Ni and Co content increased in the exchangeable 
fraction and decreased in the carbonate and residual fractions, in comparison to the inoculum 
sludge, with the decrease in the mixed liquor pH (Figure 3.1B). The Ni and Co content in the 
OM/S fraction also decreased with the decrease in pH, but the decrease was more pronounced at 
pH 4 (20-22%) than at pH 5 or 6 (2-8%) (Figure 3.1B).  
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In the continuous UASB reactors, a more pronounced difference between leaching of Co and Ni 
from the sludge at pH 6 and 5 was observed (Figure 3.2). The total Co content of the sludge 
granules remained approximately constant during the run at pH 6, whereas the total Co content 
decreased gradually at pH 5 and 4. However, Co leaching was faster and to a higher extent at pH 
4 than at pH 5 (49% and 6% decrease, respectively, relatively to the inoculum sludge, at day 210, 
and 67% and 27% decrease,  respectively, at the end of the UASB reactor runs). The total Ni 
content decreased to similar values at the three pH values (Figure 3.2). At day 210, the sludge 
from the pH 6 UASB reactor showed a total Ni content slightly higher than the inoculum sludge, 
whereas the sludge at pH 5 and 4 showed a 40-49% decrease in the total Ni content. The decrease 
was nevertheless faster at pH 4 than 5, as the sludges at day 163 show. After 390 days, the total 
Ni content was higher at pH 5 and 4 than at pH 6, likely due to the lower COD/SO4

2- ratio applied 
in R2 and R3 (Table 3.3).  
The Co and Ni content in the carbonate fraction of the UASB reactor sludges decreased at all the 
pH values tested. The residual fraction increased initially at pH 6 relatively to the inoculum 
sludge but decreased afterwards. The decrease in residual fraction was also observed at pH 5 and 
4. At the end of the three UASB reactor runs, both Co and Ni were mainly located in the OM/S 
fraction (51-79%). The decrease in COD/SO4

2- ratio from 9 to 3.5 at pH 5 and 4 increased the Co 
and Ni in the OM/S fraction, particularly at pH 5 (day 210 versus day 390, Figure 3.2). 
 
 

Table 3.3 Total dissolved sulfide concentrations in the reactors according to the applied COD/SO4
2- ratio. 

 COD/SO4
2- ratio 

Reactor  9 3.5 
R1 (pH 6) 26.55 ± 3.61  -  
R2 (pH 5) 30.15 ± 3.89 63.22 ± 8.28 
R3 (pH 4) 16.13 ± 4.23 23.73 ± 5.66 
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Figure 3.2 Metal fractionation and pseudo-total contents of Co, Ni, Fe and Mn in sludge from R1, R2 and 
R3 (  exchangeable, carbonates,  OM/S,  residual,  TMC). 
 

3.1.2 Fe and Mn 

In the batch leaching experiments, Fe leaching was higher at pH 4 than 5 or 6 (Figure 3.3A) and 
the difference observed between pH 5 and 4 was smaller than the difference observed between 
pH 6 and 5 (21.7, 3.3 and 0.2% leaching at pH 4, 5 and 6, respectively), similarly to Co and Ni. 
Mn leaching also increased with the decrease in pH but the difference observed between the three 
pH values was more linear (55.4, 28.1 and 4.7% leaching at pH 4, 5 and 6, respectively).  
Figures 3.2 and 3.3B show that the inoculum sludge contained Fe mainly in the residual fraction, 
whereas Mn was mainly present in the carbonates fraction. At the end of the batch leaching 
experiments, the Fe content decreased in all fractions at pH 4, except for the exchangeable 
fraction, which increased with the decrease in pH (Figure 3.3B). Mn leaching at pH 5 was mainly 
due to the decrease in the OM/S fraction (53%), whereas at pH 4, Mn leached from all fractions 
(Figure 3.3B). 
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In the UASB reactor runs, both Fe and Mn decreased in all fractions, with the residual fraction as 
the more recalcitrant (Figure 3.2). At the end of the reactor runs, the sludge was almost deprived 
of Fe at pH 5 and 4 (98% decrease relatively to the inoculum sludge), while at pH 6 there was 
still Fe present (57% decrease relatively to the inoculum sludge) mainly in the residual fraction 
(Figure 3.2). Mn was almost absent in the exchangeable, carbonates and OM/S fractions already 
after 210 days of operation at pH 6, but it had accumulated in the residual fraction, which 
subsequently also decreased to a very low concentration. At pH 5 and 4, Mn leaching from the 
sludge was very fast. After 43 days of operation at pH 4 (163 days total run) the sludge was 
almost completely deprived of Mn (99% decrease relatively to the inoculum sludge). At pH 5, the 
decrease in Mn was not so fast as at pH 4, but the sludge was also almost completely deprived of 
Mn after 90 days of operation at pH 5 (210 days total run) (95% decrease relatively to the 
inoculum sludge), in contrast to the sludge at pH 6 at the same operational time, which had even 
more Mn (23%) than the inoculum sludge. 

3.1.3 Zn, Cu and Al 

Figure 3.4A shows that Zn, Cu and Al leaching was very small (below 0.7%) upon exposing the 
inoculum sludge to acidic conditions. Zn, Cu and Al were mainly present in the OM/S and 
residual fractions (Figures 3.4B and 3.5). However, the OM/S fraction had a more important role 
in the accumulation of Zn, as compared to Cu and Al, which concentrations in the residual 
fraction were similar or exceeded the OM/S fraction (Figures 3.4B and 3.5). In the batch leaching 
experiments (Figure 3.4B), the decrease in pH caused a decrease of the Zn content in the 
exchangeable and carbonates fractions and a correspondent increase in the OM/S fraction. No 
apparent translocation of Cu between fractions was noticed with the different pH, whereas the Al 
content decreased in the carbonate and OM/S fractions, while increasing in the residual fraction 
(Figure 3.4B). 



 

 

74 

C
ha

pt
er

 3
 

                          Fi
gu

re
 3

.4
 (A

) D
is

so
lv

ed
 m

et
al

 c
on

ce
nt

ra
tio

n 
in

 le
ac

hi
ng

 e
xp

er
im

en
ts

 (
 p

H
 4

, 
 p

H
 5

, 
 p

H
 6

); 
(B

) f
ra

ct
io

na
tio

n 
an

d 
ps

eu
do

-to
ta

l c
on

te
nt

s 
of

 
Zn

, C
u 

an
d 

A
l i

n 
sl

ud
ge

 a
t t

he
 e

nd
 o

f t
he

 le
ac

hi
ng

 e
xp

er
im

en
ts

 (
 e

xc
ha

ng
ea

bl
e,

 
ca

rb
on

at
es

, 
 O

M
/S

, 
 re

si
du

al
, 

 T
M

C
); 

(C
) e

xp
er

im
en

ta
l 

an
d 

th
eo

re
tic

al
 p

re
ci

pi
ta

te
 st

ab
ili

ty
 a

s f
un

ct
io

n 
of

 p
H

 a
cc

or
di

ng
 to

 O
LI

 so
ftw

ar
e.

 

0

0.
050.

1

0.
150.

2

0.
250.

3

0.
35

in
oc

ul
um

pH
 6

pH
 5

pH
 4

Zn (mg (gTSS)-1)

0

0.
02

0.
04

0.
06

0.
080.

1

0.
12

0.
14

0.
16

0.
180.

2

in
oc

ul
um

pH
 6

pH
 5

pH
 4

Cu (mg (gTSS)-1)

0246810121416

in
oc

ul
um

pH
 6

pH
 5

pH
 4

Al (mg (gTSS)-1)

0

0.
00

5

0.
01

0.
01

5

0.
02

0.
02

5

0
3

6
9

12
15

18
21

24
27

30
33

36
39

42
45

48

Cu (mg l-1)

0

0.
51

1.
52

2.
53

3.
54

4.
5

0
3

6
9

12
15

18
21

24
27

30
33

36
39

42
45

48
Ti

m
e 

(h
)

Al (mg l-1)0

0.
050.

1

0.
150.

2

0.
250.

3

0
3

6
9

12
15

18
21

24
27

30
33

36
39

42
45

48

Zn (mg l-1)

010203040506070809010
0

0
1

2
3

4
5

6
7

8
9

10

% total Zn

E
xp

er
im

en
ta

l Z
n 

da
ta

Zn
S

Zn
3(

P
O

4)
2.

2H
2O

010203040506070809010
0

0
1

2
3

4
5

6
7

8
9

10

% total Cu

E
xp

er
im

en
ta

l C
u 

da
ta

C
u(

II)
S

C
u(

I)2
S

C
u3

(P
O

4)
2.

2H
2O

C
u

010203040506070809010
0

0
1

2
3

4
5

6
7

8
9

10
pH

% total Al

Ex
pe

rim
en

ta
l A

l d
at

a
Al

(O
H

)3
Al

PO
4

A
 

 
 

 
 

 
 

   
B

 
 

 
 

 
 

 
 C

 



 
Effect of low pH (6, 5 and 4) on nutrient dynamics and sludge characteristics 

 

75 
C

ha
pt

er
 3

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
Figure 3.5 Metal fractionation and pseudo-total contents of Zn, Cu and Al in sludge from R1, R2 and R3 
(  exchangeable, carbonates,  OM/S,  residual,  TMC). 
 

The Zn and Cu contents of the UASB reactor sludges were kept similar during the reactor run at 
pH 6 (Figure 3.5), whereas at pH 5 and 4, Zn and Cu accumulated in the sludge, particularly 
when the COD/SO4

2- ratio was decreased from 9 to 3.5 (210 versus 390 days). The Al content in 
the sludge increased at pH 6 relatively to the inoculum sludge. The operation at pH 5 did not 
change significantly the Al content in the sludge whereas at pH 4, the Al content in the sludge 
decreased back to a similar concentration as in the inoculum sludge. 
In the UASB reactor runs (Figure 3.5), Zn accumulation at pH 5 and 4 occurred mainly in the 
OM/S fraction, but also additionally in the residual fraction with the increase in sulfate loading 
rate (day 210 versus day 390). Cu accumulation at pH 5 and 6 occurred mainly in the residual 
fraction but also additionally in the OM/S fraction with the increase in sulfate loading rate (day 
210 versus day 390). In contrast, the Al content in the OM/S fraction decreased at pH 5 and 4 
(Figure 3.5). 
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3.2 Macronutrients 

3.2.1 Ca, Mg and K 

Large amounts of Ca, Mg and K leached from the sludge in the batch leaching experiments at pH 
4 (68, 40 and 82%, respectively), followed by pH 5 and 6 (Figure 3.6A). In the inoculum sludge, 
Ca, Mg and K were mainly present in the carbonates and exchangeable fractions (Figure 3.6B). 
The lowering of the mixed liquor pH provoked a loss of Ca, Mg and K from the three first 
fractions, while the residual fraction showed little change (Figure 3.6B). 
In the UASB reactor runs, the Mg, Ca and K contents in the sludge decreased to similar levels at 
the three pH values but at a faster leaching rate at pH 5 and 4 than for pH 6 (Figure 3.7). The data 
on the sequential extraction is not presented because the sum of the sequential extraction fractions 
and the TMC differed more than 25%.  

3.2.2  P and S 

Figure 3.8A shows that P leaching was similar at the three pH values investigated (3.3-7.6%), 
whereas S leaching was higher at pH 4 than at pH 5 and 6 and similar between the latter two pH 
values (10.5, 2.0 and 0.8% at pH 4, 5 and 6, respectively). In the inoculum sludge, P and S were 
mainly present in the residual fraction. In the case of S, approximately 40% was also present in 
the OM/S fraction. The lowering of the mixed liquor pH provoked a loss of P in the exchangeable 
and carbonates fractions and an increase in the OM/S and residual fractions. S was leached 
mainly from the carbonates and residual fractions (Figure 3.8B). 
In the UASB reactor runs, the P and S content in the sludge decreased at the three pH values 
investigated but the decrease of P and S was faster with decreasing pH value (Figure 3.7). At pH 
6, leaching of both elements from the sludge occurred mainly from the residual fraction, whereas 
the concentration in the OM/S fraction remained similar. At pH 5 and 4, the same behaviour was 
found for P, but S also leached from the OM/S fraction. With the decrease in COD/SO4

2- ratio, P 
accumulated in the first three extraction fractions, especially at pH 4, particularly in the 
exchangeable and in the OM/S fractions. This contrasts with S, which concentration decreased in 
all the fractions upon increasing the sulfate concentration in the R2 and R3 influent.  
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3.3 Sludge characteristics 

3.3.1 VSS, SMP and EPS 

The VSS fraction of the sludge increased during UASB reactor operation in the three reactors 
(Table 3.4). However, there was a small decrease in the VSS fraction in R2 and R3 with the 
decrease in the COD/SO4

2- ratio (day 210 versus day 390). The sludge at pH 4 (R3) showed the 
highest VSS fraction, followed by the sludge at pH 5 (R2). The sludge at the highest pH (R1 – pH 
6) showed the lowest VSS fraction (Table 3.4). 
On day 210, the sludge growing at pH 5 (R2) contained more SMP and EPS, both proteins and 
carbohydrates, than the sludge growing at pH 4 (R3). However, at day 390 (lower COD/SO4

2- 
ratio), R3 sludge produced more SMP and EPS, while R2 sludge produced less. At this sampling 
date, both carbohydrate and protein fractions of SMP were not significantly different between the 
sludges of the three UASB reactors, whereas the EPS production was higher in the sludge at pH 6 
than at pH 5 and 4. Both the carbohydrate and protein fractions of the SMP as well as the EPS 
decreased during reactor operation at pH 6 and increased at pH 4 (Table 3.4). 
 
Table 3.4 Total suspended solids (TSS), volatile suspended solids (VSS), soluble microbial products 
(SMP) and extracellular polymeric substances (EPS) of the inoculum sludge from R1 and of sludge 
sampled at different sampling times from R1, R2 and R3. 

SMP (mg (gVSS)-1) EPS (mg (gVSS)-1) Sludge TSS  
(%) 

VSS 
(%TSS) Carbohydrates Proteins Carbohydrates Proteins 

Inoculum 16.00 ± 0.20 67.37 ± 0.32 4.60 ± 0.20 19.30 ± 2.70 11.70 ± 0.70 51.00 ± 17.30 
R1 - 210 days 11.30 ± 0.10 85.61 ± 0.22 n.a. a n.a. n.a. n.a. 
R1 - 390 days 9.17 ± 0.18 87.76 ± 0.15 15.32 ± 1.57 42.01 ± 0.04 28.27 ± 0.85 104.29 ± 3.82 
R1 - 520 days 10.75 ± 0.02 89.49 ± 0.12 10.83 ± 0.93 33.67 ± 3.15 20.93 ± 1.22 77.47 ± 3.06 
R2 - 163 days 7.94 ± 0.13 82.72 ± 0.13 n.a. n.a. n.a. n.a. 
R2 - 210 days 8.66 ± 0.04 87.72 ± 0.15 14.37 ± 1.19 40.30 ± 7.87 28.77 ± 6.04 20.67 ± 5.35 
R2 - 390 days 6.04 ± 0.09 87.09 ± 0.46 12.58 ± 1.89 21.52 ± 14.39 16.69 ± 2.14 29.03 ± 6.10 
R3 - 163 days 9.49 ± 0.15 89.05 ± 0.22 n.a. n.a. n.a. n.a. 
R3 - 210 days 10.60 ± 0.13 91.56 ± 0.03 9.49 ± 0.65 16.06 ± 4.07 8.71 ± 1.38 1.17 ± 0.64 
R3 - 390 days 7.30 ± 0.08 89.35 ± 0.26 15.76 ± 0.84 36.27 ± 7.37 17.67 ± 3.26 47.41 ± 6.21 

a n.a.: not analyzed. 
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3.3.2 Macroscopic and electron microscopic analysis 

The granular form of the sludge was maintained throughout the three UASB reactor runs and no 
noticeable sludge washout occurred. However, the color of the sludge granules gradually changed 
during reactor operation. The black inoculum sludge granules became grey during operation at 
pH 6. At pH 5 and 4, a similar but faster change in color occurred, finally leading to a pale yellow 
color (Figure 3.9A). The granular sludge present in R2 and R3 showed more cracks (Figure 
3.10A) and had a lower strength than the R1 sludge.  
The morphology of the microorganisms present was similar between the sludges at the different 
pH values and slime connecting bacterial cells was observed in all cases. Figure 3.10B shows an 
example for R2 sludge. 
The inorganic composition of the sludge granules on day 390 differed at the investigated pH 
values (Figure 3.9B). The main difference in the EDX spectra was in the Fe composition. Fe was 
clearly present in the granules at pH 6, while it was not detected in the granules present in the 
UASB reactors operated at pH 5 and 4. In contrast, Zn was detected at pH 4 and 5, while its 
concentration was below the detection limit at pH 6 (Figure 3.9B). Both at pH 4 and 5, more Zn 
was detected in the granules surface than in the granules core (data not shown). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.10 SEM photographs of R2 (pH 5) granules after 390 days of reactor run. (A) granule cross-
section showing cracks; (B) granule surface showing EPS surrounding bacterial cells. Note that A is 
representative of the sludges from R2 (pH 5) and R3 (pH 4) and B is representative of the sludges from the 
3 reactors. 
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4 DISCUSSION 

4.1 Effect of pH on micronutrient retention 

4.1.1 Co and Ni 

The leaching behaviour of Co and Ni from the sludge in the batch leaching experiments is in 
accordance with the simulations of CoS and NiS dissolution with OLI software under the 
conditions of the leaching experiments (Figure 3.1C). The theoretical dissolution edge for both 
CoS and NiS is close to pH 5 (Figure 3.1C). Therefore, Ni and Co leaching is limited at pH 6 and 
5, in contrast to pH 4 (Figure 3.1A and 3.1C). This suggests that Co and Ni are present in the 
Eerbeek sludge mainly as CoS and NiS. Jong and Parry (2003) also suggested that NiS formation 
was the key process for Ni removal in an upflow anaerobic packed bed reactor fed with lactate, 
sulfate and metals at an OLR and SLR of, respectively, 7.43 and 3.71 g (lreactor d)-1. Additionally, 
the solubilisation of Co and Ni could also be associated with Fe sulfide solubilisation, as Co and 
Ni tend to adsorb or co-precipitate onto Fe sulfide minerals (Watson et al., 1995; Morse and 
Luther, 1999), which also have a dissolution edge close to pH 5 (see paragraph 4.1.2.). The 
decrease of Co and Ni in the carbonate fraction at the pH values tested (Figures 3.1B and 3.2) 
reflects the theoretical complete solubilisation of Co and Ni carbonates at these low pH values. 
Even at neutral pH, Zandvoort et al. (2005b) reported the loss of Co and Ni from the carbonate 
fraction of Eerbeek sludge in mesophilic (30°C) methanol fed UASB reactors. However, Co and 
Ni are present in forms other than only carbonates in the carbonate fraction of the Eerbeek 
sludge, otherwise a much higher leaching would have been observed at pH 5 and 4 (Figures 3.1B 
and 3.2). 
Van Hullebusch et al. (2005a) showed that, at neutral pH, the OM/S fraction has the highest 
sorption affinity for Ni and Co for Eerbeek sludge, followed by the residual fraction. This study 
confirms that Co and Ni also mainly accumulate in the OM/S and residual fractions at pH 6, 5 
and 4. However, the Co and Ni accumulated in the residual fraction during the first 210 days of 
operation at pH 6, subsequently leached from the granules at the three pH values investigated 
(Figure 3.2). At pH 6, the decrease in Co from the residual and carbonate fraction coincided with 
the increase in Co in the OM/S fraction (Figure 3.2). The increase in Co and Ni in the OM/S 
fraction caused by the increase in sulfate loading rate (210 versus 390 days) (Figure 3.2) again 
reflects the high affinity of the OM/S fraction for Co and Ni (van Hullebusch et al., 2005a). A 
previous study of Zandvoort et al. (2005b) with methanol fed UASB reactors operating at pH 7 
inoculated with Eerbeek sludge (the same sludge as the inoculum in the present study) or sludge 
from a full scale UASB reactor treating alcohol distillery wastewater also showed that a 30-hour 
pH shock to pH 5 provoked only a limited loss of Co and Ni from the granular sludge and mainly 
a translocation of Ni and Co from the residual to the OM/S fraction. A longer pH shock (4 days) 
to pH 5 induced a more pronounced loss of Co, due to its decrease from the OM/S fraction 
(Zandvoort et al., 2005b). This is in agreement with the decrease of Co and Ni present in the 
OM/S fraction during the operation at pH 5 (Figure 3.2).  
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4.1.2 Fe and Mn 

The dissolution edge of FeS is close to pH 5 while the dissolution edge of FeCO3 is close to pH 6 
(Figure 3.3C) under the conditions of the leaching experiments. Figure 3.3C shows that the 
experimental Fe leaching data lies between the curves of FeS and FeCO3 and Fe3(PO4)2.8H2O 
(vivianite). Given the low amounts of phosphate expected in the granular sludge as compared to 
carbonates and sulfide, it is expected that Fe is present in the sludge as mainly Fe sulfide minerals 
and FeCO3. This is in agreement with Jong and Parry (2003), who also suggested that the 
removal of Fe in an upflow anaerobic packed bed reactor fed with lactate, sulfate and metals was 
associated to FeS formation.  
The observed behaviour of Mn in the batch experiments contrasts the theoretical prediction of Mn 
sulfides, carbonates, hydroxides and phosphates dissolution (Figure 3.3C). According to the 
theoretical dissolution of these minerals, all the Mn should be solubilised at pH 5. This clearly 
indicates that these are not the main Mn species in the granular sludge, in agreement with the 
findings of Maes et al. (2003) in leaching experiments with a sulfide-rich freshwater sediment 
(Gent-Terneuzen canal). These authors suggested that Mn was partially present in mixed 
FeS/FeCO3 precipitates, as Fe and Mn have similar atomic radii.  
The UASB reactor operation showed that both Mn and Fe were almost completely leached out 
from the sludge at pH 5 and 4 (approximately 98% decrease relatively to the inoculum sludge), 
constituting the nutrients with the most extensive leaching from the sludge, despite the relatively 
high concentrations of Fe provided with the reactors’ influent (Table 3.1). This is in agreement 
with the higher solubilities of Mn and Fe sulfides in relation to the other trace metals studied 
(Table 3.5). 
 
Table 3.5 Solubility products at 55°C with sulfide, carbonate, phosphate and hydroxide taken from OLI 
thermodynamic database. 
 Ksp of sulfide Ksp of carbonate Ksp of phosphate Ksp of hydroxide 
Al - - 2.74 x 10-22 3 x 10-34 
Co 2.97 x 10-21 2.02 x 10-11 1.14 x 10-29 1.16 x 10-15 
Cu 1.93 x 10-43 Cu(I) 

1.19 x 10-34 Cu(II) 
2.27 x 10-7 
 

2.27 x 10-39 Cu(II) 
 

3.87 x 10-19 Cu(II) 
 

Fe 6.61 x 10-15 (FeS amorphous) 
7.19 x 10-17 (FeS hexagonal) 
1.43 x 10-15 (FeS tetragonal) 
6.59 x 10-25 (FeS2 isometric) 
2.23 x 10-24 (FeS2 orthorhombic) 

1.80 x 10-11 
 

4.88 x 10-27 
 

2.39 x 10-14 Fe (II) 
 

Mn 8.00 x 10-14 1.94 x 10-11 7.39 x 10-36 2.20 x 10-13 
Ni 2.55 x 10-20 3.83 x 10-9 1.23 x 10-34 1.55 x 10-17 
Zn 3.81 x 10-23 (cubic) 

4.95 x 10-23 (hexagonal) 
6.22 x 10-11 1.60 x 10-30 1.53 x 10-16 

5.99 x 10-16 (amorphous) 
Ca - 3.14 x 10-9 (aragonite) 

1.48 x 10-9 (calcite) 
2.30 x 10-31 1.67 x 10-6 

 

Mg - 7.63 x 10-7  2.01 x 10-26 3.46 x 10-12 
K - - - - 
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4.1.3 Zn, Cu and Al 

The very low dissolution of Zn, Cu and Al from the sludge in the batch leaching experiments 
(Figure 3.4A) is in agreement with the theoretical solubilities of Zn and Cu sulfides and Al 
hydroxide (Figure 3.4C). Zn, Cu and Al carbonates are not expected to be stable at the low pH 
values studied. The dissolution edge for ZnS and Al(OH)3 are close to pH 4 and 3.5, respectively 
(Figure 3.4C), which is in agreement with the small Zn and Al dissolution observed at pH 4 (0.7 
and 0.5%, respectively, Figure 3.4A). CuS and Cu2S predominate above and below pH 8, 
respectively (Figure 3.4C), in agreement with the nearly absence of solubilisation at the three pH 
values investigated. The very low solubility of Zn and Cu was also reported for a sulfide-rich 
freshwater sediment (Maes et al., 2003). Moreover, the latter authors qualitatively showed that 
zinc was partly associated with iron sulfide/iron carbonate phases in addition to their presence as 
discrete metal sulfides. Quan et al. (2003) showed that Cu and Zn were mostly precipitated in the 
form of metal sulfides in a mesophilic (30°C) lab-scale UASB fed with cow manure. Also Jong 
and Parry (2003) reported that the removal of Zn and Cu was according to the solubility of their 
respective metal sulfides. 
The high Cu concentration in the residual fraction can still be attributed to Cu sulfide species. 
Van Hullebusch et al. (2005a), performing the same extraction procedure in Eerbeek sludge 
concluded that part of the Cu released in the residual fraction is present as sulfides due to the fact 
that Cu sulfide species are more refractory to the H2O2 oxidation step compared to Ni, Co and Zn 
sulfides. 
Zn and Cu accumulated in the UASB reactor sludges of R2 (pH 5) and R3 (pH 4), in contrast to 
R1 (pH 6), where Zn concentrations in the sludge were kept similar over the reactor run (Figure 
3.5). Given the same operational conditions between the three reactors until days 234 and 254 for 
R2 and R3, respectively, it is surprising that Zn and Cu accumulated in the sludges with the 
decreasing pH. It is very likely that, similarly to the competition between Co, Ni and Fe for 
similar sites on the granular sludge described by van Hullebusch et al. (2005b), Zn and Cu can 
benefit from the solubilisation of other trace metals from the granular sludge, in particular Fe, 
which occurred in larger extent at pH 5 and 4.  
Zn and Cu mainly accumulated in the OM/S and residual fractions, which reflects the very low 
solubility of the correspondent metal sulfides. Zandvoort et al. (2005b) also showed that zinc 
accumulated mainly in the OM/S fraction of mesophilic methanol fed granular sludge at pH 7. 

4.2 Effect of pH on macronutrient retention 

4.2.1 Ca, Mg and K 

The macronutrient storage in the sludge granules decreased considerably with the decrease in pH 
(Figure 3.6). The dissolution edge for calcium carbonate is close to pH 6 (Figure 3.6C), which 
agrees with the small extent of Ca leaching at pH 6. However, Ca carbonate should be solubilized 
at pH 5 and 4, which contrasts with the only 33 and 68% Ca leaching from the sludge granules at 
pH 5 and 4, respectively (Figure 3.6A). A similar discrepancy has been found by Buykx et al. 
(2002) and Maes et al. (2003) with sulfide-rich freshwater sediments. The latter authors 
hypothesized that the difference was due to ion exchange adsorption of dissolved Ca and from the 
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presence of Ca in other mineral phases with less solubility. Hydroxyapatite (Ca5OH(PO4)3), Ca 
phosphate (Yu et al., 2001b) and Ca sulfate can accumulate in anaerobic granules. These 
compounds have dissolution edges of approximately pH 5, 4.5 (above that pH hydroxyapatite 
dominates) and 3, respectively, and thus likely contribute to the Ca retention at pH 5 and 4 in the 
sludge granules (Figure 3.6C). 
Sulfide, carbonate, phosphate and hydroxide minerals of Mg and K are all theoretically soluble 
within the pH range 4 to 6. Therefore, Mg and K are present in the sludge in the form of other 
less soluble mineral phases. Struvite (MgNH4PO4.6H2O) formation in anaerobic treatment plants 
is widely reported in the literature (Carliell and Wheatley, 1997). Calculations on struvite 
stability were not performed due to the absence of struvite in OLI’s database. However, struvite 
is unlikely to precipitate at the low pH values studied (Ueno and Fujii, 2001; Stratful et al., 2004; 
Wang et al., 2006).  

4.2.2 P and S  

Figure 3.8C shows several species that can contribute to P accumulation in the sludge and explain 
the small leaching from the granular sludge, namely Fe3(PO4)2.8H2O (vivianite), 
Cu3(PO4)2.2H2O, AlPO4 and Ca5OH(PO4)3 (hydroxyapatite). S leaching from the sludge (Figure 
3.8A) shows the same trend as Co, Ni and Fe, i.e., limited leaching at pH 6 and 5 (0.8 and 2%, 
respectively) and higher leaching at pH 4 (10.5%), which supports the presence of the latter 
metals as precipitated, co-precipitated or adsorbed onto sulfur minerals (Figure 3.8C). The higher 
release of S in the residual fraction relatively to the OM/S fraction has been observed by van 
Hullebusch et al. (2005a) using the same sludge and extraction scheme used in this study. Dollar 
et al. (2001) showed that an increased contact time or amount of H2O2 added in the third 
extraction step allowed to extract the majority of S in that fraction. 

4.3 Effect of pH on sludge characteristics 

The low pH (6, 5 and 4) and the presence of sulfate (COD/SO4
2- ratio of 9 and 3.5) did not 

negatively affect the granular shape of the biomass. Other studies on acidifying granules also 
reported good granular sludge quality at pH 6 and in the presence of sulfate under similar 
experimental conditions (Sipma et al., 1999; Lens et al., 2001; Lens et al., 2003).  
The differences in the color, strength and VSS fraction of the granular sludge at the different pH 
values tested reflect the significant changes in inorganic composition, namely the dissolution of 
sulfide and carbonate minerals at the lower pH values, leading to the release of the associated 
metals (see previous section). The importance of Ca2+, Mg2+, Fe2+ and Al3+ on anaerobic sludge 
granulation and stability is well known (Dubourgier et al., 1988; Grotenhuis, 1992; Schmidt and 
Ahring, 1993; Yu et al., 2000; Yu et al., 2001a; Yu et al., 2001b). Therefore, the considerable loss 
of these divalent and trivalent cations (93-96, 58-68, 98-99 and 0-17%, for Ca2+, Mg2+, Fe2+ and 
Al3+, respectively, at pH 4 and 5) and correspondent precipitates from the UASB sludges 
contributed to the decrease in granular strength observed at the lower pH values. The change in 
color of the sludge granules at the low pH values is likely due to the decrease in the FeS content, 
as the black color of the granules is generally related to FeS (Dolfing, 1987; Kosaric et al., 1990). 
The grey or yellowish granules observed at pH 5 and 4, where the granules were almost deprived 
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of FeS (98-99% Fe loss from the granules), is in agreement with observations on granules fed 
with sucrose or glucose under neutral conditions without sulfate (Daffonchio et al., 1995; 
Thaveesri et al., 1995a; Ahn, 2000; Britz et al., 2002).   
EPS and SMP are mainly constituted by polysaccharides, proteins and in some cases lipids, with 
minor amounts of nucleic acids and other biopolymers (Flemming and Wingender, 2001). They 
are located on or outside the cell surface (Laspidou and Rittmann, 2002). EPS production by 
microorganisms is generally accepted as the main factor responsible for the phenomenon of 
anaerobic granulation (Dolfing, 1987; Jia et al., 1996). Another very important function of EPS is 
the accumulation of nutrients from the environment (Laspidou and Rittmann, 2002) by 
biosorption (van Hullebusch et al., 2005b). SMP are soluble cellular components secreted by 
cells, have moderate molecular weights (Laspidou and Rittmann, 2002) and have metal chelating 
properties (Kuo and Parkin, 1996; Aquino and Stuckey, 2007). This study showed that there is a 
larger difference between the EPS production than the SMP production of the sludges present in 
the UASB reactors at pH 4 and 5 compared to pH 6. The higher EPS content of the sludge at pH 
6, in addition to its higher metal content, has likely contributed to its higher strength, as compared 
to pH 5 and pH 4 granules.  
SEM observations of the sludge did not show significant differences between the bacterial 
morphology. Nevertheless, it can not be excluded that the microbial populations present in the 
UASB reactors are different. Activity tests performed in Chapter 2 showed that populations with 
different metabolic properties developed in reactors R2 and R3. The data on reactor performance, 
activity tests and SEM observations do not allow concluding if different sludge populations 
developed at the different pH values or if a shift in the metabolic properties of the same, 
endogenous populations occurred. Molecular ecological tools such as fluorescence in situ 
hybridization (FISH) and denaturing gel gradient electrophoresis (DGGE) (Wilderer et al., 2002) 
are required to assess whether there was a shift in populations caused by the different reactor 
mixed liquor pH values. 

4.4 Implications for bioavailability 

This study clearly shows the strong effect of low pH values on macro and micronutrient 
leaching/accumulation dynamics and speciation in granular sludge. This is important for an 
efficient nutrient dosage to bioreactors. Besides knowing which nutrients are retained in the 
sludge or lost in the reactors’ effluent under the applied conditions, the fraction where the 
nutrients are stored in the sludge is an important tool in predicting their bioavailability to the 
microorganisms. This study showed that, except for Cu and Zn, the low pH caused a decrease in 
the nutrients’ storage in the sludge. The implications of these losses are yet difficult to determine, 
because although the decrease in the granules’ metal stock and losses of metals with the effluent 
are undesirable, a limited amount of metal dissolution can actually improve metal bioavailability.  
The fraction of the micronutrients in the more mobile fractions also decreased with the decrease 
in pH, which is an indication of the lower bioavailability of the micronutrients at lower pH 
values. Besides the different chemical speciation according to the pH, the microbial populations 
at the different pH values are possibly different or have adapted their metabolism, which could 
also affect their nutrient demand and surface binding properties (Wang et al., 1999). In addition, 
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certain anaerobic microorganisms are known to excrete compounds that facilitate metal uptake. 
Co- and Ni-binding ligands were found in sulfidogenic reactors (Jansen et al., 2005) and Zn- and 
Cu-binding ligands in sulfate reducing bacterial cultures (Bridge et al., 1999). Also Beech and 
Cheung (1995) reported that the EPS of sulfate reducers was important in the complexation of Ni. 
Aquino and Stuckey (2007) reported the importance of Cu-chelating SMP for Cu uptake while 
Kuo and Parkin (1996) observed the production of Ni-chelating SMP in anaerobic 
microorganisms fed with glucose. If these strong complexes can be taken up by the 
microorganisms, metal bioavailability can be greatly increased. Therefore, further research is 
needed to evaluate whether microorganisms are limited by nutrient deficiency at low pH values 
and in what form the metals should be fed to the UASB reactor. 

5 CONCLUSIONS 

• Batch leaching experiments (48 hours) showed that the decrease in pH caused an increased 

nutrient solubilisation from the sludge granules. The difference in solubilisation between pH 6 

and pH 5 was, however, very small for Co, Ni, Fe, Zn and Al, contrary to the difference in 

solubilisation between pH 5 and pH 4. 

• Long-term UASB reactor runs (520 days at pH 6 and 270 days at pH 5 and 4) showed that 

most nutrients leached from the sludge granules at the three pH values investigated. Fe and Mn 

were the metals with the most extensive leaching. 

• The predominant fractions involved in metal accumulation in the sludge changed with pH. 

• Despite the long operation time at low pH, the granular form of the granules was kept and no 

significant washout occurred at the applied operational conditions. 
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 Chapter   
 
 

Effect of COD/SO4
2- ratio and sulfide on 

thermophilic (55oC) sulfate reduction during the 
acidification of sucrose at pH 6 

 
Abstract 
 
This study investigated the effect of the COD/SO4

2- ratio (4 and 1) and the sulfide concentration 
on the performance of thermophilic (55°C) acidifying (pH 6) upflow anaerobic sludge bed 
reactors fed with sucrose at an organic loading rate of 4.5 gCOD (lreactor d)-1. Sulfate reduction 
efficiencies amounted to 65% and 25-35% for the COD/SO4

2- ratios of 4 and 1, respectively. 
Acidification was complete at all the tested conditions and the electron flow was similar at the 
two COD/SO4

2- ratios applied. The stepwise decrease of the sulfide concentrations in the reactors 
with a COD/SO4

2- ratio of 1 by N2 stripping caused an immediate stepwise increase in the sulfate 
reduction efficiencies, indicating a reversible inhibition by sulfide. The degree of reversibility 
was, however, strongly affected by the growth conditions of the sludge. Acidifying sludge pre-
grown at pH 6, at a COD/SO4

2- ratio of 9 and exposed for 150 days to 115 mg l-1 sulfide showed a 
slower recovery from the sulfide inhibition than a freshly harvested sludge from a full scale 
treatment plant (pH 7 and COD/SO4

2- = 9.5) exposed for a 70 days to 200 mg l-1 sulfide. In the 
later case, the decrease of the sulfide concentration from 200 mg l-1 to 45 mg l-1 (35 mg l-1 
undissociated sulfide) by N2 stripping caused an immediate increase of the sulfate reduction 
efficiency from 35% to 96%.  
 
A modified version of this chapter was published as: 
Lopes S.I.C, Wang X., Capela M.I. and Lens P.N.L. (2007) Effect of COD/SO4

2- ratio and sulfide on thermophilic 
(55oC) sulfate reduction during the acidification of sucrose at pH 6. Water Research 41(11), 2379-2392. 
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1 INTRODUCTION  

Wastewater streams such as those from fermentation, starch or pulp and paper industries (Omil et 
al., 1996; Lens et al., 2003) contain considerable amounts of sulfate, in addition to high 
concentrations of unacidified organic matter. When these wastewaters are discharged at high 
temperatures, thermophilic treatment is desirable, as it allows the reuse of the process waters 
without the need for cooling down before the wastewater treatment step (Reis et al., 1995; Sipma 
et al., 1999; Lens et al., 2003). 
For unacidified wastewaters, a two-phase anaerobic treatment process has a number of 
advantages, as optimum environmental conditions are provided for the acid-forming and 
methane-forming microorganisms (Pohland and Ghosh, 1971; Demirel and Yenigün, 2002). 
When sulfate is present in the wastewater, sulfate reduction will occur in the acidification stage 
(Reis et al., 1995; Sipma et al., 1999; Lens et al., 2003). Therefore, sulfide can be removed prior 
to the methanogenic reactor in a two-phase anaerobic treatment process, resulting in higher 
methanogenic activities (no sulfide inhibition) and a less (sulfide) contaminated biogas from the 
methanogenic reactor.  
The influent chemical oxygen demand (COD) to SO4

2- ratio is an important parameter affecting 
the competition between sulfate reducing bacteria (SRB) and the other anaerobic bacteria 
involved in anaerobic wastewater treatment, namely fermentative bacteria for monomeric starting 
compounds (e.g. sugars or amino acids), syntrophs for intermediate fermentation products (e.g. 
propionate, butyrate or ethanol), homoacetogens for H2 and methanogens for H2 or acetate 
(Colleran et al., 1995; Visser, 1995; Mizuno et al., 1998a).  
Besides the influent COD/SO4

2- ratio, sulfide concentrations will also affect the outcome of the 
competition, as the different trophic groups have different sensitivities to sulfide (Maillacheruvu 
and Parkin, 1996; Uberoi and Bhattacharya, 1997). Fermentative bacteria are generally reported 
to be relatively insensitive to sulfide concentrations (Maillacheruvu et al., 1993; Mizuno et al., 
1998a). Literature data on the sensitivity of SRB to sulfide toxicity are quite contradictory. Isa et 
al. (1986a) reported that SRB growing on acetate and ethanol are not affected by high levels (IC50 
approx. 1300 mg l-1) of hydrogen sulfide and Greben et al. (2005) even suggested that increased 
sulfide concentrations might improve biological sulfate reduction. Most reports, however, state a 
negative effect of elevated sulfide concentrations on sulfate reduction but the concentration level 
at which inhibition occurs is still debated. Reis et al. (1992) and Okabe et al. (1992) showed the 
reversibility of sulfide toxicity for a mesophilic SRB culture at pH 6.2 and 6.6 and for 
Desulfovibrio desulfuricans at pH 7, respectively, growing on lactate and sulfate. However, the 
former study used batch activity tests and the later study short term chemostats, which can result 
in an underestimation of the long term toxicity (Visser, 1995). Therefore, studies with longer 
exposure times to high sulfide concentrations are required in order to evaluate the type of 
toxicity. O’Flaherty and Colleran (1999a) suggested a reversible sulfide inhibition of SRB 
growing on volatile fatty acids and ethanol at pH 8 and a COD/SO4

2- ratio of 3, based on the 
observed oscillating pattern between sulfide and sulfate concentrations in the reactor effluent. 
However, the recovery of sulfate reduction after the decrease in sulfide concentrations took a 
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relatively long time, i.e., approximately 12.5 hydraulic retention times (O'Flaherty and Colleran, 
1999a). 
The objective of this study was to investigate the effect of the COD/SO4

2- ratio and sulfide on 
thermophilic (55°C) sulfate reduction during the acidification of sucrose at pH 6. Therefore, 
Upflow Anaerobic Sludge Bed (UASB) reactors were operated at an organic loading rate (OLR) 
of 4.5 gCOD (lreactor d)-1 and a COD/SO4

2- ratio of 4 and 1. To assess the effect of the sulfide 
concentration on the acidifying UASB reactor performance, N2 stripping was applied at 
increasing loading rates. The effect of the inoculum on the performance of the bioreactor was 
evaluated as well. 

2 MATERIALS AND METHODS 

2.1 Experimental Set-up 

Three cylindrical double wall UASB reactors (R1, R2 and R3) with a working volume of 2.8 l 
and an internal diameter of 0.1 m were used in this study. A schematic representation of the 
reactors is given in Chapter 2. The three reactors were operated at pH 6, a hydraulic retention 
time (HRT) of 10h, a superficial upflow velocity of 1 m h-1 (by applying effluent recirculation) 
and an OLR of 4.5 gCOD (lreactor d)-1 throughout the experiment. The reactors were kept at 55oC 
due to water heated in a thermostatic waterbath (Julabo, Seelbach, Germany) and recirculated in 
the double-wall of the UASB reactors. The pH in the reactors was measured with a pH electrode 
(Hamilton, Hilkomij BV, Rijswijk, The Netherlands) and was controlled by automatic pH 
controllers (Endress and Hauser, Naarden, The Netherlands) by 0.1 M NaOH or HCl addition. 
The produced biogas was led through two waterlocks filled with NaOH (1 M) and zinc acetate 
(0.5 M), respectively, in order to remove CO2 and H2S. 
In the experiments with sulfide stripping, N2 gas (purity 99.999%, Hoekloos, Dieren, The 
Netherlands) was introduced above the sludge bed and distributed homogeneously as small 
bubbles (0.1-0.3 mm diameter) by using a Teflon gas sparger. The gas flow was controlled using 
a Brocks microprocessor control and readout unit (SHO-rate, R-2-15-AAA, Fisher-Rosemount). 

2.2 Inoculum 

The three reactors were inoculated with approximately 750 g wet granular sludge each. The 
inoculum of R1 and R2 was grown in an UASB reactor operating under the same conditions as 
the reactors in this study but with a COD/SO4

2- ratio of 9 for 538 days (Chapter 2). It was 
inoculated with sludge from a full scale mesophilic reactor of Eerbeek, treating paper mill 
wastewater with COD/SO4

2- ratio of 9.5 and pH 7 at an OLR of 9 gCOD (lreactor d)-1 (Oude 
Elferink et al., 1998b). R3 was inoculated with sludge freshly sampled at the full scale Eerbeek 
reactor. 

2.3 Medium 

The reactors were fed a synthetic influent consisting of sucrose as model carbohydrate (sole 
electron donor and carbon source), sulfate and nutrients. The sulfate concentration, supplied as 
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sodium sulfate, depended on the applied COD/SO4
2- ratio (Table 4.1). The nutrient solution 

consisted of macro and micronutrients according to Vallero et al. (2003) except for the phosphate 
concentration, which was 1 g l-1 potassium hydrogen phosphate in the present study. In order to 
avoid precipitation in the storage vessels, the influent consisted of two different streams: 1. 
sucrose, sodium sulfate and potassium hydrogen phosphate; and 2. macronutrients (except for 
potassium hydrogen phosphate) and micronutrients. The medium was prepared with 
demineralised water and was flushed for 10 minutes with N2 gas (purity 99.999%, Hoekloos, 
Dieren, The Netherlands) prior to being connected to the reactor pumps, in order to assure 
anaerobic conditions.  Storage vessel 1 was kept at 4°C to prevent acidification. 

2.4 Experimental design 

Table 4.1 summarizes the operational parameters applied to the 3 reactors. In order to investigate 
the effect of two different COD/SO4

2- ratios at pH 6, R1 and R2 were operated at a COD/SO4
2- 

ratio of, respectively, 4 and 1. With the purpose of investigating the effect of the inoculum, R3 
was operated similarly to R2 with the exception of being inoculated with freshly harvested 
Eerbeek sludge. To assess the effect of sulfide concentrations on the reactor performance, N2 
stripping was applied in R2 and R3 from day 150 and 70 onwards, respectively, with increasing 
N2 loading rates as detailed in Table 4.1.  

2.5 Batch activity tests 

Batch activity tests were performed to compare the metabolic properties of the inoculum sludge 
of R1 and R2 and of the sludge developed in R1 (COD/SO4

2- = 4) and R2 (COD/SO4
2- = 1) after 

62 and 64 days of operation, respectively. The tests were performed in duplicate at 55ºC with 2 
gCOD l-1 and 1 gVSS l-1. For the inoculum sludge the tests were performed with glucose and 
hydrogen, both at pH 6 and 7 and both in the absence or presence (COD/SO4

2- = 0.5) of sulfate. 
For the sludge of R1 and R2, tests were performed at pH 6 with glucose, lactate, butyrate and 
ethanol as well as at both pH 6 and pH 7 for hydrogen, acetate and propionate, all in the presence 
(COD/SO4

2- = 0.5) of sulfate. 
The activity tests were performed in 117 ml vials (glucose, lactate, acetate, propionate, butyrate 
or ethanol) or in 243 ml vials (hydrogen) with 50 ml of basal medium containing (in g l-1): NH4Cl 
(0.3), CaCl2.2H2O (0.11), MgCl2.6H2O (0.10), NaCl (0.3), yeast extract (0.5), and 1 ml l-1 of an 
acid and an alkaline trace element solution according to Stams et al. (1993). Resazurine was used 
as redox indicator at a concentration of 0.5 μg l-1. The medium was buffered at the different pH 
values with 6.8 g l-1 KH2PO4 and 6.9 g l-1 NaH2PO4.H2O and the necessary concentration of 
NaOH.  
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2.6 Analysis 

Sugars (sucrose, glucose and fructose) and lactate were measured by High-Pressure Liquid 
Chromatography according to van Lier et al. (1997). Sulfate was measured by Ion 
Chromatography according to Sipma et al. (2004). Sulfide was fixed with zinc acetate and 
measured photometrically according to Trüpper and Schlegel (1964). Volatile Fatty Acids (VFA), 
alcohols and biogas composition were measured using Gas Chromatography according to 
Weijma et al. (2000). VSS was analyzed according to standard methods (APHA, 1998). The 
biogas volume was measured by gas meters (Milligascounter, Ritter MGC-1, Bochum, 
Germany). 

3 RESULTS 

3.1 Sulfate reduction 

Figure 4.1A shows that R1 (COD/SO4
2- = 4) had initially high sulfate reduction efficiencies, 

corresponding to a period with lower influent sulfate concentrations, after which the sulfate 
reduction efficiency averaged 65%. R2 (COD/SO4

2- = 1) showed approximately 25% sulfate 
reduction efficiency in Period I and R3 showed a slightly higher sulfate reduction efficiency than 
R2, with an average of 35% in the corresponding period. Despite the lower sulfate reduction 
efficiencies at a COD/SO4

2- ratio of 1 (R2 and R3) compared with a COD/SO4
2- ratio of 4 (R1), 

R2 and R3 had higher sulfate reduction rates (1.04 g (lreactor d)-1 and 1.56 g (lreactor d)-1, 
respectively) compared to R1 (0.75 g (lreactor d)-1). Sulfide concentrations averaged 105, 117 and 
200 mg l-1 in R1, R2 and R3 effluent, respectively (Figure 4.1B).  
Figure 4.2 illustrates the effect of increasing flows of N2 sparged above the sludge bed on the 
sulfide concentration and sulfate reduction efficiencies in R2 and R3 (stripping was not applied to 
R1). The N2 stripping decreased the sulfide concentrations in both reactors, which clearly 
increased the sulfate reduction efficiencies (Figure 4.2A). This effect was, however, more 
pronounced in R3 (fresh Eerbeek) compared with R2 (cultivated for 538 days at pH 6 and 
COD/SO4

2- = 9). For R2, the initial N2 flow of 2.5 m3 m-2 d-1 caused a decrease in sulfide 
concentration to 70 mg l-1 and a correspondent increase of the sulfate reduction efficiency to 
40%. Further increases in the N2 flow to 5 and 7.5 m3 m-2 d-1 decreased the sulfide concentration 
to 50 mg l-1 and 40 mg l-1, with a correspondent increase of the sulfate reduction efficiencies to 
45% and 55%, respectively. R3, with the same N2 flows showed a decrease in sulfide 
concentration to 125, 80 and 55 mg l-1, which increased the sulfate reduction to 60, 75 and 80%, 
respectively. In this reactor, the N2 flow was further increased to 15 m3 m-2 d-1, resulting in a 
decrease in sulfide concentration to 45 mg l-1 with a corresponding increase of the sulfate 
reduction efficiency to 96%.  
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Figure 4.1 Sulfate reduction efficiencies (A) and total dissolved sulfide effluent concentrations (B) in R1, 
R2 and R3 in the absence of N2 stripping (Period I). Sulfate influent ( ), sulfate effluent ( ), 
sulfate reduction efficiency ( ) and total dissolved sulfide effluent ( ).  
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Figure 4.2 Sulfate concentrations in influent and effluent (A), sulfate reduction efficiencies and total 
dissolved sulfide effluent (B) and VFA effluent concentrations (C) in R2 and R3, before and after N2 
stripping (stripping was not applied in R1). Sulfate influent ( ), sulfate effluent ( ), sulfate 
reduction efficiency ( ), total dissolved sulfide effluent ( ), acetate ( ), propionate ( ) and 
butyrate ( ). Vertical dotted lines indicate periods of stripping with increasing N2 flows as in Table 
4.2.  
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3.2 Acidification and acidification products 

The three reactors showed nearly complete acidification (Figure 4.3). A 100% acidification is 
defined as the complete elimination of sucrose, glucose and fructose. Figures 4.4 and 4.5 show 
the acidification products in the effluent of the 3 reactors.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3 Acidification efficiencies in R1, R2 and R3. Sucrose influent ( ), sucrose effluent ( ) 
and sucrose removal efficiency ( ).Vertical dotted indicate periods of stripping with increasing N2 
flows as in Table 4.2. 
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Figure 4.4 VFA effluent concentrations in R1, R2 and R3 in the absence of N2 stripping (Period I). Total 
VFA ( ), acetate ( ), propionate ( ) and butyrate ( ). 
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3.2.1 VFA 

The VFA concentration at steady-state was approximately 1300 mgCOD l-1 in R1, 1150 mgCOD 
l-1 in R2 and 1050 mgCOD l-1 in R3 (Figure 4.4), before applying N2 stripping. For the three 
reactors, acetate was the main VFA produced (750-850 mgCOD l-1), followed by propionate 
(200-350 mgCOD l-1) and for R1 and R2 also butyrate (180 and 80, respectively). Valerate was 
detected in the three reactors, but always below 50 mgCOD l-1 (data not shown).  
Figure 4.2C shows the relation between the increased sulfate reduction efficiencies (due to the 
decreasing sulfide concentrations by N2 stripping) and the VFA concentrations. The increase in 
sulfate reduction efficiency coincides with the decrease in butyrate, acetate and propionate 
concentrations for both R2 and R3. For R3, when reaching nearly complete sulfate reduction, 
acetate (280 mgCOD l-1) is the only substrate left in the effluent.   

3.2.2 Lactate and alcohols 

Lactate was not detected in the effluent of any of the three reactors. Ethanol was detected in the 
R1 and R2 effluent, but not in the R3 effluent (Figure 4.5). For R1, the average ethanol 
concentration was 80 mgCOD l-1. For R2, the average ethanol concentration was 160 mgCOD l-1 
up to day 80, after which it decreased to zero (Figure 4.5). This decrease was followed by an 
increase in methane production (Figure 4.6).  
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Figure 4.5 Ethanol effluent concentrations in R1 ( ) and R2 ( ) in the absence of N2 stripping 
(Period I). Note that ethanol was absent in R3 effluent and in R2 effluent in Periods II to IV (N2 stripping). 
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3.3 Biogas production 

R1 showed a very small biogas production (less than 0.02 l (lreactor d)-1). R2 started to produce 
methane at an average volumetric production rate of 0.21 l (lreactor d)-1 from day 80 onwards till 
the beginning of the stripping. Note that R1 was stopped at day 80, so it can not be excluded that 
methane production could start after day 80, similarly to R2. R3 showed an average methane 
production of 0.22 l (lreactor d)-1, similarly to R2.  
Table 4.2 shows the composition of the biogas. In the absence of N2 stripping, methane accounted 
for 30, 41 and 26% of the biogas for R1, R2 and R3, respectively. In the periods with N2 stripping 
(II to V), methane was not detectable. Note that N2 was introduced above the sludge bed so it was 
collected together with the biogas, thus resulting in a ‘dilution’ effect of the biogas (Table 4.2). 
However, if methane would be produced at a similar rate as in Period I, it would still be 
detectable by gas chromatography. Therefore, methane production in the stripping phases in R2 
and R3 is expected to be much lower than in Period I, or even absent. 
 
Table 4.2 Biogas composition in R1, R2 and R3. 

Reactor (COD/SO4
2-) Period Biogas composition 

   H2S (%) CH4 (%) CO2 (%) N2 (%) 
R1 (4)  I 3.95 ± 1.43 29.07 ± 2.92 36.07 ± 4.9 28.69 ± 6.10 
R2 (1) I 4.61 ± 0.98 41.12 ± 5.23 43.02 ± 5.37 12.02 ± 5.46 
 II 2.22 ± 0.54 nd 9.70 ± 1.02 88.50 ± 2.34 
 III 1.67 ± 0.11 nd 5.76 ± 0.38 93.49 ± 0.78 
  IV 1.28 ± 0.10 nd 3.33 ± 0.86 96.13 ± 0.77 
R3 (1) I 9.04 ± 1.04 26.28 ± 2.84 52.81 ± 3.74 9.30 ± 4.27 
 II 2.87 ± 0.46 nd 8.91 ± 0.55 89.48 ± 4.22 
 III 2.42 ± 0.41 nd 7.04 ± 0.39 89.82 ± 1.42 
 IV 1.99 ± 0.16 nd 5.03 ± 1.00 92.82 ± 1.51 
  V 1.46 ± 0.21 nd  4.48 ± 0.89 94.36 ± 0.49 

nd: below detection limit.  
H2 was not detected in R3. In R1 and R2, H2 was < 2%. 
 

3.4 Electron flow 

Figure 4.6 shows the relative electron flow for the 3 reactors. VFA was the main electron sink 
(82, 72 and 68% for R1, R2 and R3, respectively), followed by sulfide (14, 19 and 27% for R1, 
R2 and R3, respectively). For R1 and R2, ethanol was an important electron sink (5% for R1 and 
10% for R2 in the first 80 days), whereas methane was also important in R2 (10% after day 80) 
and R3 (5-10%). In the Periods with N2 stripping in R2 and R3, the electron flow to sulfide 
increased, while the electron flow to VFA decreased (Figure 4.6). 
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Figure 4.6 Electron flow in R1, R2 and R3 in the absence of N2 stripping (Period I). VFA ( ), 
alcohols ( ), sulfide ( ) and methane ( ). Methane is not represented in the Periods with N2 
stripping in R2 and R3 because the biogas production and composition became inaccurate, due to the 
dilution with N2. 
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3.5 Batch activity tests 

3.5.1 Glucose 

Glucose was completely degraded in the batch tests, for all conditions tested (Table 4.3). Glucose 
was degraded to mainly acetate, for the inoculum sludge at pH 7, whereas at pH 6, glucose was 
degraded mainly to butyrate and acetate, both for the inoculum sludge and for the sludges 
developed in R1 and R2. For the sludges developed in R1 and R2, the formed butyrate is 
afterwards completely consumed, with concomitant increase in the acetate and sulfide 
concentrations. The inoculum sludge (COD/SO4

2- = 9) showed a shorter lag phase as well as a 
higher specific glucose depletion rate at pH 6 than at pH 7. Moreover, the inoculum sludge 
showed higher specific glucose depletion rates than the sludges developed in R1 and R2. The 
sludge developed in R1 (COD/SO4

2- = 4) presented a higher specific glucose depletion rate than 
the R2 sludge (COD/SO4

2- = 1) (Table 4.3).  Nevertheless, the lag phase observed for sulfide 
production (coincident with butyrate consumption) was longer for R1 sludge than for R2 sludge 
(10 versus 3 days, respectively). 

3.5.2 Lactate and ethanol 

Both lactate and ethanol were completely degraded by both R1 and R2 sludges. Lactate 
consumption was followed by propionate and acetate production. Propionate was subsequently 
used for sulfate reduction whereas acetate accumulated. Ethanol degradation was accompanied by 
sulfide and acetate production (data not shown). Specific lactate depletion rates were higher with 
the sludge developed in R1 (COD/SO4

2- = 4) than with the sludge developed in R2 (COD/SO4
2- = 

1) (Table 4.3). For ethanol, specific depletion rates were similar for the two sludges but the lag 
phase observed was longer for R1 sludge than for R2 sludge (8.5 versus 2 days, respectively) 
(Table 4.3). The sludge developed in R2 showed a higher specific sulfidogenic activity and more 
sulfide production than the sludge developed in R1 for both lactate and ethanol as the substrates. 
Moreover, the lag phase for sulfide production in R2 was significantly shorter than for R1 (5 
versus 11 days for lactate and 2 versus 11 days, respectively, for ethanol).  

3.5.3 VFA 

Similarly to lactate and ethanol, the lag phase observed in the activity tests with R1 sludge 
(COD/SO4

2- = 4) was longer than in the tests with R2 sludge (COD/SO4
2- = 1) for acetate, 

propionate and butyrate, at pH 6 (Table 4.3). This difference was particularly pronounced for 
propionate (32 versus 9 days). Substrate depletion rates at pH 6 were higher for R2 sludge than 
for R1 sludge. Specific sulfidogenic activities were very low with the three VFA tested and 
similar between the 2 reactor sludges investigated with acetate, but higher for R2 than R1 for 
propionate and butyrate at pH 6. The highest specific sulfidogenic activities were observed with 
butyrate (57 mg (gVSS d)-1). Sulfide production was similar for each substrate between the two 
reactor sludges, reaching the highest values with propionate (283 mg l-1) (Table 4.3).  
Similar findings were observed in tests at pH 7, performed with acetate and propionate as the 
substrates. Lag phases were similar at pH 7 and 6 for the tests with acetate for both reactor 
sludges and with propionate for R2 sludge. R1 sludge showed a much longer lag phase for 
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propionate degradation at pH 6 than at pH 7 (32 versus 11 days, respectively). Substrate depletion 
rates at pH 7 were higher than at pH 6, except for R1 with acetate. Sulfidogenic activities at pH 7 
were higher than at pH 6, but sulfide production was not significantly different (Table 4.3).  
In contrast to butyrate, which was almost completely degraded (91%) at pH 6, propionate and 
specially acetate were only partially degraded by both R1 and R2 sludges, both at pH 7 and 6 (10-
34% for acetate and 53-69% for propionate).  
Methanogenic activity was not observed with acetate as the substrate for any of the sludges. For 
propionate, methane was produced at pH 7 but not at pH 6, for both sludges. For butyrate, similar 
amount of methane was produced at pH 6, for both sludges.  

3.5.4 Hydrogen 

The sludge used to inoculate R1 and R2 (grown at a COD/SO4
2- = 9), as well as the sludge 

developed in R1 (COD/SO4
2- = 4) and R2 (COD/SO4

2- = 1) produced more sulfide at pH 6 than at 
pH 7 with H2 as the substrate (Table 4.3). The inoculum sludge also showed higher specific 
sulfidogenic activity at pH 6 than at pH 7, whereas both the sludge from R1 and R2 showed 
similar values at pH 6 and pH 7.   
The inoculum sludge had higher specific sulfidogenic activities and produced more sulfide 
compared to the sludges of R1 (COD/SO4

2- = 4) and R2 (COD/SO4
2- = 1) at both pH 7 and pH 6. 

Moreover, R1 sludge showed higher specific sulfidogenic activities than R2 sludge (Table 4.3). 
The inoculum sludge produced more methane at pH 7 than pH 6 in the presence of sulfate, 
whereas in the absence of sulfate the methane production was similar at pH 7 and pH 6. R1 and 
R2 sludges produced a similar amount of methane at pH 7 and pH 6 in the presence of sulfate. At 
pH 6, R1 and R2 sludges produced more methane than the inoculum sludge. 

3.6 Characteristics of the acidifying granular sludge 

The granular form of the biomass was maintained in all three reactors, throughout the reactor runs 
and no considerable washout was noticed, even with the addition of N2 stripping. The dark grey 
color of R1 and R2 inoculum sludge was kept during the run and the R3 sludge changed from 
black to dark grey. No visible differences were observed between the granular sludge of the three 
reactors at the end of the reactor runs. 
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4 DISCUSSION 

4.1 Sulfide inhibition 

This study clearly shows the effect of sulfide inhibition on sulfate reduction at pH 6: decreasing 
the sulfide concentration by N2 stripping had a very fast stimulating effect on sulfate reduction 
(Figure 4.2A). The gradual increase in sulfate reduction efficiencies immediately following the 
decreased sulfide concentrations induced by N2 stripping clearly shows the reversible character of 
the sulfide inhibition. This is in agreement with previous studies that suggested the reversibility 
of sulfide inhibition of SRB (Okabe et al., 1992; Reis et al., 1992; O'Flaherty and Colleran, 
1999a). However, this is the first study which demonstrates reversible sulfide inhibition at low 
pH, based on a continuous reactor run study over a considerable time span. Moreover, when 
reaching almost complete (ca. 96%) sulfate reduction in R3, sulfide toxicity was shown to be the 
factor dictating the low sulfate reduction efficiencies observed prior to N2 stripping in R3. 
Therefore, keeping the sulfide concentration below 50 mg l−1 (40 mg l−1 undissociated sulfide) 
could assure sulfate reduction efficiencies close to 100%. This contrasts the observations of 
Sipma et al. (1999), where the decrease in sulfide concentrations from approx. 200 to 50 mg l-1 
did not increase the poor sulfate reduction efficiency (30%) during the thermophilic acidification 
of a mixture of sucrose, propionate and butyrate at pH 6, a COD/SO4

2- ratio of 1.33, OLR of 20 
gCOD (lreactor d)-1 and HRT of 4 h. Probably the lower HRT and/or the higher VFA 
concentrations due to the higher OLR applied caused the low sulfate reduction efficiencies in the 
referred study. 
No inhibition of the sucrose acidification was observed for sulfide concentrations up to 
225 mg l−1 (Figures 4.1 and 4.3). This confirms previous work in thermophilic UASB reactors 
operating under similar operational conditions (Sipma et al., 1999; Lens et al., 2001), where 
sucrose degradation was found to be unaffected by sulfide concentrations up to 375 mg l−1. Other 
studies also show that fermentative bacteria are less sensitive to sulfide than SRB and 
methanogens (Maillacheruvu et al., 1993; Mizuno et al., 1998a).  
The history of the inoculum sludge was an important factor determining the extent of sulfide 
toxicity. Sulfate reduction was only 55% in R2 even at sulfide concentrations below 40 mg l-1, in 
contrast to R3, where sulfide concentrations below 50 mg l-1 allowed nearly complete sulfate 
reduction (Figures 4.2 and 4.7). The long operation of the R2 inoculum at pH 6 and at low sulfate 
concentrations (COD/SO4

2- = 9) most likely decreased the SRB population size given the lower 
growth rates of SRB at low pH values (Reis et al., 1988). Despite the fact that the pre-grown 
sludge used to inoculate R1 and R2 was more active at pH 6 than pH 7, which was observed at 
least for the hydrogenotrophic SRB (Table 4.3), probably only a small population of specialized 
SRB was left from the initial SRB population in the Eerbeek sludge. Moreover, R2 was operated 
at COD/SO4

2- ratio of 1 and without N2 stripping for a longer period than R3 (150 days versus 70 
days) resulting in a longer exposure time of R2 sludge to elevated sulfide concentrations (approx. 
115 mg l-1) than R3 sludge. This means that the number of SRB in R2 was possibly further 
decreased compared to R3 given the lower growth yield as a result of higher maintenance energy 
requirements to counteract the inhibitory effect of sulfide (Okabe et al., 1992). In addition, the 
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longer exposure time to sulfide might have changed the nature of the inhibition from a 
completely reversible inhibition (as observed in R3) to an inhibition with a lower degree of 
reversibility. Molecular ecological tools such as fluorescence in situ hybridization and denaturing 
gel gradient electrophoresis (Wilderer et al., 2002) would be useful to assess whether there was 
indeed a decreased number of SRB between the fresh Eerbeek sludge and the pre-grown sludge 
exposed for varying time intervals to high concentrations of sulfide. It is more difficult to 
investigate whether the degree of reversibility has changed with a longer exposure to sulfide, 
given the current poor understanding on the mechanisms underlying sulfide inhibition on SRB. 
This requires specific activity tests in situ, which could be done by e.g. microelectrodes (Wilderer 
et al., 2002). 
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Figure 4.7 Sulfate reduction efficiency as a function of total dissolved sulfide concentration for R2 (pre-
grown sludge: ) and R3 (fresh sludge: ) (stripping was not applied in R1).  
 

4.2 Effect of COD/SO4
2- ratio on sulfate reduction and methanogenesis 

This study showed that the decrease in COD/SO4
2- ratio from 4 to 1 caused a decrease in sulfate 

reduction efficiency (Figure 4.1, R1 versus R2 and R3). Nevertheless, there was more sulfate 
reduced at a COD/SO4

2- ratio of 1 (R2 and R3) than at a COD/SO4
2- ratio of 4 (R1), given the 

higher influent sulfate concentration in the former (Figure 4.1). If R1 and R2 would have the 
same sulfate reduction rates, the sulfate reduction efficiency of R1 would be close to complete. It 
is thus remarkable that the biomass in R1 was not capable of reducing the residual sulfate (200 
mg l-1), given the availability of sufficient residual COD as VFA and ethanol.  
A possible explanation might be related with sulfate limitation in the sludge granules, despite the 
relatively high sulfate concentrations in the bulk liquid. Visser (1995) reported that, in reactors 
fed with acetate and sulfate, SRB in sludge granules become sulfate limited at sulfate 
concentrations in the bulk liquid of about 230 mg l-1. Also Overmeire (1994) calculated that 
sludge granules become sulfate limited at bulk liquid sulfate concentrations below 300 mg l-1. 
However, the inoculum sludge of R1 and R2 was grown in a UASB reactor that completely 
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reduced the influent sulfate concentration of 150 mg l-1 (Chapter 2). Therefore, sulfate limitation 
due to mass transfer in the granules seems not to be the cause of the lower sulfate reduction rates 
in R1 compared to R2.  
The influent COD/SO4

2- ratio has been reported by several authors to significantly affect the 
metabolic pathways of SRB (Colleran et al., 1995; Visser, 1995; O'Reilly and Colleran, 2006).  
At lower COD/SO4

2- ratios (higher sulfate concentrations), VFA degrading SRB might become in 
competitive advantage with syntrophs, which is generally not the case for high COD/SO4

2- ratios 
(sulfate limitation) (Visser, 1995). Therefore higher sulfate reduction rates are possible at low 
COD/SO4

2- ratios.  
The metabolic properties of the populations developed in R1 and R2 after 2 months of operation 
were clearly different, as shown in the batch activity tests performed with different substrates 
(Table 4.3). The shorter sulfidogenic lag phases observed for R2 (COD/SO4

2- = 1) compared to 
R1 (COD/SO4

2- = 4) with lactate, ethanol and propionate and, although to a smaller extent, also 
acetate and butyrate, are a strong indication that a larger and/or more active SRB population 
growing on those substrates was present in the reactor with a lower COD/SO4

2- ratio (R2).  
The electron flow was similar for R1 and R2 (Figure 4.6), except for methanogenesis, which was 
observed in the later (COD/SO4

2- =1) but not in the former (COD/SO4
2- =4). Also in the batch 

tests with glucose and lactate, R2 sludge showed more methane production than R1 sludge (Table 
4.3). This means that the reactor fed with more sulfate shows more methanogenesis, which seems 
contrary to what would be expected from both thermodynamic and kinetic considerations on the 
competition between SRB and methanogens, which favor sulfate reduction over methanogenesis 
(Dries et al., 1998). However, according to Maillacheruvu and Parkin (1996), for both hydrogen 
and acetate as the substrates, methanogens are less susceptible to sulfide toxicity than SRB. 
Therefore, at high sulfide concentrations, methanogens are in competitive advantage in relation to 
SRB, which can explain the results obtained in this study.  

4.3 Effect of COD/SO4
2- ratio on the acidification efficiency and pathways 

Acidification was complete for both applied COD/SO4
2- ratios (Figure 4.3). However, Table 4.3 

shows that acidification rates were approximately 30% lower for R2 sludge (COD/SO4
2- = 1) than 

for R1 sludge (COD/SO4
2- = 4). The R1 and R2 inoculum sludge (COD/SO4

2- = 9) showed 
approximately 2-3 fold higher acidification rates than R1 or R2 sludge after approximately 2 
months of operation (Table 4.3). Therefore, acidification rates decreased with the increase in 
influent sulfate concentration. Similar findings have been reported by Lens et al. (2003) and 
Sipma et al. (1999), who observed a decrease of the thermophilic sucrose degrading activity at 
pH 7 and 6, respectively, in the presence of excess sulfate.  
The acidification pathways did not change significantly with the different COD/SO4

2- ratios 
applied to R1 and R2/R3 (Figures 4.4 and 4.5). The main acidification products were VFA 
(mainly acetate, followed by propionate and butyrate) and ethanol. This is in agreement with 
Lens et al. (2003) and Sipma et al. (1999) who did not find an effect of different COD/SO4

2- 
ratios on the acidification products of starch, sucrose, lactate, propionate and acetate in the former 
and sucrose, butyrate, propionate in the latter, both in UASB reactors at pH 6 and 55°C.  
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4.4 Effect of COD/SO4
2- ratio on granular sludge characteristics 

This study showed that the higher sulfate loading rates (COD/SO4
2- of 4 and 1) did not have any 

negative effect on the granular sludge bed characteristics relatively to the inoculum sludges at 
COD/SO4

2- of 9.5 and 9. This contrasts the findings of Sipma et al. (1999) where a good granular 
sludge was observed at a COD/SO4

2 ratio of 6.67 in a sucrose, butyrate and propionate fed 
thermophilic UASB reactor at pH 6 (up to an OLR of 46 gCOD (lreactor d)-1) but higher sulfate 
loading rates (COD/SO4

2 ratio of 1.33 and OLR of 5 up to 20 gCOD (lreactor d)-1) induced gelation 
of the sludge bed. The higher OLR and correspondingly higher sulfate loading rates applied in 
their study can explain the differences observed. Although poor attachment properties of SRB 
have been reported by several authors (Alphenaar, 1994; Omil et al., 1996; Shayegan et al., 
2005), this study shows that SRB could effectively be retained in the sludge bed as evidenced in 
the fast increase in sulfate reduction efficiency when sulfide was removed with N2 stripping.  

5 CONCLUSIONS 

• Sulfide inhibition caused the low sulfate reduction efficiencies (25-35%) in the thermophilic 

acidifying UASB reactors investigated (pH 6; COD/SO4
2- ratio of 1; OLR 4.5 gCOD(lreactord)-1; 

55°C).  

• The decrease in the sulfide concentration to below 50 mg l-1 (40 mg l-1 undissociated sulfide) 

by N2 stripping allowed a rapid increase in the sulfate reduction efficiency up to 96%, 

indicating that sulfide inhibition was reversible. The degree of reversibility was, however, 

dependent on the growth conditions of the sludge. 

• Sucrose acidification was complete and the acidification products were similar for both the 

COD/SO4
2- ratios (4 and 1).  
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    Chapter       
 
 

Trace metal dynamics during the acidification of 
sucrose at pH 5 under thermophilic (55oC) 

conditions: effect on sulfate reduction 
 
Abstract 
 
This work studied the effect of trace metal concentrations, sulfide concentrations and different 
COD/SO4

2- ratios (4 and 1) on sulfate reduction and acidification in thermophilic (55°C) UASB 
reactors fed with sucrose (4 gCOD (lreactor d)-1) operated at a mixed liquor controlled at pH 5. For 
that, trace metals were added to one UASB reactor and omitted in the influent of a second UASB 
reactor. Trace metal concentrations were monitored in the reactor effluent and in the sludge. The 
influence of different trace metal concentrations was further assessed in batch tests performed 
with the sludge from the reactor receiving no trace metals. Sulfate reduction efficiencies up to 
95% (0.87 and 4.2 g (lreactor d)-1 at COD/SO4

2- ratios of 4 and 1, respectively) and complete 
acidification were achieved in the trace metal fed UASB reactor with N2 stripping. Sulfide was 
toxic to sulfate reduction at a total dissolved concentration of 100 mg l-1. The presence of low 
concentrations of trace metals (7.5 μM Fe and 0.5 μM for the other trace elements) was inhibitory 
to sulfate reduction, while the absence of trace metals in the influent did not affect the 
performance of the UASB reactor throughout the 305 day long reactor run. Despite the operation 
at pH 5, Co, Ni, Cu, Zn, B, Se and Mo added in the influent accumulated in the sludge. 
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1 INTRODUCTION  

The pH value is an important parameter in acidification bioreactors, influencing the microbial 
activities, metabolic pathways and the accumulation of trace metals in the sludge. In granular 
sludge based bioreactors, such as the Upflow Anaerobic Sludge Bed (UASB) reactor, trace 
metals can accumulate in the granular sludge due to (bio)chemical  processes such as 
precipitation, sorption onto minerals or extracellular polymers and chelation or complexation 
(Patidar and Tare, 2004b). Decreasing pH values increase the solubility of most trace metals 
(Chapter 3). However, the consequences of metal solubilisation are difficult to predict. On the 
one hand, a decrease in the metal stock is undesirable leading to losses of metals with the reactor 
effluent and possibly leading to metal deprivation. This can be detrimental for the bioreactor 
performance because trace metals are present in many enzymes and co-factors involved in the 
microbial conversions (Madigan et al., 2000). On the other hand, metal solubilisation can 
improve metal bioavailability, which can be positive for microbial activity or become toxic if the 
concentrations are high enough.  
This work studied the effect of trace metal concentrations, sulfide concentrations and COD/SO4

2- 
ratio on the sulfate reduction and acidification in thermophilic UASB reactors fed with a sucrose 
containing synthetic wastewater at pH 5. The acidification, sulfate reduction efficiencies and 
metabolite production were evaluated. The influence of different trace metal concentrations was 
further assessed in batch tests performed with the sludge from the reactor receiving no trace 
metals. Trace metal retention in the reactors was assessed by monitoring their concentrations in 
the sludge and in the liquid phase and a sequential extraction procedure was applied to the 
sludges in order to evaluate the distribution of the metals over different chemical fractions. 

2 MATERIALS AND METHODS 

2.1 Inoculum sludge 

The Upflow Anaerobic Sludge Bed (UASB) reactors were inoculated with granular sludge 
harvested from a full-scale UASB reactor treating papermill wastewater (Industriewater Eerbeek 
B.V., Eerbeek, The Netherlands) (Oude Elferink et al., 1998b). Each reactor was inoculated with 
350 g wet sludge. 

2.2 Medium 

The UASB reactors were fed a synthetic influent consisting of sucrose as model carbohydrate 
(sole electron donor and carbon source), sulfate and nutrients. The sulfate concentration, supplied 
as sodium sulfate, depended on the applied COD/SO4

2- ratio (Table 5.1). The nutrient solution 
consisted of macronutrients as described in Table 5.2 and yeast extract at an influent 
concentration of 2.2 mg l-1. Micronutrients were also added to the influent of R1 at a 
concentration of 0.5 μM each except in the case of Fe, which had a concentration of 7.5 μM 
(Table 5.2). The other UASB reactor (R2) was not supplied with trace metals. 
 



 

 

115 

C
ha

pt
er

 5
 

 T
ab

le
 5

.1
 O

pe
ra

tio
na

l p
ar

am
et

er
s a

pp
lie

d 
to

 R
1 

an
d 

R
2.

  
R

ea
ct

or
 

Pe
rio

d
D

ay
s 

C
O

D
/S

O
42-

In
flu

en
t f

lo
w

H
R

T 
c  

O
LR

 d   
Su

cr
os

e 
SL

R
 e  

SO
42-

 
pH

 

  
  

  

Tr
ac

e 

m
et

al
s a  

ra
tio

 

N
2 

st
rip

pi
ng

 b
(l 

d-1
) 

(h
) 

(g
C

O
D

 (l
re

ac
to

r d
)-1

) 
(m

gC
O

D
 l-1

) 
(g

SO
42-

 (l
re

ac
to

r d
)-1

)
(m

g 
l-1

) 
  

 
 

 
 

 
 

 
 

 
 

 
 

 

R
1 

I 
0-

87
 

+ 
4.

13
 ±

 0
.7

6 
- 

2.
19

 ±
 0

.0
4 

10
.0

9 
± 

0.
19

 
3.

94
 ±

 1
.1

7 
16

57
.7

 ±
 5

09
.4

0.
94

 ±
 0

.1
7 

39
7.

0±
 7

7.
2 

5.
01

 ±
 0

.0
9 

 
II

 
88

-1
24

 
+ 

4.
06

 ±
 0

.3
1 

+ 
2.

22
 ±

 0
.0

5 
9.

95
 ±

 0
.2

4 
4.

06
 ±

 0
.5

0 
16

76
.8

 ±
 1

87
.8

1.
00

 ±
 0

.1
1 

41
3.

5 
± 

42
.7

 
5.

03
 ±

 0
.0

5 

 
II

I 
12

5-
30

1 
+ 

1.
00

 ±
 0

.2
8 

+ 
2.

18
 ±

 0
.0

5 
10

.1
3 

± 
0.

24
 

4.
16

 ±
 1

.0
1 

17
50

.3
 ±

 4
23

.8
4.

19
 ±

 0
.6

8 
17

64
.4

 ±
 2

73
.0

 
5.

08
 ±

 0
.0

4 

 
 

 
 

 
 

 
 

 
 

 
 

 

R
2 

I 
29

5 
- 

3.
93

 ±
 0

.4
9 

- 
2.

16
 ±

 0
.0

9 
10

.2
3 

± 
0.

43
 

3.
92

 ±
 0

.9
7 

16
55

.8
 ±

 3
94

.1
0.

98
 ±

 0
.1

6 
41

4.
8 

± 
63

.4
 

5.
02

 ±
 0

.0
6 

a  P
re

se
nc

e 
(+

) o
r a

bs
en

ce
 (-

) o
f t

ra
ce

 m
et

al
s 

in
 re

ac
to

r i
nf

lu
en

t; 
b  P

re
se

nc
e 

(+
) o

r a
bs

en
ce

 (-
) o

f N
2 s

tri
pp

in
g;

 c  H
R

T:
 h

yd
ra

ul
ic

 re
te

nt
io

n 
tim

e;
 d  O

LR
: o

rg
an

ic
 lo

ad
in

g 
ra

te
; e  S

LR
: s

ul
fa

te
 lo

ad
in

g 
ra

te
. 

 



 

 

116 

C
ha

pt
er

 5
 

In order to avoid precipitation in the storage vessels, the influent consisted of two different 
streams: 1. sucrose, sodium sulfate and potassium hydrogen phosphate; and 2. macronutrients 
(except for potassium hydrogen phosphate) and micronutrients. Both solutions were prepared 
with demineralised water and flushed for 10 minutes with N2 gas (purity 99.999%, Hoekloos, 
Dieren, The Netherlands) prior to being connected to the reactor pumps, in order to assure 
anaerobic conditions. Storage vessel 1 was kept at 4°C to prevent acidification. 
 
Table 5.2 Macro and micronutrients composition of the reactors influent (micronutrients were not added 
in R2 influent). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.3 Continuous bioreactor experiments 

Two UASB reactors with 0.92 l each (R1 and R2) were used in this study. A detailed description 
of the experimental set-up is found in Chapter 2. Throughout the experiment, the two reactors 
were operated at 55oC, a hydraulic retention time (HRT) of 10 h, a superficial upflow velocity of 
1 m h-1 (by applying effluent recirculation) and an organic loading rate (OLR) of 4 gCOD (lreactor 
d)-1. The pH in the reactors was measured with pH electrodes (Hamilton, Hilkomij BV, Rijswijk, 
The Netherlands) and was controlled by automatic pH controllers (Endress and Hauser, Naarden, 
The Netherlands) by 0.1 M NaOH or 0.1 M HCl addition. The produced biogas was led through 
two waterlocks filled with NaOH (1 M) and zinc acetate (0.5 M), respectively, in order to remove 
CO2 and H2S. 
In the experiments with sulfide stripping, N2 gas (purity 99.999%, Hoekloos, Dieren, The 
Netherlands) was introduced as small bubbles (0.1-0.3 mm diameter) by using a sintered glass 
gas sparger in a 20 ml stripping chamber located in the recirculation line. The N2 gas flow was 

Macronutrient Compound Influent 
(mg l-1) 

N NH4Cl 8.72 
K K2HPO4 4.19 
P K2HPO4 1.66 
S MgSO4.7H2O 0.87 

Mg MgSO4.7H2O 0.66 
Ca CaCl2.2H2O 0.36 

Micronutrient  (μg l-1) 
Fe FeCl2 . 4H2O 436.3 
B H3BO3 5.6 
Zn ZnCl2 34.2 
Cu CuCl2. 2H2O 33.3 
Mn MnCl2. 4H2O 28.6 
Co CoCl2. 6H2O 30.7 
Ni NiCl2. 6H2O 30.6 
Se Na2SeO3. 5H2O 41.1 
W Na2WO4.2H2O 95.8 
Mo Na2MoO4.2H2O 50.0 
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kept at 2.0 l h-1 and was controlled using a Brocks microprocessor control and read-out unit 
(SHO-rate, R-2-15-AAA, Fisher-Rosemount).  

2.4 Experimental design 

Table 5.1 summarizes the operational parameters applied to the 2 reactors. In order to investigate 
the effect of trace metals, R1 was fed with trace metals, while no trace metals were added to the 
R2 influent. R1 was run for 221 days and R2 for 305 days. To assess the effect of the sulfide 
concentration on the reactor performance, N2 stripping was applied in R1 from day 88. With the 
purpose of investigating different COD/SO4

2- ratios at pH 5, R1 was operated in the first 124 days 
at a COD/SO4

2- ratio of 4, and after that at a COD/SO4
2- ratio of 1 till the end of the experiment.  

2.5 Batch experiments 

To investigate the effect of trace metals on sulfate reduction with propionate and butyrate as the 
substrate, batch experiments were performed in the absence or presence of trace metals (Table 
5.5) with sludge harvested from R2 (reactor fed with no trace metals) after 90, 132, 224 and 301 
days of operation.  
The batch experiments were performed with 1 g VSS l-1 in 400 ml double-wall glass vessels 
containing 150 ml of basal medium prepared with ultra-pure water (Milli-RO system, Millipore, 
Bedford, MA, USA) containing (in g l-1): NH4Cl (0.3), CaCl2.2H2O (0.11), MgCl2.6H2O (0.10) 
and NaCl (0.3). The pH was adjusted to 5 with 1M HCl (prepared with ultra-pure water), the 
vessels were closed with butyl rubber stoppers and flushed with N2 to ensure anaerobic 
conditions. The vessels were placed in a rotative shaker at 100 rpm (Snijders scientific, Snijders, 
Tilburg, The Netherlands) and kept at 55 °C due to water heated in a thermostatic waterbath 
(Julabo, Seelbach, Germany) and recirculated in the double-wall of the vessels. The pH in the 
vessels was measured on-line with a pH electrode (Hamilton, Hilkomij BV, Rijswijk, The 
Netherlands) and controlled at pH 5 by automatic pH controllers (Endress and Hauser, Naarden, 
The Netherlands) by the addition of 0.1 M NaOH or 0.1 M HCl solutions, prepared with ultra-
pure water. All glassware used in the batch tests was previously cleaned in a 4 M HNO3 acid bath 
for at least 12 h. 

2.6 Sequential extraction procedure and pseudo-total metal determination 

The metal distribution in the inoculum sludge and the sludge harvested from R1 after 87 and 191 
days of operation and from R2 after 87, 191 and 303 days of operation was investigated by a 
sequential extraction procedure based on Tessier et al. (1979) with some modifications (Osuna et 
al., 2004; van Hullebusch et al., 2005a) as in Chapter 3. Extractants of increasing reactivity were 
used in each subsequent step, so that the fractions obtained corresponded to metal species with a 
higher binding strength. The pseudo-total metal content (TMC) was determined according to van 
Hullebusch et al. (2005a). Sequential extractions and pseudo-total metal content were determined 
in triplicate on subsamples of about 1 g wet sludge. If the sum of the sequential extraction 
fractions and the TMC differed more than 25%, the sequential extraction results were not 
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considered. All vessels used for metal analysis were previously cleaned in a 4 M HNO3 acid bath 
for at least 12 h. 

2.7 Analysis 

Sugars (sucrose, glucose and fructose) and lactate were measured by High-Pressure Liquid 
Chromatography according to van Lier et al. (1997). Sulfate was measured by Ion 
Chromatography according to Sipma et al. (2004). Sulfide was fixed with zinc acetate and 
measured photometrically using the Lange sulfide cuvette test LCK653 (Hach Lange, Düsseldorf, 
Germany). Volatile Fatty Acids (VFA), alcohols and biogas composition were measured using 
Gas Chromatography according to Weijma et al. (2000). Total suspended solids (TSS) and 
volatile suspended solids (VSS) were determined according to standard methods (APHA, 1998). 
The biogas volume was measured by gas meters (Milligascounter, Ritter MGC-1, Bochum, 
Germany).  
Metal samples were filtered through a 0.2 μm microfiber filter (Whatman FP 30, Germany) and 
element determinations were performed with inductively coupled plasma – optical emission 
spectroscopy (ICP-OES, Vista-MPX CCD, Varian, Australia). The following wavelengths were 
employed: 396.152, 249.772, 396.847, 228.615, 324.754, 259.940, 766.491, 279.553, 257.610, 
202.032, 216.555, 213.618, 181.972, 196.026 and 213.857 nm for Al, B, Ca, Co, Cu, Fe, K, Mg, 
Mn, Mo, Ni, P, S, Se and Zn, respectively. Element determinations in the batch tests were 
performed with inductively coupled plasma – mass spectrometry (ICP-MS, XSeries, Thermo 
Scientific, USA). The following mass-to-charge ratios were used: 11, 59, 65, 56, 55, 95, 60, 82, 
182 and 66 for B, Co, Cu, Fe, Mn, Mo, Ni, Se, W and Zn, respectively.  

3 RESULTS 

3.1 Reactor performance 

3.1.1 Sulfate reduction 

Figure 5.1A shows that sulfate reduction was very low in the first 20 days in both reactors (10-
20%). This period coincided with the highest dissolved metal concentrations in the reactor 
(Figures 5.8 to 5.13). After this initial period, sulfate reduction increased promptly to approx. 
35% in R1 (fed with trace metals) and 51% in R2 (no trace metals added). The sulfate reduction 
efficiencies decreased in the following 15 days, coinciding with a (unintentional) decrease in the 
influent sulfate concentrations in both reactors (Figure 5.2A). At about day 40, sulfate reduction 
efficiencies increased again in both reactors, up to 60%. The difference in sulfate reduction 
efficiencies between the two reactors was evident till at least day 49.  
Similar results had been obtained in a previous experiment (Figure 5.1B) performed under the 
same conditions as the present study but with a shorter duration. The UASB reactor fed an 
influent containing no trace metals also showed a higher sulfate reduction efficiency and 
correspondent higher sulfide production in comparison with the reactor with trace metal addition 
in the start-up phase.  
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Figure 5.1 Sulfate reduction efficiencies and total dissolved sulfide effluent concentrations in the 
experiment described in this paper (A) and in an identical previous experiment (B).  
 
 
Figure 5.1A shows that after day 50, sulfide production dropped dramatically in R2. This was 
caused by a malfunctioning of the influent pump, which caused a lack of influent solution for one 
day. However, R2 recovered from this disturbance and showed after that a similar behaviour to 
R1 in terms of sulfate reduction and sulfide production. Between days 71 and 78, the sulfate 
reduction efficiency increased in both reactors but a decrease was observed afterwards in both 
reactors as well (Figure 5.1). These oscillations closely followed the correspondent variation in 
influent sulfate concentrations in both reactors (Figure 5.2). 
In R2 (no trace metals added), the sulfate reduction efficiency further increased to an average of 
approx. 70% (Figure 5.2B). The drop in sulfate reduction efficiency around days 140 and 230 
was caused by a lowering in the reactor temperature on day 140 together with lower influent 
sulfate concentrations on days 140 to 142 and a lack of influent on days 227 to 231.  
N2 stripping was applied in R1 on day 88 and was effective in keeping the sulfide concentration 
below 20 mg l-1, in contrast to the approx. 95 mg l-1 observed before day 88 (Figure 5.2A). From 
day 88 till 94, the stripping unit was unstable and although Figure 5.2A shows that the sulfide 
concentration was kept low, its concentration and the HRT oscillated during each day. Moreover, 
it affected the pH control system causing an oscillation of pH between 4.6 and 5.3 on days 92 and 
93. Consequently, low sulfate reduction efficiencies were observed. However, as soon as the 
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striping unit re-started to work properly, the sulfate reduction efficiency increased very fast, 
reaching 95% on day 105 (Figure 5.2A). At days 112 to 114, there was another drop in the sulfate 
reduction efficiency, caused by instability of the stripping unit, although the pH did not change 
by more than 0.1 pH units. 
The decrease in COD/SO4

2- ratio in R1 on day 125 (keeping the N2 stripping) caused a decrease 
in the sulfate reduction efficiency to close to 30%, which gradually increased up to 95%. The 
sulfide concentration rose up to 50 mg l-1 (Figure 5.2A). There were episodes with a drop in the 
sulfate reduction efficiency, all related with malfunctioning or maintenance of the stripping unit, 
except on day 140, where it was caused by a temperature drop and lower influent sulfate 
concentration (as in R2), and on day 192, following an opening of the reactor for sludge sampling 
together with a lower influent sulfate concentration. 
 
 

 
Figure 5.2 Sulfate reduction efficiencies and total dissolved sulfide effluent concentrations in R1 (A) and 
R2 (B). Sulfate influent ( ), sulfate effluent ( ), sulfate reduction efficiency ( ) and total 
dissolved sulfide effluent ( ). Vertical dashed lines indicate the beginning of N2 stripping and the 
decrease in COD/SO4

2- ratio from 4 to 1, in R1. 
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3.1.2 Acidification and acidification products 

Acidification was complete throughout both reactors runs (Figure 5.3). A 100% acidification is 
defined as the complete elimination of sucrose, glucose and fructose. In R2, acidification dropped 
to 87% on day 51, when the influent was re-established following a lack of influent for one day.  
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.3 Acidification efficiencies in R1 and R2. Sucrose influent ( ), sucrose effluent ( ) and 
sucrose removal efficiency ( ). 
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3.1.2.1 VFA 

Butyrate was the main VFA in both reactor effluents during the first 40 days in R1 and 30 days in 
R2, with levels of approx. 900 and 1000 mgCOD l-1, respectively (Figure 5.4), followed by 
acetate and propionate. After this initial period, butyrate concentrations decreased and acetate 
concentrations increased correspondingly, until both VFA had similar concentrations, approx. 
750 and 650 mg l-1 in R1 and R2, respectively. This change in butyrate and acetate concentrations 
was coincident with a sharp increase in sulfate reduction in both reactors (Figure 5.4). In R1, this 
change was also accompanied by a decrease in propionate concentration, from approx. 300 to 170 
mgCOD l-1. In R2, VFA concentrations did not change throughout the reactor run, after day 30. 
In R1, the decrease in sulfate reduction caused by the problems with the stripping unit on days 88 
to 93 coincided with an increase in butyrate and decrease in acetate concentration, but previous 
concentrations were re-established when sulfate reduction increased again.  
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.4 VFA effluent concentrations versus sulfate removed in R1 (Periods I and II: COD/SO4
2- = 4) 

and R2. Acetate ( ), propionate ( ), butyrate ( ) and sulfate reduction ( ). Vertical dashed 
line indicates the beginning of N2 stripping in R1. 
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The increase in sulfate reduction in R1 in Period II caused a decrease in VFA concentrations to 
approx. 600 mgCOD l-1 butyrate and acetate and 110 mgCOD l-1 propionate (Figure 5.4). 
Interestingly, the drop in sulfate reduction on days 112 to 114 caused by instability in the 
stripping unit was also accompanied by an increase in butyrate concentrations.  
The decrease in COD/SO4

2- ratio from 4 to 1 on day 125 and consequent increase in the amount 
of sulfate removed caused a fast decrease in the butyrate concentrations (Figure 5.5). At 
approximately day 150, when butyrate and propionate concentrations were below 50 mgCOD l-1 
each, the acetate concentrations also dropped to approx. 340 mgCOD l-1. 
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Figure 5.5 VFA effluent concentrations and sulfate reduction in R1 before and after the decrease in 
COD/SO4

2- ratio from 4 to 1 (vertical dashed line). A: acetate ( ), propionate ( ), butyrate ( ) 
and sulfate reduction ( ). B: methane ( ), hydrogen ( ) and sulfate reduction ( ). 
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3.1.2.2 Lactate and alcohols 

Lactate was not detected in any of the reactors’ effluents. Ethanol concentrations in the effluent 
were approx. 20 mgCOD l-1 in R1 (Periods I and II) and 30 mgCOD l-1 in R2. In Period III in R1, 
the ethanol concentration decreased gradually to zero at day 158 (data not shown). 

3.1.3 Biogas production 

The biogas production decreased sharply in the first 20 days in R1 and 8 days in R2 to 80 ml 
(lreactor d)-1 and 300 ml (lreactor d)-1, respectively, corresponding to the decrease in methanogenic 
activity in both reactors (Figure 5.6B and C). A subsequent increase in the biogas production was 
observed till day 30 in R1 and till day 14 in R2, up to 370 ml (lreactor d)-1 and 700 ml (lreactor d)-1, 
respectively (Figure 5.6A), corresponding to the accumulation of hydrogen (Figure 5.6B and C). 
The ceasing of methanogenic activity and beginning of hydrogen accumulation was accompanied 
by an increase in sulfate reduction in both reactors (Figure 5.6B and C). After day 35 in R1 and 
21 in R2, the hydrogen fraction in the biogas and the biogas production started to decrease 
(Figure 5.6), coinciding with a steep increase in sulfate reduction in both reactors (Figure 5.6B 
and C), as well as a decrease in butyrate and an increase in acetate concentration in the effluent of 
both reactors (Figure 5.4). After this initial period of 40 and 30 days in R1 and R2, respectively 
(Figure 5.6A), biogas production was very low in both reactors (below 150 ml (lreactor d)-1), which 
did not change significantly till the end of both reactor runs (data not shown from day 125), with 
the exception of day 51 in R2, where a peak of biogas production was observed after the re-
establishment of the influent flow. Hydrogen continued to be present in the biogas of R1 during 
Period I and of R2 throughout reactor run, with an average percentage of 10 and 4 in the biogas, 
respectively (Figure 5.6B and C and Table 5.3). Nevertheless, given the low biogas production, 
its contribution to the electron flow was limited (Figures 5.6A, 5.7 and next paragraph).  
In Period II, R1 showed a higher hydrogen production, even considering the higher dilution by N2 
stripping (Figure 5.6B and Table 5.3). In Period III, 21 days after decreasing the COD/SO4

2- ratio 
from 4 to 1, the hydrogen fraction in the biogas decreased to nearly zero, and methane started to 
be detected in the biogas after that day (Figure 5.5). It should be noted that from day 88 in R1 
(Periods II and III), the N2 stripping diluted the other gases in the biogas. Moreover, as the 
stripping unit was placed in the recirculation line and the recirculation flow rate was high, part of 
the dissolved gases were released in the stripping unit. Therefore, the biogas volumes measured 
after the three phase separator in the UASB reactor are not accurate. Consequently, it is 
impossible to accurately quantify the methane and hydrogen production rates in Periods II and III 
in R1 from the available data. 
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Figure 5.6 Biogas production rate in R1 and R2 (A) and biogas composition in R1 (B) and R2 (C). A: 
biogas production in R1 ( ) and R2 ( ). B and C: methane ( ), hydrogen ( ) and sulfate 
reduction ( ). Vertical dashed lines indicate the beginning of N2 stripping in R1. 
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Table 5.3 Biogas composition in R1 and R2 at pseudo-stationary states. 

Reactor Period Biogas composition (%) 
    H2S CH4 H2 CO2 N2 

R1 I 1.24 ± 0.44 nd 10.02 ± 3.91 44.21 ± 3.48 44.24 ± 11.45 
 II na nd 16.35 ± 1.65 5.03 ± 1.27 79.99 ± 5.26 
 III 0.93 ±0 .41 3.54 ± 0.68 0.77 ± 0.63 9.85 ± 2.26 78.71 ± 6.02 
       

R2 I 3.13 ± 0.91 < 5 4.02 ± 0.77 49.27 ± 1.92 39.04 ± 2.33 
na = not analysed; nd = not detected. 
 

3.1.4 Electron flow 

The main electron sink in Periods I and II in R1 and in R2 was VFA production (Figure 5.7). In 
relation to the total electron sinks, VFA corresponded to an average of 93% and 86% in Periods I 
and II in R1 and 88% in R2 in pseudo-stationary states. The second most important electron sink 
was sulfide formation (Figure 5.7). Sulfide production increased in Period I in R1 to an average 
of 6% and in R2 to an average of 10% of the total electron flow. The fraction increased with the 
addition of N2 striping in R1 (Period II) to 13% of the electron flow. The decrease of the 
COD/SO4

2- ratio in R1 on day 125 (Period III) provoked an increase of the electron flow to 
sulfide to 73% and a decrease in the electron flow to VFA to 27%. 
Ethanol represented less than 3% of the electron flow throughout both reactors runs while 
methane and hydrogen were only significant in the start-up phase in both reactors, after which 
their contribution to the total electron flow was nearly zero. In Periods II and III in R1, it was 
impossible to accurately quantify the methane and hydrogen production rates, as explained in the 
previous paragraph. Nevertheless, given the good COD balance in the reactor without considering 
hydrogen and methane, their contribution to the electron flow is expected to be small.   
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Figure 5.7 Electron flow in R1 and R2. VFA ( ), alcohols ( ), sulfide ( ), methane ( ) 
and hydrogen ( ). Vertical dashed lines indicate the beginning of N2 stripping and the decrease in 
COD/SO4

2- ratio from 4 to 1. Methane and hydrogen are only presented till approx. day 40 because 
afterwards their production rates were nearly zero (see text). 

3.2 Trace metal dynamics 

3.2.1 Co and Ni 

In R1 (fed with trace metals), Co and Ni concentrations in the effluent were higher than in the 
influent in the first 15 and 12 days, respectively, after which Co and Ni started to accumulate in 
the reactor. However, Co and Ni still leached from the R1 sludge till days 44 and 34, respectively 
(Figure 5.8A). After that, effluent Co and Ni concentrations stabilized. After the start of N2 
stripping (day 88), effluent Ni and Co concentrations increased slightly. The increase in sulfate 
loading rate on day 125 caused a decrease in Co effluent concentrations, while having no effect 
on the Ni effluent concentrations.  
In R2 (fed without trace metals), Co and Ni leached from the sludge for approximately 34 days, 
after which it was close to the influent values (Figure 5.8B). Although no trace metals were added 
in the influent of R2, the demineralised water used contained small concentrations of trace 
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metals, particularly Ni, especially after day 200 (Figure 5.8B). Co and Ni sludge leaching rates 
were the highest till approx. day 18 in both reactors: 0.43 nmolCo (gTSS d)-1 and 0.94 nmolNi 
(gTSS d)-1 in R1 and approx. 0.60 nmol (gTSS d)-1 of both Co and Ni in R2 (Table 5.4). 
The total metal content (TMC) of the reactors sludges (Figure 5.8C) reflected the metal 
accumulation or leaching in the corresponding reactors. Therefore, Co and Ni accumulated in R1 
sludge, whereas the Co concentration of the R2 sludge decreased and Ni kept relatively constant. 
The Ni concentration in R2 sludge was expected to decrease by 0.009 mg gTSS-1 till day 88, 
given the integration of influent and effluent curves (Figure 5.8B). In contrast, a 0.014 mg gTSS-1 
increase was observed in the TMC analysis (Figure 5.8C). This indicates that probably there were 
high influent Ni concentrations in the demineralised water on non sampled dates and therefore Ni 
accumulated in the R2 sludge up to a 30% higher concentration than the inoculum sludge, despite 
the leaching from the sludge in the first 34 days. 
Both Co and Ni were mainly present in the organic matter/sulfides (OM/S) fraction of the 
inoculum sludge (Figure 5.8C). In R1 sludge, the Co and Ni accumulation was observed in the 
three first operationally defined fractions of the sludge. However, the OM/S fraction had a higher 
contribution in relation to the carbonate fraction for Co accumulation compared to Ni 
accumulation. In R2 sludge, Co was lost from the OM/S fraction and Ni was initially 
accumulated in the carbonates fraction. However, the R2 sludge samples harvested at 191 and 
303 days of reactor operation showed that Ni was lost from the carbonates and OM/S fraction 
(Figure 5.8C). 
 

Table 5.4 Maximum metal leaching rates. 
 
 

Interval 
(days) 

Rate 
(nmol (gTSS d)-1) 

Element R1 R2 R1 R2 
Co 3-21 3-18 0.429 0.593 
Ni 3-18 1-18 0.936 0.620 
Fe 3-21 6-21 378.282 509.864 
Mn 1-3 1-3 359.570 358.348 
Zn - a - - - 
Cu 14-21 9-18 2.467 2.436 
Al 3-9 3-9 24.393 40.299 
B 1-3 1-3 144.095 112.088 

Mo - - - - 
Se - - - - 
Ca 1-6 1-6 7463.979 8116.330 
Mg 1-3 1-3 2820.929 3124.584 
K 9-16 1-14 280.579 519.464 
P 1-6 1-6 919.152 934.193 

Note that W was not analysed in the reactor influent and effluent. 
a Zn, Mo and Se leaching from the sludge was negligible
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3.2.2 Fe and Mn 

For both reactors, Fe concentrations in the effluent were higher than in the influent throughout 
the reactor runs, although reaching similar values at the end of the reactor runs (Figure 5.9A 
and B). Fe leaching from the sludge was very fast till day 21 in both reactors and at a higher 
rate in R2 (fed without trace metals) than in R1 (fed with trace metals), viz. 510 and 378 nmol 
(gTSS d)-1, respectively (Table 5.4). After the start of N2 stripping (day 88) in R1, effluent Fe 
concentration at least doubled, while the increase in sulfate loading rate on day 125 did not 
affect the Fe leaching behaviour. 
In R1, Mn concentrations were higher in the effluent than in the influent till day 32 and after 
that influent and effluent concentrations were similar (Figure 5.9A). In R2, Mn leached from 
the sludge till approximately day 82 (Figure 5.9B). Mn leaching from the sludge was the 
highest till day 3 with similar rates in both reactors (Figure 5.9 and Table 5.4). Fe and Mn 
were the trace metals with the fastest leaching from the trace metals studied (Table 5.4). 
In the inoculum sludge, Fe was mainly present in the residual and OM/S fractions (Figure 
5.9C) and in the first 87 days, Fe leached mainly from these fractions in both reactors. After 
that, Fe also leached from the exchangeable and carbonates fractions. Mn was mainly present 
in the first three fractions in the inoculum sludge and the operation at pH 5 caused Mn 
leaching from all the fractions in both reactors sludges, with minor differences between R1 
and R2 sludges. 

3.2.3 Zn, Cu and Al 

For both reactors, effluent Zn concentrations were lower than in the influent throughout the 
reactor runs (Figure 5.10A and B), except on day one in R1 and in the first 6 days in R2. The 
demiwater used in the influent preparation contained significant amounts of Zn, approx. 0.04 
mg l-1, and even higher concentrations up to 0.2 mg l-1 were observed around day 6 and 60, 
resulting in Zn accumulation also in R2 sludge.  
Cu concentrations were higher in the effluent than in the influent during days 3 to 21 in R1 
and from the beginning till day 32 in R2 (Figure 5.10A and B). Subsequently, Cu 
accumulated in R1 while in R2, effluent concentrations were similar to the (very low) influent 
concentrations. Interestingly, effluent Cu concentrations in both reactors increased in the first 
days of operation, contrary to the other trace metals studied. The maximum Cu leaching rate 
was similar in the two reactors (Table 5.4), approx. 2.5 nmol (gTSS.d)-1 for both R1 and R2, 
and occurred between days 14 and 21 for R1 and between days 9 and 18 for R2. 
Al was not added to the reactor influents, but its behaviour is presented because both the 
inoculum and the reactors sludges contain high concentrations of Al (Figure 5.10C). Al 
leached from both sludges throughout the reactor runs. Maximum leaching rates were 
observed between days 3 and 9 in both reactors, and were higher in R2 than in R1 (Table 5.4), 
viz. 40 and 24 nmol (gTSS d)-1, respectively. The introduction of N2 stripping in R1 caused a 
decrease in Al leaching (Figure 5.10A). 
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In the inoculum sludge, Zn was mainly accumulated in the OM/S fraction and Cu and Al in 
both the OM/S and residual fractions (Figure 5.10C). Zn accumulated in both reactor sludges, 
initially only in the OM/S fraction but further also in the exchangeable and carbonates 
fractions. Cu accumulated in the OM/S fraction, while the residual fraction did not change 
significantly. Despite the constant leaching of Al from both reactor sludges, the amount lost 
from the reactor (based on the integrations of influent and effluent Al concentration curves) 
represented less than 9% of the inoculum sludge TMC. Therefore, only small differences in 
TMC were found in the reactor sludges (Figure 5.10C).  

3.2.4 B, Se and Mo 

In R1, B concentrations were higher in the effluent than in the influent till day 14 and after 
that B accumulated in the R1 sludge (Figure 5.11A). In R2, B leached throughout the reactor 
run and only at the end B effluent concentrations were close to zero. For both reactors, 
maximum B leaching from the sludge was observed between days 1 and 3. R1 showed a 
faster rate (144 versus 112 nmol (gTSS d)-1 in R2) but just two data points were used to 
calculate that rate. Se and Mo were detected in very low concentrations in the effluent of both 
reactors.  
B fractionation is not presented because the sum of the sequential extraction fractions and the 
TMC differed more than 25%. Se was present in the last three fractions in the inoculum 
sludge and its accumulation in R1 occurred mainly in the OM/S fraction. Mo was present 
mainly in the OM/S fraction in the inoculum sludge and its accumulation in R1 occurred 
mainly in the OM/S fraction but also in the exchangeable and residual fractions. 

3.3 Macronutrient dynamics 

3.3.1 Ca, Mg and K 

Ca, Mg and K were added in the same concentrations to both reactor influents and similar 
effluent concentrations were observed in both reactors for Ca and Mg, while effluent K 
concentrations were higher in R2 than in R1 (Figure 5.12A and B). For Ca and Mg, the sludge 
leaching rate was the highest in the first six and three days, respectively (Figure 5.12 and 
Table 5.4). However, Ca effluent concentrations decreased to values similar to the effluent at 
day 44 in R2, while only after day 125 in R1. Mg concentrations were higher in the effluent 
than in the influent till day 14 in both reactors. After this sludge leaching period, both Ca and 
Mg concentrations were similar in the influent and effluent. K leaching rates were the highest 
till approximately day 15 in both reactors. However, effluent concentrations kept higher than 
influent concentrations till day 125 in R1, while throughout the operating time in R2. 
Maximum leaching rates were higher in R2 than in R1 for Ca, Mg and K (Table 5.4).  
Mg and K were mainly present in the first three fractions in the inoculum sludge (Figure 
5.12C). Mg leached from all fractions, with the largest decrease in the OM/S fraction. Also K 
leached from all fractions, with the exchangeable and the residual fractions as the most 
recalcitrant. Ca fractionation is not presented because the difference between the sum of the 
sequential extraction fractions and the TMC exceeded more than 25%. 
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3.3.2 P and S 

P was added in the same concentrations to both reactor influents. P leached from the sludge 
till about day 30 with the highest leaching rates till day 6 and with similar values in both 
reactors (Figure 5.13A and B and Table 5.4). After day 30, P accumulated in the reactors 
(Figure 5.13A and B). However, this accumulation was not observed in the sludge analysis 
(Figure 5.13C). P was mainly present in the residual and OM/S fractions in the inoculum 
sludges. The reactor operation at pH 5 caused a decrease in the P content in the residual phase 
down to a relatively stable value, while its content firstly increased in the OM/S fraction and 
then decreased with operation time, particularly in R2 (Figure 5.13C). 
S was not analysed in the influent and effluent from the reactor, besides the sulfate and sulfide 
analysis described in the previous section. S was mainly present in the residual and OM/S 
fractions in the inoculum sludge and was lost from both fractions during both reactors 
operation (Figure 5.13C). 
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3.4 Batch experiments 

The lag phase for sulfate reduction with both butyrate and propionate as the substrate was 
shorter for the lower initial substrate concentrations (Table 5.5). The sludge used in the batch 
tests was harvested from R2 at different operation times, therefore small differences in sludge 
activity may prevail, despite the constant reactor performance. Nevertheless, for each initial 
substrate concentration, the lag phase was longer with the increasing initial trace metal 
concentration for both propionate and butyrate as the substrate. The substrate degrading and 
sulfate reduction activities on both butyrate and propionate decreased with decreasing the 
initial substrate concentration and increasing trace metal concentration (Table 5.5).  
 
Table 5.5 Applied conditions and observed lag phase and activity in the batch tests. 

Activity  
(mg (gVSS d)-1) 

Batch a Substrate COD  
(g l-1) 

Trace metals Day harvested 
from R2 

Lag 
phase  

(d) COD Sulfate 
B2-1 no 15 183 170 
B2-2 

2  
10x less b 

90 
18 155 165 

B1-1 1 no 132 12 72 115 
B0.4-1 no 8 71 78 
B0.4-2 

butyrate 

0.4 
10x more b 

303 
15 55 52 

P1-1 no 23 75 99 
P1-2 no 27 66 90 
P1-3 

1 

same c 

224 

34 59 70 
P0.4-1 no 8 68 72 
P0.4-2 same c 15 54 64 
P0.4-3 

propionate 

0.4 

10x more b 

303 

18 47 62 
a batch bottles were designated by B or P for butyrate or propionate as the substrate, followed by the substrate 
concentration (2, 1 or 0.4 gCOD/l) and by the order in each set (1, 2 or 3). 
b in relation to R1 trace metal influent concentrations (Table 5.2). 
c same concentrations as in R1 (Table 5.2). 
 
Figure 5.14 shows the substrate consumption and metabolite production versus sulfate 
reduction for the incubations without trace metal addition of each batch experiment set, as the 
behaviour of the correspondent bottles with trace metal addition was very similar in terms of 
substrate consumption and metabolite production. In all cases, the decrease in sulfate 
coincided well with the decrease in substrate (Y-axis scales in Figure 5.14 are in the 
theoretical stoichiometry of COD/SO4

2-=0.67).  
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In the batch tests with butyrate as substrate, the decrease in butyrate was coincident with sulfate 
reduction and acetate production. The acetate produced was further consumed in the cases of 1 
and 0.4 gCOD l-1 initial butyrate concentration (maximum acetate concentration of approx. 300 
and 100 mgCOD l-1, respectively) but not in the case of an initial butyrate concentration of 2 
gCOD l-1 (maximum acetate concentration of approx. 600 mgCOD l-1). Propionate was only 
detected in very small concentrations (less than 40 mgCOD l-1) and was further degraded. 
Ethanol, methane or hydrogen were not detected.  
In the batch tests with propionate as the substrate, the decrease in propionate concentration 
coincided with sulfate reduction and only minor amounts of acetate were produced (maximum of 
approx. 75 and 40 mgCOD l-1 in bottles with 1 and 0.4 gCOD l-1) which were subsequently 
degraded. Butyrate, ethanol, methane or hydrogen were not detected.  

 
Figures 5.15 to 5.17 show the evolution of the dissolved metal concentrations as function of time 
in the batch tests with 0.4 mgCOD l-1 propionate (P0.4). The first graph of each Figure also 
shows the correspondent sulfate concentrations, in order to relate metal concentrations with the 
metabolic phases. 
During the lag phase, the Ni and Co dissolved concentrations were stable in the incubation with 
no trace metals addition (P0.4-1) and with trace metal addition as in R1 (P0.4-2), but decreased in 
the case of adding 10 times more trace metals than in R1 (P0.4-3) (Figure 5.15). In the period 
with sulfate reducing activity, there was a significant decrease in both Co and Ni. After the 
activity period, similar concentrations of both Co and Ni were observed in the batch tests. 
In the period of sulfate reducing activity, both the dissolved Fe and Mn concentrations were 
approximately stable (Figure 5.15). Prior to the start of activity, the Fe concentration increased 
considerably, particularly in P0.4-3. However, the maximum Fe concentration observed in P0.4-3 
was actually close to the Fe added at the beginning (4363 μg l-1). Probably the Fe added at the 
beginning of the batch experiments adsorbed or precipitated on the sludge granules and was 
subsequently released before the start of the activity. 
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Figure 5.15 Metal versus sulfate concentrations in batch tests P0.4 (-1, 2 and 3) for Fe, Mn, Co and Ni 
(  sulfate P04-1,  sulfate P0.4-2,  sulfate P0.4-3,  metal P0.4-1,  metal P0.4-
2,  metal P0.4-3). 
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Figure 5.16 Metal versus sulfate concentrations in batch tests P0.4 (-1, 2 and 3) for Zn, Cu, Mo and Se 
(  sulfate P04-1,  sulfate P0.4-2,  sulfate P0.4-3,  metal P0.4-1,  metal P0.4-
2,  metal P0.4-3). 

0

100

200

300

400

500

600

0 5 10 15 20 25 30

Zn
 ( μ

g 
l*1

)

0

100

200

300

400

500

600

700

Sulfate (m
g l

-1)

0

0.5

1

1.5

2

2.5

3

3.5

4

0 5 10 15 20 25 30

C
u 

( μ
g 

l-1
)

0

50

100

150

200

250

300

350

400

0 5 10 15 20 25 30

M
o 

( μ
g 

l-1
)

0

50

100

150

200

250

0 5 10 15 20 25 30

Time (days)

Se
 (
μ

g 
l-1

)

0

10

20

30

40

50

60

70

0 5 10 15 20 25 30

Time (days)

M
o 

( μ
g 

l-1
)

0

100

200

300

400

500

600

700

Sulfate (m
g l

-1)



 
Effect of trace metals on sulfate reduction at pH 5 

 

143 

C
ha

pt
er

 5
 

0

200

400

600

800

1000

1200

1400

0 5 10 15 20 25 30

B
 ( μ

g 
l-1

)

0

100

200

300

400

500

600

700

Sulfate (m
g l -1)

Dissolved Zn concentrations increased at the beginning of the batch experiments, but decreased 
very fast just before or at the start of the sulfate reducing activity (Figure 5.16). Interestingly, 
similar dissolved Zn concentrations (approx. 170 μg l-1) were reached at this phase in the three 
batch tests. Similar findings were found for Mo (Figure 5.16). After an initial increase in 
dissolved Mo concentrations in P0.4-2 and P0.4-3, dissolved Mo concentrations decreased prior 
to the start of activity, which started at Mo dissolved concentrations below 10 μg l-1. In P0.4-1, 
Mo decreased abruptly before activity started in the range 10-15 μg l-1. 
Dissolved concentrations of Cu and Se were already much lower at the beginning of the batch 
tests than the concentration supplied and decreased further to below detection limit much before 
the start in activity, except for Se in batch P0.4-3, which reached approx. 15 μg l-1 between days 
6 and 9 and was stable before and during activity (Figure 5.16). 
B dissolved concentrations increased during the batch tests, particularly before the activity and 
were stable or increased slightly during the activity (Figure 5.17). Batch P0.4-1 showed the 
highest B dissolved concentration. W was below detection limit in P0.4-1 and showed similar 
initial dissolved concentrations in P0.4-2 and P0.4-3. However, the dissolved W concentration 
decreased in P0.4-2 till below the detection limit before the start in activity, while increasing in 
P0.4-3 before and during activity up to approx. 67 μg l-1. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.17 Metal versus sulfate concentrations in batch tests P0.4 (-1, 2 and 3) for B and W (  
sulfate P04-1,  sulfate P0.4-2,  sulfate P0.4-3,  metal P0.4-1,  metal P0.4-2,  
metal P0.4-3). 
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4 DISCUSSION 

4.1 Effect of trace metals on sulfate reduction 

This study shows that absence of trace metals in the reactor influent did not negatively affect the 
performance of R2 in terms of acidification or sulfate reduction. On the contrary, the presence of 
low concentrations of trace metals can be inhibitory to sulfate reduction. The lag phase of about 
20 days in which sulfate reduction efficiencies below 20% were observed in both reactors 
coincides with the period with the highest trace metal concentrations in both reactors (Figure 5.2 
versus Figures 5.8 till 5.13). The high initial trace metal concentrations were caused by the 
solubilisation of trace metals from the sludge, which largely exceeded the initial trace metal 
concentrations in R1 influent. Trace metal concentrations decreased by more than 70% compared 
to the initial concentrations in both reactors in this period. This suggests that the high trace metal 
concentrations observed were inhibiting sulfate reduction during the first 20 days of reactor 
operation. Moreover, during the subsequent 30 days, the sulfate reduction efficiency increased in 
both reactors, but the increase was faster in the reactor fed without trace metals than in the reactor 
fed with trace metals (Figure 5.1), which again suggests trace metal inhibition. This was 
confirmed in the batch tests performed with R2 sludge, in which the lag phases were longer in the 
bottles with trace metals compared to the bottles without trace metals, for both butyrate and 
propionate as substrates (Table 5.5).  

4.1.1 Relation between dissolved trace metal concentrations and sulfate reducing activity 

Figure 5.18 shows the trace metal concentrations in the reactors during the start-up period in 
which the sulfate reduction rate in R2 was higher than in R1. Most dissolved metal concentrations 
were lower in R2 than in R1, namely Co, Mn, Cu, Se and Mo. Nevertheless, in both reactors, all 
trace metals were present at concentrations below 0.12 mg l-1 (except for Fe, which was present 
in concentrations up to 8 mg l-1). These concentrations are much lower than reported toxic values. 
Toxic metal concentrations have been reported in the range of few mg l-1 to more than 100 mg l-1 
at neutral pH (Hao, 2000; Utgikar et al., 2002). Nevertheless, several studies used media 
containing strong chelators, buffers or reductants which can greatly diminish the toxic effect of 
the metals. Sani et al. (2001), using an SRB metal toxicity medium to eliminate the formation of 
metal precipitates and minimize metal complexation, reported an IC50 of 16 μM for Cu in D. 
desulfuricans at pH 7.2, which was 100 times lower than previously reported values. Without 
chelators in the media, Poulson et al. (1997) reported a toxic Zn concentration of 198 μM as toxic 
to D. desulfuricans at pH 7.2 but also that a total activity of free Ni + Zn greater than 
approximately 25 μmolal was already toxic, meaning that the toxic effect of the binary mixture 
was substantially higher than the summation of the individual metal toxicity. The lower pH used 
in this study and synergetic or cumulative metal toxic effects have probably contributed to the 
inhibitory effect observed in the reactor fed with trace metals.  
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Figure 5.18 Trace metal concentration ranges in effluent during the period 21 to 44 days (bars) and influent 
concentrations (dots) in R1 and R2. 
 
Due to the production of sulfide and the very low solubility of most metal sulfides, sulfate 
reducers have the ability of detoxifying the medium by precipitating most toxic metals. The 
longer lag phases in the batch bottles with a higher trace metal concentration but with substrate 
depletion and sulfate reduction activities not significantly decreased by the higher trace metal 
concentrations (Table 5.5 and Figure 5.15) suggests a detoxification mechanism. Interestingly, 
Zn, Cu, Mo and Se concentrations in the batch media were decreased significantly before or just 
at the start of the sulfate reduction activity (Figure 5.16). Cu and Se concentrations decreased 
days before the start of activity, whereas Zn and Mo decreased at the start of activity. Moreover, 
similar concentrations of Zn and Mo were observed at the start of the activity in the incubations 
which had initially different Zn and Mo concentrations (Figure 5.16). Although this behaviour 
suggests that the decrease of Zn or Mo concentration to below 200 μg l-1 and 10 μg l-1, 
respectively, is the factor that triggers the start of activity, it can not be excluded that this is only 
a consequence of the start of the activity, e.g. by sulfide precipitation. Also the Co and Ni 
concentration decreased during the activity period in all the bottles (Figure 5.15). The decrease in 
Cu, Zn, Ni and Co concentration in the batch tests (Figures 5.15 and 5.16) is in agreement with 
the solubility products of their respective metal sulfides (1.19x10-34, 3.81x10-23, 2.55x10-20 and 
2.97x10-21, respectively). Therefore, Cu is the first metal to precipitate, already with small traces 
of sulfide produced in the lag phase and Zn precipitates as soon as sulfide production starts 
(Figure 5.16). Co and Ni precipitate during the sulfide production phase and with similar trends 
(Figure 5.15), as predicted by their similar solubility products. Se and Mo were added to the 
medium as oxyanions, which can be reduced once electrons from the substrate oxidation are 
available. Subsequently, insoluble metal selenides can be formed (Lenz et al., 2006) or selenite 
co-precipitates with sulfide to elemental selenium and sulfur (Hockin and Gadd, 2003). The 
reduction of molybdate in the presence of sulfide can result in the precipitation of the mineral 
molybdenite (MoS2(s)) (Tucker et al., 1997). Probably such mechanisms contributed to the 
decrease in dissolved Se and Mo concentrations in the batch tests. 
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4.1.2 Pathways affected by trace metals 

The start-up of sulfate reduction in both reactors was associated firstly with the ceasing of the 
methanogenic activity and concomitant hydrogen accumulation (Figure 5.6) and secondly with 
the simultaneous decrease in hydrogen and butyrate concentration and increase in acetate 
concentration (Figures 5.4 and 5.6). This suggests that sulfate reducers initially used the hydrogen 
accumulated by the ceasing of methanogenesis (equation 1). The stable acetate concentrations 
confirm that acetate was not used as substrate for sulfate reduction at this stage, as was also 
observed at pH 5 in Chapter 2. Moreover, acetate degrading SRB have a low growth rate 
(Widdel, 1988) and the inoculum sludge (Eerbeek sludge) contains only a small population of 
them (Oude Elferink et al., 1998b).  
Subsequently, at about day 40 in R2 and day 20 in R1, butyrate started to be consumed by sulfate 
reducers (Figure 5.4) according to equation 2 or, alternatively, the higher activity of sulfate 
reducers on hydrogen caused the decrease in hydrogen concentration, which favoured reaction 3. 
Similar considerations can be made with reactions 4 and 5 about the decrease of propionate in 
R1, coinciding with the changes in butyrate and propionate concentration. There is also the 
possibility that fermentation pathways were affected by trace metals and lower concentrations 
favoured reaction 6 to reaction 7. This would cause a higher hydrogen production which could be 
used for sulfate reduction. 
 
4 H2 + SO4

2- + H+→ HS- + 4 H2O         (1) 

CH3CH2CH2COO- + 0.5 SO4
2 → 2 CH3COO- + 0.5 HS- + 0.5 H+    (2) 

CH3CH2CH2COO- + 2 H2O → 2 CH3COO- + H+ + 2 H2     (3) 

CH3CH2COO- + 0.75 SO4
2 → CH3COO- + HCO3

- + 0.75 HS- + 0.25 H+    (4) 

CH3CH2COO- + 2 H2O → CH3COO- + CO2
 + 3 H2      (5) 

C12H22O11 + 5 H2O → 4 CH3COOH + 8 H2 + 4 CO2      (6) 

C12H22O11 + H2O → 2 CH3CH2CH2COOH + 4 H2 + 4 CO2     (7) 

 
The observed inhibition of sulfate reduction by trace metals can therefore be the result of trace 
metal inhibition of several pathways. The batch tests performed with butyrate and propionate 
with R2 sludge (Table 5.5) confirmed the trace metal inhibition in the degradation of both single 
substrates, indicating therefore that sulfate reducers and/or acetogens were inhibited by the higher 
trace metal concentrations. Batch tests with specific inhibitors for sulfate reducers, like 
molybdate, tungstate or anthraquinone derivatives (Oremland and Capone, 1988; Cooling et al., 
1996) and using hydrogen or acetate as substrates would allow to determine which pathway is 
more affected by trace metal concentrations. 
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4.2 Effect of absence of trace metals in the influent 

The stationary performance of R2 over the long run of 305 days without trace metals supply 
indicates that the absence of trace metals in the influent did not have a negative effect on the 
performance of the reactor. Moreover, when exposing R2 sludge after different times of reactor 
operation to different trace metal concentrations in the batch tests, higher concentrations were 
actually prejudicial to the activity (Table 5.5). This confirms that R2 sludge was not metal 
deprived, despite the long operation without addition of trace metals. However, the demiwater 
used for medium preparation was not completely free of metals, as Figures 5.8 to 5.12 indicate, 
and contained particularly high concentrations of Ni and Zn (up to 0.02 and 0.2 mg l-1, 
respectively). Although yeast extract was added also in R2, its contribution to the trace metal 
concentration in the reactor influent was negligible (maximum 1.3, 0.6 and 0.01 nM of Fe, Zn 
and Se, respectively). Therefore, the very small concentrations of trace metals in the influent 
were sufficient to sustain the microbial activity, at least with the moderate organic loading rate 
applied in this study. Given the presence of a stock of trace metals in R2 sludge, despite the 305 
day long run at pH 5, as Figures 5.8C to 5.13C show, it is possible that those trace metals can 
become available to the microorganisms by solubilisation and /or the production of strong 
complexes by the microorganisms (Bridge et al., 1999; Jansen et al., 2005).  

4.3 Effect of sulfide 

Fermentative bacteria are less sensitive to sulfide than SRB and methanogens (Maillacheruvu et 
al., 1993; Mizuno et al., 1998a). This study shows that no inhibition of the sucrose acidification 
was observed for sulfide concentrations up to 115 mg l−1 (Figures 5.1 and 5.3). This is in 
agreement with previous studies in thermophilic UASB reactors where sucrose degradation was 
found to be unaffected by sulfide concentrations up to 375 mg l−1 at pH 6 (Sipma et al., 1999; 
Lens et al., 2001) and up to 75 mg l-1 at pH 5 (Chapter 2). 
Sulfide concentrations of 100 mg l-1 were inhibitory to sulfate reduction at pH 5: lowering the 
sulfide concentrations to below 20 mg l-1 resulted in a fast increase in sulfate reduction efficiency 
in R1 from an average of 70% to 91% (Figure 5.2A). Moreover, the almost complete sulfate 
reduction efficiencies observed at a COD/SO4

2- ratio of 1, corresponding to a sulfate reduction 
rate of 4.19 g (lreactor d)-1, showed that sulfate reduction was not hampered by sulfide 
concentrations up to 50 mg l-1 (Figure 5.2A).   
Sulfide toxicity has been related with denaturation of proteins by acting as a cross-linking agent 
between polypeptide chains (Postgate 1984), with ceasing electron transport systems due to 
combination with the iron of the cytochrome and other essential iron-containing compounds in 
the cell (Madigan et al., 2000) or with precipitation of trace elements required as cofactors for 
enzyme systems (Postgate 1984). The latter hypothesis is not likely in this study, given the high 
dissolved concentrations of trace metals observed in R1. 
In Chapter 4, in a similar experiment with the same inoculum sludge as in the present study but 
performed at pH 6, it was shown that sulfide concentrations should be below 50 mg l-1 in order to 
get complete sulfate reduction at a COD/SO4

2- ratio of 1 with sucrose as the substrate. The 
present study also showed nearly complete sulfate reduction efficiencies with sulfide 
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concentrations up to 50 mg l-1 (Figure 5.2). Moreover, higher concentrations of undissociated 
sulfide, considered the most toxic form of sulfide to SRB (Reis et al., 1991c), were present in the 
present study, given the difference in pH. The incomplete sulfate reduction observed in R2 
(Figure 5.2) was very likely due to sulfide toxicity, as sulfide concentrations averaged 90 mg l-1 
during the reactor run (Figure 5.2).  

4.4 Effect of COD/SO4
2- ratio 

Sulfate reduction efficiencies above 90% were observed at both COD/SO4
2- ratios of 4 and 1 in 

R1, provided low sulfide concentrations were kept in the reactor (Figure 5.2). Given the same 
OLR, the electron flow to sulfide production was increased, while decreasing for VFA (Figure 
5.7). The increase in the amount of sulfate reduced in Period III was accompanied first by a 
decrease in butyrate concentrations, followed by decrease in the propionate, hydrogen and finally 
acetate concentration (Figure 5.5). This confirms that butyrate was the preferred substrate and 
acetate the least preferred substrate for sulfate reduction at low COD/SO4

2- ratio. The fact that 
butyrate concentrations decreased much before the decrease in hydrogen accumulation suggests 
that butyrate was used directly by SRB. There are contradictory reports on the competition 
between acetogens and SRB for butyrate. Visser (1995) concluded that acetogens are competitive 
with SRB at both low and high COD/SO4

2- ratios while Mizuno et al. (1994) and Omil et al. 
(1996) reported that butyrate is degraded faster by SRB than acetogens. Nevertheless, it is clear 
from the present study that sulfate reduction steers butyrate consumption, which was already 
noticed in the start-up phase in both reactors (Figure 5.4 and section 4.1), when the increase in 
sulfate reduction was accompanied by a decrease in butyrate concentrations and increase in 
acetate concentrations. Moreover, in episodes with decreased sulfate reduction efficiencies due to 
instability of the stripping unit, namely after day 88 and day 114 in R1, butyrate concentrations 
increased and acetate decreased. This is in agreement with a previous study under similar 
conditions as this one, in which the increased amount of sulfate reduced upon decreasing the 
COD/SO4

2- ratio from 9 to 3.5 was accompanied by a decrease in butyrate concentrations 
(Chapter 2). Also Reis et al. (1991b) and Mizuno et al. (1994) reported a similar relationship 
between the sulfate reduction rate and butyrate and acetate concentration, under mesophilic 
conditions. 
The decrease in COD/SO4

2- ratio from 4 to 1 in R1 provoked the restart of methane production, 
although still in low amounts, but which production had decreased sharply at the beginning of the 
reactor runs and was suppressed since day 64 (Figure 5.6B). The restart of methane production 
was accompanied by a decrease in hydrogen concentration (Figure 5.5). It seems contradictory 
that methanogenesis restarted following an increase in sulfate reduction, given the competition of 
these trophic groups for the same substrates. It is, however, in agreement with the findings of 
Chapter 4, in UASB reactor experiments at pH 6, where the lower susceptibility of methanogens 
than SRB to sulfide toxicity with hydrogen and acetate as the substrates was given as a possible 
explanation (Maillacheruvu and Parkin, 1996). However, in the present study, sulfide 
concentrations were kept low due to N2 stripping and small amounts of hydrogen were 
accumulating in the biogas already before the decrease in COD/SO4

2- ratio. Therefore, further 
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research is needed to understand the increase in methane production at higher sulfate loading 
rates. 

4.5 Trace metal dynamics 

This study shows that trace metal leaching from the inoculum sludge had an important 
contribution to the trace metal concentrations observed in both reactors at the beginning of the 
reactors runs. The inoculum sludge used in this study was harvested from a full scale UASB 
reactor operating at a pH of approx. 6.9 (Oude Elferink et al., 1998b). Therefore, given the 
important influence on the operational pH on trace metal dynamics, as in general metal solubility 
increases with decreasing pH, leaching from the granules’ trace metal stock is expected at pH 5. 
This study showed that the sludge was, nevertheless, still capable of accumulating several trace 
metals fed to the reactor at this pH value, namely Co, Ni, Cu, Zn, B, Se and Mo. 

4.5.1 Co and Ni 

Although Co and Ni leached from the inoculum sludge during the first 44 and 34 days in R1 and 
82 and 34 days in R2, respectively, the addition of 0.5 μM Co and Ni in R1 influent lead to Co 
and Ni accumulation in R1 sludge (Figure 5.8). In Chapter 3, based on leaching tests with 
Eerbeek sludge at 55°C, it was suggested that Co and Ni were present in the sludge mainly as 
sulfide precipitates, which both have a theoretical dissolution edge close to pH 5. Therefore, 
some solubilisation of CoS and NiS is expected at pH 5. Moreover, as Co and Ni tend to adsorb 
or co-precipitate onto Fe sulfide minerals (Watson et al., 1995; Morse and Luther, 1999), their 
solubilisation can be associated with Fe sulfide solubilisation, which also has a theoretical 
dissolution edge close to pH 5. The latter hypothesis is supported by the similar leaching 
behaviours of Fe, Co and Ni, which show maximum leaching rates in the same period (Figures 
5.8 and 5.9, Table 5.4). 
Co and Ni accumulated in R1 sludge mainly in the OM/S fraction (Figure 5.8C). This is in 
agreement with van Hullebusch et al. (2005a), which showed that the OM/S fraction has the 
highest sorption affinity for Ni and Co in Eerbeek sludge, under neutral conditions. However, in 
the latter study, the residual fraction shows the second highest affinity for Co and Ni, while in the 
present study, carbonate and exchangeable fractions accumulated more Ni and Co than the 
residual fraction. Ni and Co are, together with Mo, the only trace metals investigated 
accumulating in the exchangeable fraction. 

4.5.2 Fe and Mn 

Despite the higher Fe concentration fed to R1 (7.5 μM) in relation to the other trace metals, the 
R1 Fe stock decreased significantly and similarly to R2, to which no Fe was added (besides the 
0.16 μM Fe concentrations in demiwater). Nevertheless, Fe was still the nutrient with the highest 
concentration in the sludge from both reactors, except for Al and P (Figures 5.8 to 5.11). Mn was 
also almost completely leached from both sludges (Figure 5.9). Fe and Mn were the trace metals 
with the most extensive leaching from sludge, and with the highest leaching rate (Table 5.4), 
which is in agreement with the higher solubilities of Mn and Fe sulfides (Chapter 3). However, 
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given the very high Fe concentration in the inoculum sludge, Fe leaching from the sludge was 
observed throughout all R1 and R2 reactor runs, although at decreasing rates. Only at the end of 
both reactor runs Fe effluent concentrations were similar to the influent concentrations (Figure 
5.9A and B). 
Table 5.4 shows that Fe and Mn have similar maximum molar leaching rates (378 and 359 
nmol/(gTSS.d) in R1 and 510 and 358 μmol (gTSS d)-1 in R2, respectively), despite the fact that 
Mn leaching ceased faster. This is in agreement with Maes et al. (2003), who suggested that as Fe 
and Mn have similar atomic radii, Mn was partially present in mixed FeS/FeCO3 precipitates in a 
sulfide-rich freshwater sediment. 
The start of N2 stripping in R1 on day 88 caused a two-fold increase in effluent Fe concentrations 
(Figure 5.9A). This reflects the presence of Fe as sulfide precipitates in the sludge, which is in 
agreement with the findings of Chapter 3 and Jong and Parry (2003). Thus, the decrease in sulfide 
concentration caused by stripping with N2 (Figure 5.2A) provoked an increased Fe solubilisation. 
Co and Ni concentrations in the R1 effluent also increased with the start of N2 stripping (Figure 
5.8A), which supports the hypothesis of Co and Ni adsorption or co-precipitation onto Fe sulfide 
minerals (Watson et al., 1995; Morse and Luther, 1999). 

4.5.3 Zn, Cu and Al 

Cu and Zn accumulated in both reactors (Figure 5.10). Cu and particularly Zn were present in the 
demiwater used for influent preparation (Figure 5.10B), which explains the accumulation of these 
metals also in R2, to which trace metals were not intentionally added. In Chapter 3, a very low 
leaching extent of Cu and Zn from Eerbeek sludge in leaching experiments at pH 5 was observed 
(0.4 and 0.14%, respectively), which was in the agreement with the very low solubilities of the 
correspondent metal sulfides (Chapter 3) and accumulation of Cu and Zn in a UASB operating 
under similar conditions as the reactors in this study. Surprisingly, Cu leached from the sludge in 
the period 9-20 days of operation in both reactors (Figure 5.10). Moreover, Cu concentrations 
increased in the first days in both reactors and the period of maximum leaching rate started later 
than the other trace metals studied, although ending at the same time as Co, Ni and Fe (Table 
5.4). This suggests that Cu was associated to other minerals present in the sludge, besides its 
presence as discrete Cu sulfides.  
Al was not intentionally added in the influent of any reactor but was present in very high 
concentration in the inoculum sludge (Figure 5.10). Al leached from the reactors throughout the 
reactor runs, although corresponding to a small fraction of the Al stored in the granules (Figure 
5.10). The introduction of N2 stripping in R1 caused a two-fold decrease in Al effluent 
concentration. Given the likely presence of Al mostly as Al(OH)3 in the inoculum sludge 
(Chapter 3), the decrease in CO2 due to stripping might have contributed to the lower Al(OH)3 
solubilisation.  

4.5.4 B, Se and Mo 

Se and Mo were almost completely retained by the sludge in both reactors, while B leached from 
R2 sludge and in the first days of R1, accumulating in R1 sludge after that (Figure 5.11). B, Se 
and Mo were added to the medium as oxyanions. Zandvoort et al. (2005c) showed that the Se 
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accumulation in a mesophilic UASB treating methanol was independent of the addition of a 
sulfur source, which indicated that other mechanisms were involved in the accumulation of Se 
besides the mechanisms referred in 4.1.1.. In the same study, Zandvoort et al. (2005c) showed 
that Mo did not accumulate in the absence of a sulfur source, which supported the hypothesis that 
Mo immobilization can be due to the precipitation as molybdenite, after the reduction of 
molybdate. Similarly to the present study, Zandvoort et al. (2005c) observed accumulation of Se 
mainly in the OM/S fraction and accumulation of Mo in the OM/S and exchangeable fractions, 
despite the different inoculum sludge, temperature and substrate as compared to the present 
study. 
 

5 CONCLUSIONS 

 
• The presence of low concentrations of trace metals (7.5 μM Fe and 0.5 μM for the other trace 

elements) was inhibitory to sulfate reduction in thermophilic acidifying (pH 5) reactors (4 

gCOD (lreactor d)-1).  

• The absence of trace metals in the influent did not affect the performance of a thermophilic 

acidifying UASB reactor throughout the reactor run (305 days). 

• Sulfate reduction efficiencies up to 95% and complete acidification were achieved in the 

thermophilic acidifying UASB reactor at pH 5 and fed with trace metals (0.87 and 4.2 g (lreactor 

d)-1 at COD/SO4
2- ratios of 4 and 1, respectively) with N2 stripping. 

• Sulfide was toxic to sulfate reduction at a total dissolved concentration of 100 mg l-1. 

• At a COD/SO4
2- ratio of 1, acetate was the only substrate left in the reactor (only minor 

amounts of propionate and butyrate) under the applied loading rates. 

• Sulfate reduction was associated with butyrate consumption in both reactors. 

• Leaching from the inoculum sludge had an important contribution to the trace metal 

concentrations in the effluent of both reactors at the beginning of the reactors runs. Fe and Mn 

leached the fastest from the inoculum sludge. 

• Despite the operation at pH 5, Co, Ni, Cu, Zn, B, Se and Mo present in the influent 

accumulated in the sludge, mainly in the OM/S fraction.  
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Thermophilic (55°C) sulfate reduction at pH 4 
during the acidification of sucrose 

 
Abstract 
 
The feasibility of continuous sulfate reduction at pH 4.0 was investigated in a pH controlled 
thermophilic (55°C) upflow anaerobic sludge bed reactor fed with sucrose at a COD/SO4

2- ratio 
of 0.9 and an organic loading rate of 0.8 and 1.9 gCOD (lreactor d)-1 for a period of 78 days. A 
nearly complete sulfate reduction efficiency was achieved throughout the reactor run, 
corresponding to sulfate reduction rates of 0.91 and 1.92 g (lreactor d)-1 at sulfate loading rates of 
0.94 and 2 g (lreactor d)-1, respectively. Acidification was always complete and acetate was the only 
substrate left in the effluent. Sulfide concentration was kept below 20 mg l-1 by stripping with 
nitrogen gas and volatile fatty acids concentrations did not exceed 180 mgCOD l-1 in pseudo-
stationary states. The sludge was well retained in the reactor and kept its granular shape. Zn, Cu, 
Se, Mo and B accumulated in the sludge, while Co, Ni, Fe and Mn leached from the sludge, 
despite their continuous supply in the reactor influent. The bacterial diversity in the reactor 
sludge at the end of the reactor run was low and dominated by one acidifying species, resembling 
Thermoanaerobacterium sp., and one sulfate reducing species, resembling Desulfotomaculum sp..  
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1 INTRODUCTION  

Microbial dissimilatory sulfate reduction couples the oxidation of reduced organic or inorganic 
compounds to the reduction of sulfate or other oxidized sulfur compounds for energy gain, 
producing sulfide as metabolic product (Colleran et al., 1995). This process has been widely 
applied for the removal of oxidized sulfur compounds from wastewaters at circum-neutral pH 
conditions. For wastewaters with a low pH, caused either by the acidification of organic matter 
(Chapter 2) or by biogeochemical processes like in acid mine drainage (Neculita et al., 2007), its 
technological application becomes limited by the inhibition of biological sulfate reduction under 
acidic conditions, despite the absence of thermodynamic constraints. 
The lower pH limit of known pure cultures of sulfate reducing bacteria (SRB) is pH 4 (Hard et 
al., 1997). Nevertheless, sulfate reduction has been proven to occur at pH ≤ 3 in the acidic 
sediments of an Argentinean lake influenced by volcanism (Koschorreck et al., 2003). Sulfate 
reduction has also been observed in incubations of water from acid mine drainage accumulated in 
a dam composed of wood dust at initial pH 3 with saw dust cellulose as the substrate (Tuttle et 
al., 1969). Similarly, sulfate reduction occurred in incubations with sediments from an acid mine 
lake in Indiana at pH as low as 3.8 and different substrates (Gyure et al., 1990). 
Sulfate reduction was also observed in continuous packed bed column experiments inoculated 
with enrichments of sulfate reducers from mine sites (Elliott et al., 1998; Kolmert and Johnson, 
2001; Jong and Parry, 2006) or from horse manure fed with an influent at pH 3 (Tsukamoto et al., 
2004). It should, however, be noted that the effluent pH of these columns was always higher, in 
general higher than 5.5 and it is not clear at what pH the sulfate reduction occurred. Sen (2001) 
reported sulfate reduction in continuous reactors filled with glass beads fed with glycerol with the 
mixed liquor pH controlled at 2.5, 3.0, 3.5 and 4.0. The maximum sulfate reduction efficiency 
achieved was 38% at pH 4.0, decreasing further at the lower pH values investigated. The 
experiments lasted for 7 to 10 days and growth of SRB was not documented (Sen, 2001). For 
continuous reactor studies fed with non-acidified substrates, Reis et al. (1988) performed the 
reactor experiment with the lowest reactor mixed liquor pH. Continuously stirred tank reactors 
and upflow anaerobic filter reactors inoculated with sludge from a municipal wastewater 
treatment plant were operated at pH 5.4 for approximately 8 days with molasses slops as the 
substrate. The sulfate reduction efficiencies obtained were lower than 20% (Reis et al., 1988).  
This study investigated the effect of a mixed liquor pH of 4 on sulfate reduction in a reactor fed 
with sucrose at a COD/SO4

2- ratio of 0.9. For this purpose, a thermophilic (55°C) upflow 
anaerobic sludge bed (UASB) reactor was operated for 78 days and the acidification efficiency, 
sulfate reduction efficiency and metabolite production were determined. Trace metals retention in 
the reactors was assessed by monitoring their concentrations in the reactor effluent and in the 
sludge. A sequential extraction procedure was applied to the sludge to evaluate their distribution 
over different chemical fractions. At the end of the experiment, the microbial population present 
in the sludge was characterized using denaturing gradient gel electrophoresis (DGGE) and 
phylogenetic analysis. 
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2 MATERIALS AND METHODS 

2.1 Continuous bioreactor 

A 0.92 l UASB reactor as described in Chapter 2 was used in this study. Throughout the 
experiment, the reactor was operated at 55oC, a hydraulic retention time (HRT) of 10h and a 
superficial liquid upflow velocity of 1 m h-1 (by applying effluent recirculation). The COD/SO4

2- 
ratio was maintained at 0.9 throughout the experiment, while the organic loading rate (OLR) was 
0.8 gCOD (lreactor d)-1 in the first 37 days (Period I) and subsequently increased to 1.9 gCOD 
(lreactor d)-1 till the end of the 78 day long experiment (Period II) (Table 6.1).  
The experiment was always conducted with sulfide stripping by purging N2 gas (purity 99.999%, 
Hoekloos, Dieren, The Netherlands) as small bubbles (0.1-0.3 mm diameter) using a sintered 
glass gas sparger in a 20 ml stripping compartment placed in the recirculation line. The N2 gas 
flow was kept at 2.0 l h-1 and was controlled using a Brocks microprocessor control and read-out 
unit (SHO-rate, R-2-15-AAA, Fisher-Rosemount).  
The pH in the reactors was measured with a pH electrode (Hamilton, Hilkomij BV, Rijswijk, The 
Netherlands) and was controlled by automatic pH controllers (Endress and Hauser, Naarden, The 
Netherlands) by 0.1 M NaOH or 0.1 M HCl addition. The produced biogas was led through two 
waterlocks filled with NaOH (1 M) and zinc acetate (0.5 M), respectively, in order to remove 
CO2 and H2S. 

2.2 Inoculum sludge 

The UASB reactor was inoculated with 320 g wet fresh granular sludge from a thermophilic 
(55°C) reactor operating for 221 days at pH 5, an OLR of 4 gCOD (lreactor d)-1 and COD/SO4

2- 
ratio of 4 and 1 (Chapter 5), which had been originally inoculated with sludge harvested from a 
full-scale UASB reactor treating papermill wastewater (Industriewater Eerbeek B.V., Eerbeek, 
The Netherlands) (Oude Elferink et al., 1998b).  
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2.3 Medium 

The UASB reactor was fed a synthetic influent consisting of 
sucrose as model carbohydrate (sole electron donor and 
carbon source), sulfate and nutrients. Sulfate was added as 
sodium sulfate. The nutrients solution consisted of 
macronutrients and micronutrients as described in Table 6.2 
and yeast extract at an influent concentration of 2.2 mg l-1. In 
order to avoid precipitation in the storage vessels, the influent 
consisted of two different streams: 1. sucrose, sodium sulfate 
and potassium hydrogen phosphate; and 2. macronutrients 
(except for potassium hydrogen phosphate) and 
micronutrients. Both solutions were prepared with 
demineralised water and flushed for 10 minutes with N2 gas 
(purity 99.999%, Hoekloos, Dieren, The Netherlands) prior 
to being connected to the reactor pumps, in order to assure 
anaerobic conditions. Storage vessel 1 was kept at 4°C to 
prevent acidification. 
 

2.4 Sequential extraction procedure and pseudo-
total metal determination 

At the end of the experiment, the metal distribution in the 
sludge was investigated by a sequential extraction procedure 
based on Tessier et al. (1979) with some modifications 
(Osuna et al., 2004; van Hullebusch et al., 2005a) as in 
Chapter 3. Extractants of increasing reactivity were used in 
each subsequent step, so that the fractions obtained 
corresponded to metal species with lesser mobility. The 
pseudo-total metal content (TMC) was determined according 
to van Hullebusch et al. (2005a). The sequential extractions 
and the pseudo-total metal content were performed in 
triplicate on subsamples of about 1 g wet sludge.  
If the sum of the sequential extraction fractions and the TMC 
differed more than 25%, the sequential extraction results 
were not considered. All vessels used for metal analysis were 
previously cleaned in a 4 M HNO3 acid bath for at least 12 h. 
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Table 6.2 Macro and micronutrients composition of the reactor influent. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.5 Denaturing gradient gel electrophoresis 

At the end of the experiment, sludge was harvested to determine the major constituents of its 
microbial community. Genomic DNA was extracted directly from the concentrated biomass using 
the Ultra Clean Soil DNA extraction kit (MOBIO Laboratories, Inc. California, USA) according 
to the manufacturer’s protocol. Extracted DNA was stored at -20ºC, until further use. 
Amplification of 16S rRNA gene fragments was performed using the primer pair 341F-GC (5’ 
CCT ACG GGA GGC AGC AG 3’)/907R(5’ CCG TCA ATT CMT TTG AGT TT 3’) (Muyzer 
et al., 1995). The protocol used for the amplification of 16S rRNA gene fragments was the same 
as described previously (Muyzer et al., 1995). The quality of the PCR products was examined on 
1% (w/v) agarose gel and the yield was quantified by absorption spectrophotometry using the 
Nanodrop ND-1000 TM (NanoDrop Technologies, Delaware, USA).  
DGGE was performed as described by Schäfer and Muyzer (2001) using the D-Code system 
(Bio-Rad Laboratories, California, USA). After electrophoresis, the gels were incubated for 30 
min in a solution containing ethidium bromide (0.5 µg ml-1), rinsed for 20 min in Milli-Q water, 
and photographed using a Bio-Rad GelDoc station (Bio-Rad, California, USA). Individual bands 
were excised, resuspended in 20 µl of Milli-Q water, and stored overnight at 4ºC. A volume of 3 
to 5 µl of the supernatant was used for reamplification with the original primer sets. The 
reamplified PCR products were run again on a denaturing gradient gel to check their purity. Prior 
to sequencing, the PCR products were purified using the Qiaquick PCR purification kit 
(QIAGEN GmbH, Hilden, Germany).  

Macronutrient Compound Influent 
(mg l-1) 

N NH4Cl 8.72 
K K2HPO4 4.19 
P K2HPO4 1.66 
S MgSO4.7H2O 0.87 

Mg MgSO4.7H2O 0.66 
Ca CaCl2.2H2O 0.36 

Micronutrient  (μg l-1) 
Fe FeCl2 . 4H2O 436.3 
B H3BO3 5.6 
Zn ZnCl2 34.2 
Cu CuCl2. 2H2O 33.3 
Mn MnCl2. 4H2O 28.6 
Co CoCl2. 6H2O 30.7 
Ni NiCl2. 6H2O 30.6 
Se Na2SeO3. 5H2O 41.1 
W Na2WO4.2H2O 95.8 
Mo Na2MoO4.2H2O 50.0 
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2.5.1 Comparative sequence analysis.  

The obtained 16S rRNA gene sequences were imported into the ARB software program (Ludwig 
et al., 2004) and aligned using the automatic aligner function. The alignment was further 
corrected manually, and an optimized tree was calculated using the Neighbor-Joining algorithm 
with Felsenstein correction.  

2.6 Analysis 

Sugars (sucrose, glucose and fructose) and lactate were measured by High-Pressure Liquid 
Chromatography according to van Lier et al. (1997). Sulfate was measured by Ion 
Chromatography according to Sipma et al. (2004). Sulfide was fixed with zinc acetate and 
measured photometrically using the Lange sulfide cuvette test LCK653 (Hach Lange, Düsseldorf, 
Germany). Volatile Fatty Acids (VFA), alcohols and biogas composition were measured using 
Gas Chromatography according to Weijma et al. (2000). Total suspended solids (TSS) and 
volatile suspended solids (VSS) were determined according to standard methods (APHA, 1998). 
The biogas volume was measured by gas meters (Milligascounter, Ritter MGC-1, Bochum, 
Germany).  
Metal samples were filtered through a 0.2 μm microfiber filter (Whatman FP 30, Germany) and 
element determinations were performed with inductively coupled plasma – optical emission 
spectroscopy (ICP-OES, Vista-MPX CCD, Varian, Australia). The following wavelengths were 
employed: 396.152, 249.772, 396.847, 228.615, 324.754, 259.940, 766.491, 279.553, 257.610, 
202.032, 216.555, 213.618, 181.972, 196.026 and 213.857 nm for Al, B, Ca, Co, Cu, Fe, K, Mg, 
Mn, Mo, Ni, P, S, Se and Zn, respectively.  

3 RESULTS 

3.1 Reactor performance 

3.1.1 Sulfate reduction 

The sulfate reduction efficiency averaged 95% throughout the reactor run (Figure 6.1A). This 
corresponded to a sulfate reduction rate of 0.91 and 1.92 g (lreactor d)-1 in Periods I and II, 
respectively. Sulfate reduction dropped in the first three days from 97 to 90%, but subsequently 
increased to above 95%. On days 20 and 23, a malfunctioning in the stripping unit affected the 
pH control system causing pH values to oscillate between 3.4 and 4.6 for a period of approx. 16 
and 11 hours, respectively, which provoked a drop in the sulfate reduction efficiency. However, 
the recovery from this disturbance was fast and sulfate reduction efficiencies reached 93% on day 
25, increasing further to approx. 98% from day 32 onwards.  
The increase in OLR and sulfate loading rate (SLR) on day 37 caused an initial drop in sulfate 
reduction efficiency, which subsequently rose to approx. 98% four days after, corresponding to 
the doubling of the amount of sulfate reduced prior to the increase in OLR. On day 59, another 
problem with the stripping unit caused a pH drop to 2.6, resulting in a lowering of the sulfate 
reduction efficiency to 40%. The reactor recovered from this disturbance and the sulfate 
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reduction efficiency reached again 93% after 11 days, which was maintained till the end of the 
reactor run on day 78.  
The dissolved sulfide concentration in the reactor averaged 12 mg l-1 in Period I and reached a 
maximum of 23 mg l-1 in Period II (Figure 6.1B). In order to keep the pH at 4, HCl was added to 
the reactor at a rate of 19 and 36 mmol (lreactor d)-1 in Periods I and II, respectively, to compensate 
for the alkalinity generated by sulfate reduction (Table 6.1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.1 Sulfate reduction efficiency (A) and total dissolved sulfide effluent concentration (B). Sulfate 
influent ( ), sulfate effluent ( ), sulfate reduction efficiency ( ) and total dissolved sulfide 
effluent ( ). Vertical dashed lines indicate the increasing in the OLR from 0.8 to 1.9 gCOD (lreactor d)-1. 
 

3.1.2 Acidification and acidification products 

Acidification was complete throughout the reactor run (Figure 6.2A). i.e, no sucrose, glucose or 
fructose were detected in the reactor effluent. Lactate, methanol, propanol, butanol and pentanol 
were never detected. Ethanol was only detected on day 2 and 59 (data not shown), in the latter 
case coincident with the drop in sulfate reduction caused by pH oscillations.  
Acetate was the main VFA in the reactor effluent, with an average concentration of 37 mgCOD l-

1 and 133 mgCOD l-1 (Figure 6.2B). Propionate, butyrate and valerate were not detected, except at 
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the beginning of both Periods I and II and in the periods with problems in the stripping unit, 
coinciding with lower sulfate reduction efficiencies (around day 21 and 59). In those periods, the 
acetate and butyrate concentrations increased significantly (up to 297 and 114 mgCOD l-1, 
respectively) and the propionate concentration increased only slightly (Figure 6.2B).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.2 Acidification efficiency (A) and VFA effluent concentrations versus sulfate removed (B). A: 
Sucrose influent ( ), sucrose effluent ( ) and sucrose removal efficiency ( ). B: Acetate 
( ), propionate ( ), butyrate ( ) and sulfate reduction ( ). Vertical dashed lines indicate 
the increasing in the OLR from 0.8 to 1.9 gCOD (lreactor d)-1. 
 

3.1.3 Biogas production 

The biogas production rate was below 0.1 l (lreactor d)-1 throughout the reactor run (data not 
shown). Methane was only detected in the biogas in the first four days of the reactor run, 
hydrogen sulfide was not detected and the hydrogen content of the biogas was below 1%, except 
on day 61, when it reached 3% (on days 59 and 60, the biogas composition was not analysed). 
Carbon dioxide and nitrogen contents averaged 3% and 94% of the biogas, respectively. It should 
be noted that the N2 stripping diluted the other gases in the biogas. Moreover, as the stripping unit 
was placed in the recirculation line and the recirculation flow rate was high, part of the dissolved 
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gases were released in the stripping unit. Therefore, the biogas volumes measured after the three 
phase separator in the UASB reactor are not accurate. Consequently, it is impossible to accurately 
quantify the methane and hydrogen production rates from the data available.  

3.1.4 Electron flow 

Figure 6.3 shows that the share of electrons was mainly between sulfide and VFA (acetate) 
(Figure 6.3). Sulfide represented approx. 89 and 80% of the electron flow in Period I and II, 
respectively, while VFA represented 11 and 20%, respectively. Ethanol represented 10% of the 
electron flow on day 59. Please note that hydrogen and methane are not included in this balance 
because their production was not quantified due to the N2 stripping, as referred above. 
Nevertheless, the COD balance (data not shown) indicates that hydrogen and methane together 
did not account for more than an average of 10% of the electron flow.  
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Figure 6.3 Electron flow in the reactor. VFA ( ), ethanol ( ) and sulfide ( ).Vertical dashed 
line indicates the increasing in the OLR from 0.8 to 1.9 gCOD (lreactor d)-1. 
 

3.1.5 Trace metal dynamics 

3.1.5.1 Co and Ni 

Co and Ni leached from the sludge till approx. day 27, after which Co effluent concentrations 
were similar to influent concentrations while Ni continued to leach at a lower and constant rate 
(Figure 6.4A). At the end of the reactor run, Co was mainly present in the exchangeable and 
OM/S fraction, whereas Ni was present in the first three operationally defined fractions (Figure 
6.4B). Compared to the fractionation of the inoculum sludge, analyzed 30 days before the start of 
the present study, which was operating under similar conditions but at pH 5 and an OLR of 4 
gCOD (lreactor d)-1, the Co and Ni content decreased in the OM/S fraction and increased in the 
exchangeable fraction.  



 

 

164 

C
ha

pt
er

 6
 

3.1.5.2 Fe and Mn 

Fe and Mn leached from the inoculum sludge in the first 27 and 3 days, respectively, after which 
similar concentrations were found in the influent and effluent (Figure 6.4A). At the end of the 
reactor run, Fe was mostly present in the residual fraction, while Mn was distributed over the four 
fractions (Figure 6.4B). Both metals decreased in all fractions compared to the inoculum sludge, 
except for Mn in the carbonate fraction. 

3.1.5.3 Zn, Cu and Al 

Despite leaching of Zn, Cu and Al from the sludge in the first days of reactor operation, both Zn 
and Cu accumulate in the reactor during the reactor run, especially Cu (Figure 6.5A). Both metals 
accumulated mainly in the OM/S fraction of the sludge and also in the residual fraction. The Zn 
content also increased in the carbonate fraction.  
Al was not supplied in the reactor influent but it is presented given its high concentration in the 
sludge. Al leached from the sludge throughout the reactor run, with a higher rate during the first 
27 days (Figure 6.5A). Al was lost mainly from the OM/S and residual fractions of the sludge 
(Figure 6.5B). 

3.1.5.4 B, Se and Mo 

B, Se and Mo accumulated in the sludge throughout the reactor run (Figure 6.6A). Se and Mo 
accumulated mainly in the OM/S fraction and to a smaller extent in the residual fraction. Mo also 
increased in the exchangeable fraction (Figure 6.6B). 

3.1.6 Macronutrient dynamics 

3.1.6.1 Ca, Mg and K 

Ca, Mg and K leached from the sludge in the first three days, after which influent and effluent 
concentrations were similar (Figure 6.7A). Mg and K leached mainly from the exchangeable and 
OM/S fractions of the sludge (Figure 6.7B). 

3.1.7 P and S 

P leached from the sludge in the first 21 days of reactor operation, although with effluent values 
lower than influent values. P accumulated from day 21 onwards (Figure 6.7A). Nevertheless, the 
total P in the sludge decreased, especially from the residual phase (Figure 6.7B).  
S was not analysed in the influent and effluent of the UASB reactor, besides the sulfate and 
sulfide analysis described previously. The S concentration decreased in the OM/S fraction of the 
sludge and increased in the exchangeable and residual fractions (Figure 6.7B). 
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Figure 6.4 Dissolved Co, Ni, Fe and Mn concentration in reactor influent and effluent (A) (influent: 
closed symbols; effluent: open symbols) and fractionation and pseudo-total contents of Co, Ni, Fe and Mn 
in the inoculum and at the end of the reactor run (B) (  exchangeable, carbonates,  OM/S, 

 residual,  TMC). Vertical dashed lines indicate the increasing in the OLR from 0.8 to 1.9 gCOD 
(lreactor d)-1. 
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Figure 6.5 Dissolved Zn, Cu and Al concentration in reactor influent and effluent (A) (influent: closed 
symbols; effluent: open symbols) and fractionation and pseudo-total contents of Zn, Cu and Al in the 
inoculum and at the end of the reactor run (B) (  exchangeable, carbonates,  OM/S,  
residual,  TMC). Vertical dashed lines indicate the increasing in the OLR from 0.8 to 1.9 gCOD 
(lreactor d)-1. 
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Figure 6.6 Dissolved B, Se and Mo concentration in reactor influent and effluent (A) (influent: closed 
symbols; effluent: open symbols) and fractionation and pseudo-total contents of B, Se and Mo in the 
inoculum and at the end of the reactor run (B) (  exchangeable, carbonates,  OM/S,  
residual,  TMC). Vertical dashed lines indicate the increasing in the OLR from 0.8 to 1.9 gCOD 
(lreactor d)-1. 
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Figure 6.7 Dissolved Ca, Mg, Ka and P concentration 
in reactor influent and effluent (A) (influent: closed 
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increasing in the OLR from 0.8 to 1.9 gCOD (lreactor d)-1. 
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3.2 Granular sludge characteristics 

The granular form of the granules was maintained throughout the reactor run and the sludge was 
well retained in the reactor. During the reactor run, the colour of the granules change from dark 
grey to light grey with darker spots on the surface (Figure 6.8A). The inside of the granules was 
coloured lighter than the outside (Figure 6.8B). 
 
 

 
 

 
Figure 6.8 Photographs of the sludge at the end of the reactor run. (A) Intact granules and (B) Cut 
granules. Bars represent 2 mm (A) and 1 mm (B). 
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3.3 Population analysis 

The DGGE profile of the 16S rRNA from the 
sludge at the end of the reactor run showed just 
three intense bands (Figure 6.9), from which the 
two most intense, named SL1 and SL2, were 
excised and sequenced. The phylogenetic 
affiliation of the corresponding two 16S rRNA 
gene sequences is presented in Figure 6.10. Band 
SL1 showed high sequence similarity with the 
phylogenetic group of Thermoanaerobacterium, 
in particular with Thermoanaerobacterium 
aotearoense, while band SL2 showed high 
sequence similarity with the phylogenetic group 
of Desulfotomaculum. 

 
 

Figure 6.9 DGGE patterns of the 16S rRNA fragments.  
SL1 and SL2 bands were excised for sequence analysis. 

 
 

 
Figure 6.10 Phylogenetic tree showing the affiliation of SL1 and SL2, the most abundant species in the 
DGGE pattern.  
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4 DISCUSSION 

4.1 Sulfate reduction 

This study shows, for the first time, that a nearly complete sulfate reduction efficiency is possible 
in a continuously operating bioreactor with a mixed liquor controlled at pH 4 (Figure 6.1). Sulfate 
reduction rates as high as 1.92 g (lreactor d)-1 (approx. 45 mg (gVSS d)-1, based on the VSS added 
to the reactor at the beginning) were achieved in the thermophilic (55°C) UASB reactor used in 
this study, fed with sucrose at a COD/SO4

2- ratio of 0.9. Moreover, the biomass was not very 
sensitive to pH shocks, which was reflected in the fast recovery of the reactor performance after 
disturbances (Figure 6.1). 
Although several studies have claimed sulfate reduction at pH lower than 4 with water, sediment 
samples and/or enrichments from geothermal or acid mine drainage impacted locations in batch 
experiments or in short term continuous reactor runs (Tuttle et al., 1969; Elliott et al., 1998; 
Kolmert and Johnson, 2001; Tsukamoto et al., 2004; Jong and Parry, 2006), it was not clear at 
which pH sulfate reduction occurred, given that the effluent pH was higher. Nevertheless, the pH 
did not change more than 0.2 units in the batch tests of Gyure et al. (1990) and Kimura et al. 
(2006) performed batch tests with pH control, thus showing sulfate reduction at a low pH. 
However, the feasibility of these mixed cultures with continuous feeding was not assessed. 
Continuous sulfate reduction in a mixed liquor pH controlled at 4 has already been reported (Sen, 
2001) but with a low sulfate reduction efficiency (Table 6.3). Moreover, the experiments lasted 
only 7 days and growth of sulfate reducing bacteria was not proven. The sulfate reduction rates 
observed in this study, 0.91 and 1.92 g (lreactor d)-1 at a SLR of 0.94 and 2 g (lreactor d)-1, 
respectively, are substantially higher than the values found in literature at similar pH values 
(Table 6.3). Moreover, these values do not represent the maximum sulfate reducing capacity of 
the sludge, as higher sulfate loading rates were not tested in the present study. 
Given the granular form of the sludge used in the present study, the existence of pH gradients in 
the sludge where SRB could be active, as suggested for sediments by Tuttle et al. (1969) can not 
be excluded. However, it is unlikely that such zones would be maintained for a period of 78 days 
in a mixed liquor constantly at pH 4. Moreover, the SRB activity is generally located in the outer 
part of the granules (Santegoeds et al., 1999). To effectively conclude if sulfate reducers are 
present in zones with locally increased pH requires studies with H2S and pH microsensors (Lens 
et al., 1993; Santegoeds et al., 1999) combined with FISH or CARD-FISH (Santegoeds et al., 
1999; Speel et al., 1999; Pernthaler et al., 2002). 
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4.1.1 Sulfide and VFA toxicity 

The almost complete sulfate reduction efficiencies observed in this study contrasts the maximum 
65% and 40% sulfate reduction efficiencies (sulfate reduction rates of 0.27 and 0.38 g (lreactor d)-1, 
respectively) observed at an OLR of 3.5 gCOD (lreactor d)-1 and at COD/SO4

2- ratios of 9 and 3.5, 
respectively, in a study with the same operational pH, similar experimental conditions and 
inoculum (Chapter 2). Although the previous study was performed without N2 stripping, 
dissolved sulfide concentrations did not exceed 30 mg l-1. Therefore it is not likely that sulfide 
inhibition hampered the sulfate reduction in the study in Chapter 2. In contrast, VFA 
concentrations were much higher (approx. 1 gCOD l-1) (Chapter 2) compared to the present study 
(less than 180 mgCOD l-1, Figure 6.2B), due to the higher OLR and COD/SO4

2- ratios and low 
sulfate reduction efficiencies in the former. Undissociated organic acids are considered toxic to 
microorganisms because they can diffuse across the cell membrane and prevent the bacterial cell 
from maintaining a membrane potential and proton motive force (Gyure et al., 1990). At pH 4, 
acetate, propionate and butyrate are nearly 100% in the undissociated form, given the pKa values 
in the range of 4.80-4.93 at 55°C (Amend and Shock, 2001). Gyure et al. (1990) showed that 
organic acid concentrations higher than 5 mM completely inhibited SRB activity in sediments at 
pH 3.8, while Reis et al. (1990) reported 50% inhibition of SRB growth on lactate (pH 5.8 to 7.0) 
for undissociated acetic acid concentrations of approximately 54 mg l-1. Therefore, the higher 
sulfate reduction efficiencies observed in this study compared with Chapter 2 were likely enabled 
because the VFA concentrations were kept low. This could be further verified if in experiments 
with increasing COD/SO4

2- ratio, leading to accumulation of VFA due to sulfate limitation and 
the likely absence of acetoclastic methanogenesis at this pH (Chapter 2). If the sulfate reduction 
efficiency would decrease, despite the decrease in the sulfate loading rate, VFA toxicity could be 
proved. This would imply that it is impossible to achieve high sulfate reduction efficiencies in 
wastewaters with high COD/SO4

2- at low pH, given the impossibility of decreasing undissociated 
VFA concentrations to non inhibitory concentrations, unless the OLR applied is kept low. 

4.1.2 Growth conditions of the sludge 

Despite originally harvested from the Eerbeek full scale reactor operating at a pH of 6.9 in both 
cases, the growth conditions of the sludge differed between the present study and the study in 
Chapter 2. In the latter study, the inoculum sludge had been developed for 550 days at pH 6 at a 
COD/SO4

2- ratio of 9 with a sulfate reducing rate of 0.4 g (lreactor d)-1, whereas in the present study 
the sludge had been developed for 221 days at pH 5, of which the first 125 days at a COD/SO4

2- 
ratio of 4 with a sulfate reducing rate of 0.7 g (lreactor d)-1, followed by 96 days at a COD/SO4

2- 
ratio of 1 with a sulfate reducing rate of 4.2 g (lreactor d)-1. Therefore, the long operation of the 
inoculum at low sulfate concentrations (COD/SO4

2- ratio of 9) in Chapter 2 study most likely 
resulted in a specialized SRB population at pH 6 but in low numbers, given the low sulfate 
loading rate. On the contrary, the inoculum used in this study contained an active SRB population 
at pH 5 and in higher numbers, which very likely contributed to the high sulfate loading rates 
observed at pH 4. Molecular ecological tools such as FISH and DGGE (Wilderer et al., 2002), 
combined with activity tests of both sludges at different pH values, would be useful to assess 
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whether the history of the inoculum sludge had such an important role on the ability to achieve 
high rate sulfate reduction under acidifying conditions. 
It was not determined if growth of sulfate reducers effectively occurred in this study. The 
inoculum sludge used in this study was grown at pH 5 with a sulfate reducing activity of 4.2 g 
(lreactor d)-1, so it can be hypothesized that the original SRB population could be capable of 
reducing 0.91 g (lreactor d)-1 at pH 4 without any growth. However, the long operation time without 
a decrease in sulfate reduction efficiency and the fast doubling in sulfate reduction rate upon the 
doubling of the sulfate loading rate on day 37 (Figure 6.1) suggests that growth occurred. If 
otherwise, the lower sulfate reducing activity of the inoculum SRB at pH 4 and the high decay 
rates under thermophilic conditions would likely have caused a decrease in sulfate reduction 
efficiency over the experimental period. 

4.2 Acidification   

Acidification was complete throughout the reactor run, in agreement with the study in Chapter 2, 
who reported complete acidification of sucrose at pH 4 at an OLR of 3.5 gCOD (lreactor d)-1. This 
reflects the lower sensibility of acidifiers to low pH values in relation to SRB and was also 
verified in the episodes with accidental pH shocks, in which acidification was not affected (day 
20) or was less affected (day 59) than sulfate reduction efficiency. In this study, the COD/SO4

2- 
ratio was above stoichiometry, which means that there was not enough sulfate to oxidize all 
COD. Therefore, even with nearly complete sulfate reduction efficiencies, there was COD left in 
the effluent, given the absence of methanogenesis at this low pH. Acetate was the only form of 
substrate left in the effluent, which shows that it was the least preferred substrate for sulfate 
reduction, as observed at pH 6 (Chapter 4) and 5 (Chapter 5). 

4.3 Microbial populations 

The DNA-derived DGGE pattern of the 16S rRNA gene fragments indicated a population with a 
low bacterial diversity in the sludge at the end of the 78 day long reactor run at pH 4 (Figure 6.9). 
This is in agreement with the low bacterial diversity observed in the sludge of a lab-scale UASB 
reactor with similar operational conditions as this study but at pH 5 (Chapter 5) (data not shown). 
Although the microbial community of the inoculum used in this study was not determined, the 
sludge used to inoculate the reactor that provided the inoculum for this study originated from a 
full-scale UASB reactor treating papermill wastewater, with a much higher bacterial diversity 
(Roest et al., 2005).  
The sequence SL1, obtained from the most dominant band in the DGGE pattern, showed the 
highest sequence similarity with Thermoanaerobacterium aotearoense. This species was 
described by Liu et al.  (1996) as a thermophilic and moderately acidophilic bacteria, capable of 
growing in the pH range 3.8 to 6.8 and in the temperature range 35 to 66 °C, using glucose or 
xylose as the substrates. The second most abundant band in the DGGE pattern, SL2, showed the 
highest sequence similarity with the phylogenetic group of Desulfotomaculum, which are usually 
thermophillic Gram-positive, endospore forming, SRB. The finding of bacterial species closely 
related to thermophilic acidifiers and thermophilic sulfate reducers as the most abundant 
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populations present in the sludge is in accordance with the temperature (55°C), the substrate 
(sucrose) and the presence of sulfate in the reactor influent.  
The Desulfotomaculum species closely related to SL2 (Figure 6.10) are all neutrophilic (Cord-
Ruwisch and Garcia, 1985; Daumas et al., 1988; Nazina et al., 1988; Tasaki et al., 1991; Love et 
al., 1993; Fardeau et al., 1995; Liu et al., 1997; Kuever et al., 1999; Plugge et al., 2002). Isolation 
and physiological characterization of SL1 would be required to evaluate whether this species 
represents an acid-tolerant or an acidophile. To our knowledge, most studies trying to isolate and 
cultivate acidophilic or acid-tolerant SRB have been unsuccessful (Tuttle et al., 1969; Gyure et 
al., 1990). Exceptions are the studies of Hard et al. (1997) and Kimura et al. (2006). In the former 
study, a Gram-negative SRB strain (UFZ B 378) capable of growing at pH 4 was isolated and the 
growth of Desulfovibrio salexigens at pH 4.5 was observed. Unfortunately, the strain UFZ B 378 
was not phylogenetically characterized (Hard et al., 1997). Kimura et al. (2006) described an 
endospore forming SRB closely related to the Gram-positive neutrophile Desulfosporosinus 
orientis, that could grow in syntrophy with a Gram-negative (non SRB) acidophile, closely 
related with Acidocella aromatica in the pH range 3.8 to 4.2. However, the SRB isolate could not 
grow at low pH in pure culture (Kimura et al., 2006). 

4.4 Trace metal dynamics 

This study showed that Co, Ni, Fe and Mn partially leached from the sludge at pH 4 and that the 
Co, Ni, Fe and Mn added in the reactor influent washed-out in the acidifying UASB reactor at pH 
4 (Figure 6.4). This is in agreement with the high solubilities of the correspondent metal sulfides 
at pH 4, as also observed in Chapter 3. Despite the decrease in total Co and Ni concentration in 
the sludge, the Co and Ni present in the exchangeable fraction increased, which also agrees with 
the findings of Chapter 3 and indicates a higher bioavailability of the Co and Ni stored in the 
sludge at pH 4. Al leached from the sludge throughout the reactor run. However, the leached 
fraction was very small compared to the total Al in the sludge, which reflects the high strength of 
Al binding in the sludge. 
Contrary to the previously referred trace metals, Zn, Cu, Se and Mo and B adsorbed or 
precipitated in the reactor sludge (Figures 6.4, 6.5 and 6.6). Particularly Cu, Se and Mo were 
retained in the granular sludge bed, by more than 90% of their influent concentrations. The 
accumulation of Zn and Cu in the sludge at pH 4, mainly in the OM/S fraction is in agreement 
with the low solubilities of the correspondent sulfides, as also observed in Chapter 3. 
Immobilization of Se can be due to formation of insoluble metal selenides (Lenz et al., 2006) or 
selenite co-precipitation with sulfide to elemental selenium and sulfur (Hockin and Gadd, 2003). 
However, Zandvoort et al. (2005c) showed that the Se accumulation in a mesophilic UASB 
treating methanol at neutral pH was independent of the addition of a sulfur source. This indicates 
that probably other mechanisms are involved in the accumulation of Se. Mo immobilization in 
the sludge can be due to the precipitation of the mineral molybdenite (MoS2(s)) (Tucker et al., 
1997), after the reduction of molybdate. Zandvoort et al. (2005c) showed that Mo did not 
accumulate in the sludge in the absence of a sulfur source, which supports the previous 
hypothesis of Mo immobilization. Similarly to the present study, Zandvoort et al. (2005c) 
observed accumulation of Se mainly in the OM/S fraction and accumulation of Mo in the OM/S 
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and exchangeable fractions, despite the different inoculum sludge, pH, temperature and substrate 
as compared to the present study. 
The macronutrients Ca, Mg and K fed to the reactor washed-out in the effluent, with the 
exception of P, which was partially retained (N was not analysed). This agrees with the high 
solubilities of the sulfide, carbonate, phosphate and hydroxide minerals of Ca, Mg and K at pH 4 
(Chapter 3). CaHPO4 and CaSO4 could theoretically be formed, contrary to the experimental 
results of this study. The accumulation of P can tentatively be attributed to the formation of 
insoluble AlPO4, given the low solubility of this compound at pH 4 (Chapter 3).  

5 CONCLUSIONS 

• Sulfate reduction efficiencies up to 98% were achieved in a thermophilic (55°C) acidifying 

UASB reactor with the mixed liquor controlled at pH 4 at a COD/SO4
2- ratio of 0.9 over a 78 

day period. This corresponded to sulfate reduction rates of 0.91 and 1.92 g (lreactor d)-1 at a SLR 

of 0.94 and 2 g (lreactor d)-1, respectively. 

• Acidification was complete throughout the reactor run and acetate was the only form of 

residual substrate in the effluent. 

• The trace metals fed in the influent solution washed out of the reactor, except for Zn, Cu, Se, 

Mo and B which accumulated in the reactor sludge. The macronutrients Ca, Mg and K washed 

out while P partially accumulated. 

• The granular form of the biomass was maintained throughout the reactor run.  

• The main population present in the sludge at the end of the reactor run resembled 

Thermoanaerobacterium sp. and Desulfotomaculum sp..  
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    Chapter 
 
 

Performance of mesophilic (30oC) UASB and CSTR 
reactors for the treatment of sulfate rich wastewaters 

under acidifying conditions (pH 6 and 5) 
 
Abstract 
 
The effects of lowering the pH from 6 to 5 on mesophilic (30°C) sulfate reduction during the 
acidification of sucrose  (5 gCOD (lreactor d)-1) at a COD/SO4

2- ratio of 4 were evaluated in a 
CSTR at a HRT of 24 h and in a UASB reactor at a HRT of 10 h. Lowering the pH from 6 to 5 
caused a decrease in sulfate reduction efficiencies in both reactors, from 44% to 25% in the 
CSTR and from 95% to 34% in the UASB reactor. Acidification was complete in both reactors at 
pH 6 and the lowering of pH to 5 did not affect the acidification efficiency in the CSTR but 
caused a decrease in acidification efficiency in the UASB to 72%. The decrease to pH 5 caused 
an increase in the butyrate and ethanol concentrations in both reactors. Increasing the HRT of the 
UASB reactor to 24 h at pH 5 caused an increase in sulfate reduction and acidification 
efficiencies to 67% and 94%, respectively.  
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1 INTRODUCTION 

Two-phase anaerobic treatment systems are thoroughly used in the treatment of wastewaters with 
high concentrations of unacidified organic matter due to the improved overall treatment 
efficiency and stability induced by the physical separation of the acidogenic and methanogenic 
phases (Demirel and Yenigün, 2002; Ke et al., 2005). For unacidified wastewaters with high 
concentrations of sulfate, this two-stage configuration also allows for the separation of the sulfide 
production step from the methane formation step, thereby avoiding sulfide inhibition of 
methanogenesis as well as producing a less sulfide contaminated biogas in the methanogenic 
reactor (Nanninga, 1987; Reis et al., 1988; Mizuno et al., 1998a). 
Acidification, however, can cause an excessive lowering of the pH in acidification reactors 
(Romli et al., 1994). Reis et al. (1988) studied the effect of lowering the pH in the range 6.2 to 5.4 
on sulfate reduction in the acidification phase in continuously stirred tank reactors (CSTR) and 
upflow anaerobic filter reactors, reporting a decrease in sulfate reduction efficiency with 
decreasing pH, with less than 20% sulfate reduction efficiency at pH 5.4. 
Wastewater treatment plants using this two-phase configuration add NaOH to the acidification 
reactor to avoid excessive lowering of the pH and keep it at a pH of 6 (F. Van Esch, personal 
communication). If the operation of the acidification stage at a lower pH would be possible, the 
amount of NaOH added could be lowered, thereby making the wastewater treatment cheaper and 
more environmentally friendly. Besides, the separation of sulfide from the wastewater in the 
acidification stage would be easier as the fraction of gaseous sulfide increases with decreasing 
pH. 
This paper studies the effects of lowering the pH from 6 to 5 in the acidification reactor of a two-
phase anaerobic treatment system. Experiments were performed in a CSTR at a HRT of 24 h, a 
OLR of 5 gCOD (lreactor d)-1 and a COD/SO4

2- ratio of 4 at 30°C, similarly to the operational 
conditions of the acidification reactor of the two-phase wastewater treatment plant of a starch 
producing company, Cerestar (The Netherlands). The performance of the CSTR was compared to 
that of an upflow anaerobic sludge bed (UASB) reactor, initially with a HRT of 10 hour, typical 
for UASB reactors, and afterwards with a similar HRT as the CSTR, to allow for comparison of 
the efficiency between the two reactor configurations. The performances of the two reactors were 
determined in terms of acidification and sulfate reduction efficiencies as well as metabolite 
production.  

2 MATERIALS AND METHODS 

2.1 Experimental set-up 

One CSTR and one UASB reactor with an effective volume of 2.8 l each were used in this study. 
The CSTR (Figure 7.1) was made of hard PVC plastic with an internal diameter of 0.15 m and 
provided with an impeller connected to a Heidolph RZR 1 motor. The UASB was made of glass 
with an internal diameter of 0.1 m (schematic representation in Chapter 2). The reactors were 
kept at 30oC due to water heated in a thermostatic waterbath (Frigomix Thermomix 1441) and 
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recirculated in the rubber hose covering the outer surface of the CSTR or in the double-wall of 
the UASB reactor. The influent was fed to the bottom of the reactors using peristaltic pumps 
(Gilson Minipuls 2 and Watson Marlow 505S) and in order to keep the upflow velocity at 1 m h-1 

in the UASB reactor, the effluent was recirculated using a peristaltic pump (Watson Marlow 503 
S). The pH in the reactors was measured with a pH electrode (Hamilton, Hilkomij BV, Rijswijk, 
The Netherlands) and was controlled by automatic pH controllers (Endress and Hauser, Naarden, 
The Netherlands) by 0.15 M NaOH or HCl addition on the top of the CSTR or in the recirculation 
line of the UASB reactor. The produced biogas was led through a waterlock filled with NaOH (2 
M) and a column filled with soda lime pellets in order to remove CO2 and H2S.  

2.2 Inoculum 

The reactors were inoculated with a mixture of sludges from the acidification CSTR and 
methanogenic UASB reactor of the wastewater treatment plant of Cerestar (Sas van Gent, The 
Netherlands). These two sludges were mixed as the CSTR had a very low biomass concentration 
and some sludge from the methanogenic UASB reactor is recirculated to the acidification CSTR 
in the treatment plant. The sludge originating from the CSTR was composed of small light 
yellowish flocs, while the sludge from the UASB reactor was composed of black granules. These 
two sludges were mixed at a ratio of 15/85, respectively, on VSS basis, and crushed prior to 
inoculation of the reactors in order to provide similar initial conditions in the CSTR and in the 
UASB reactor. The initial biomass concentration in the reactors was 18.8 gVSS l-1. 
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Figure 7.1 Schematic representation of the CSTR used in this study. 1: pH electrode; 2: pH controller; 3: 
NaOH; 4: HCl; 5: safety bottle; 6: NaOH; 7: soda lime pellets; 8: gas meter, 9: waterbath; 10: rubber hose. 

2.3 Medium 

The reactors were fed a synthetic influent consisting of sucrose as a model carbohydrate (sole 
electron donor and carbon source), sulfate and nutrients. The concentrations of sucrose and 
sulfate, added as sodium sulfate, depended on the applied HRT (Table 7.1). The nutrient solution 
consisted of macro and micronutrients according to Vallero et al. (2003).  

2.4 Experimental design 

Throughout the experiment, the two reactors were operated at an average organic loading rate 
(OLR) of 5 gCOD (lreactor d)-1 and a COD/SO4

2- ratio of 4, similarly to the conditions of the 
acidification CSTR of Cerestar. The HRT applied was 10 h in the UASB reactor and 24 h in the 
CSTR, similarly to the HRT used in the respective reactor configurations in Cerestar wastewater 
treatment plant. In order to investigate the effect of low pH, both reactors were operated at pH 6 
until day 77 (Period I), after which the pH was lowered to 5 (Period II). In order to directly 
compare the performance of the two reactors, the HRT of the UASB reactor was increased to the 
same HRT of the CSTR, 24 h, on day 167 (Period III). The total duration of the experiment was 
150 and 230 days for the CSTR and for the UASB reactor, respectively. 
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Nutrients 

Sucrose and sulfate (at 4°C)
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2.5 Analysis 

Sugars (sucrose, glucose and fructose) and lactate were measured by High-Pressure Liquid 
Chromatography according to van Lier et al. (1997). Sulfate was measured by Ion 
Chromatography according to Sipma et al. (2004). Sulfide was fixed with zinc acetate and 
measured photometrically according to Trüpper and Schlegel (1964). Volatile fatty acids (VFA), 
alcohols and biogas composition were measured using Gas Chromatography, according to 
Weijma et al. (2000). VSS was analyzed according to standard methods (APHA, 1998). The 
volume of biogas produced in the reactors was measured using a wet-type precision gas meter 
(Schlumberger Industries, Dordrecht, The Netherlands) till day 63 and 101 in the CSTR and in 
the UASB reactor, respectively, after which the biogas production was measured using Mariotte 
flasks. 

3 RESULTS 

3.1 Acidification 

During operation at pH 6 (Period I), the CSTR and the UASB reactor showed a nearly complete 
acidification efficiency (Figure 7.2). In the CSTR, a lower efficiency was observed on days 35 to 
39, probably due to the lack of influent on days 31 and 38, which was caused by clogging of 
influent tubes. It should be noted that the sucrose influent concentrations were different in the 
CSTR and in the UASB reactor, which was determined by the different HRT applied in the two 
reactors at the same OLR (Figure 7.3). The decrease in pH to 5 on day 77 (Period II) caused a 
decrease in acidification to 72% in the UASB reactor, while the CSTR showed only a small drop 
on the first day, after which the acidification efficiency rose to nearly 100% again. When the 
HRT in the UASB reactor was increased to 24 h on day 167, similar to the HRT as the CSTR, the 
acidification efficiency rose to approx. 94% in 13 days.  
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Figure 7.2 Acidification efficiencies in the CSTR and in the UASB reactor. Sucrose influent ( ), 
sucrose effluent ( ), sucrose removal efficiency ( ). 
 
 

Figure 7.3 Organic loading rate (OLR) ( ) and hydraulic retention time (HRT) ( ) applied to the 
CSTR and to the UASB reactor.  
 

3.2 Sulfate reduction 

The sulfate reduction efficiency reached only 43% after about 45 days of operation in the CSTR 
while in the UASB reactor it reached approx. 95% after 18 days of operation in Period I (Figure 
7.4A). Operation at pH 5 caused a decrease of the sulfate reduction efficiency to 25% and 34% in 
the CSTR and in the UASB reactor, respectively. Increasing the HRT in the UASB to 24 h 
induced an increase in sulfate reduction efficiency to 67%. 
Effluent sulfide concentrations averaged 115 mg l-1 and 100 mg l-1 in the CSTR and in the UASB 
reactor, respectively, in Period I. Decreasing the pH to 5 (Period II) caused a decrease in sulfide 
concentration to 70 mg l-1 and 60 mg l-1 in the CSTR and in the UASB reactor, respectively. The 
increase in HRT in the UASB reactor (Period III) caused an increase in sulfide concentration to 
105 mg l-1 (Figure 7.4B). 
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Figure 7.4 Sulfate reduction efficiencies (A) and total dissolved sulfide effluent concentrations and 

reactor pH (B) in the CSTR and in the UASB reactor. Sulfate influent ( ), sulfate effluent ( ), 

sulfate reduction efficiency ( ), total dissolved sulfide effluent ( ), pH ( ). 
 

3.3 Acidification products  

3.3.1 VFA 

The total VFA concentration was higher in the CSTR than in the UASB reactor but it should be 
noted that sucrose influent concentrations were higher in the CSTR than in the UASB reactor as 
well (Figures 7.2 and 7.5). In the CSTR, the VFA concentration was approx. 2000 mgCOD l-1 

already from the first days of operation (Figure 7.5). Butyrate was the main VFA produced (1500 
mgCOD l-1) during the first 18 days, but the butyrate concentration subsequently decreased 
sharply, while the acetate concentration started to increase. Also the propionate concentration 
increased, although to a lesser extent. This shift in VFA coincided with the increase in sulfate 
reduction and sulfide concentrations (Figures 7.4 and 7.5). In pseudo-stationary state, the main 
VFA produced was acetate (1500 mgCOD l-1). In the UASB reactor, VFA concentrations 
increased in the first 50 days up to a concentration of 1250 mgCOD l-1. The main VFA produced 
was acetate (850 mgCOD l-1) with lower amounts of propionate and butyrate (less than 250 
mgCOD l-1) (Figure 7.5). 

0

300

600

900

1200

1500

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

Time (days)

Su
lfa

te
 (m

g 
l-1

)

0

20

40

60

80

100

Sulfate reduction (%
)_

0

20

40

60

80

100

120

140

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
Time (days)

Su
lfi

de
 (m

g 
l-1

)

0

1

2

3

4

5

6

7

8

pH

CSTR

0

300

600

900

1200

1500

0 20 40 60 80 100 120 140 160 180 200 220
Time (days)

Su
lfa

te
 (m

g 
l-1

)

0

20

40

60

80

100

Sulfate reduction (%
)_

0

20

40

60

80

100

120

140

0 20 40 60 80 100 120 140 160 180 200 220
Time (days)

Su
lfi

de
 (m

g 
l-1

)

0

1

2

3

4

5

6

7

8

pH

UASB

BA



 
Sulfate reduction in mesophilic UASB and CSTR acidification reactors 

 

 
 

187 

C
ha

pt
er

 7
 

The decrease in pH caused an increase in total VFA concentration in the CSTR to 2600 mgCOD 
l-1 (Figure 7.5). Acetate concentrations did not change relatively to the previous Period I, but 
propionate and butyrate concentrations increased to maximum values of approx. 750 mgCOD l-1. 
Propionate concentrations increased first and started to decrease after day 97, followed by an 
increase in butyrate concentration. Also the valerate concentrations increased in Period II in the 
CSTR, up to 150 mgCOD l-1. In the UASB reactor, the decrease in pH caused a decrease in total 
VFA concentration to 850 mgCOD l-1 (Figure 7.5). The acetate concentration decreased and 
butyrate concentration increased in the effluent of the UASB reactor in Period II. 
The increase in the HRT in the UASB reactor (Period III) caused an increase in VFA production 
to approx. 2500 mgCOD l-1, similarly to the CSTR in Period II (Figure 7.5). Acetate was still the 
main VFA produced in Period III in the UASB reactor, but comparatively to the CSTR in Period 
II (similar operational conditions), the UASB showed higher acetate concentrations and lower 
propionate, butyrate and valerate concentrations. The propionate concentration in the UASB 
reactor increased comparatively to Period II while the butyrate concentration was approximately 
the same, after an initial increase with the increase in HRT.  
 

Figure 7.5 VFA effluent concentrations in the CSTR and in the UASB reactor. Total VFA ( ), acetate 
( ), propionate ( ), butyrate ( ), valerate ( ). 
 

3.3.2 Lactate and alcohols 

The CSTR showed high concentrations of both lactate and ethanol in Period I (Figure 7.6). 
Lactate concentrations up to 1800 mgCOD l-1 were observed in the first 20 days, decreasing to 
approx. 900 mgCOD l-1, in pseudo-stationary state. On days 39 and 41, lactate concentrations 
were much lower, which was probably caused by the lack of influent on days 31 and 38. The 
ethanol concentration in the CSTR was approx. 200 mgCOD l-1 in this Period. Lactate was 
detected at the start-up of the UASB reactor, but decreased subsequently to below 30 mgCOD l-1 
in Period I (Figure 7.6). Ethanol was below 30 mgCOD l-1 except around day 18, when it was 
detected up to 112 mgCOD l-1. 
The decrease in pH (Period II) caused a significant decrease in lactate concentration in the CSTR 
to maximum concentrations of 500 mgCOD l-1 while in the UASB reactors the lactate 
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concentration increased slightly (Figure 7.6). In both reactors, the ethanol concentration increased 
with the decrease in pH (Period II), up to an average of 500 mgCOD l-1 in the CSTR and 300 
mgCOD l-1 in the UASB reactor. 
The increase in the HRT of the UASB reactor (Period III) caused an increase in both lactate and 
ethanol concentrations (Figure 7.6). However, after reaching peak concentrations on days 180 
and 173 for lactate and ethanol, respectively, both concentrations decreased gradually till approx. 
300 mgCOD l-1 at the end of the reactor run.  
 
 

Figure 7.6 Ethanol ( ) and lactate ( ) effluent concentrations in the CSTR and in the UASB 
reactor. 
 

3.4 Biogas production 

Biogas production was only significant in Period I in the CSTR and decreased to nearly zero at 
approx. day 40. The decrease in pH did not change this low biogas production rate, but on days 
97, 121 and 129 a higher biogas production rate was observed (Figure 7.7). In the UASB reactor, 
the biogas production rate reached 0.5 l (lreactor d)-1 in the first 30 days of reactor operation, after 
which it decreased to nearly zero at the end of Period I, which did not change with the decrease in 
pH (Period II) or the increase in OLR (Period III) (Figure 7.7). In the CSTR, the methane fraction 
in the biogas was only 5% on day 39, while in the UASB reactor, it was about 43% (Table 7.2). 
On the other hand, the biogas of the CSTR contained more hydrogen (6%) than the UASB reactor 
(< 2%). The decrease in pH (Period II) caused a decrease in the methane content of both reactors. 
The hydrogen fraction of the biogas was kept similar in the CSTR but increased to 25% in the 
UASB reactor, which did not change with the increase in the HRT. However, given the low 
amounts of biogas produced (Figure 7.7), the hydrogen production in the UASB reactor was still 
very low (less than 0.05 gCOD (lreactor d)-1). 
 

0

200

400

600

800

1000

1200

1400

1600

1800

2000

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
Time (days)

Et
ha

no
l o

r l
ac

ta
te

 (m
gC

O
D

 l -1
)

0

200

400

600

800

1000

1200

1400

1600

1800

2000

0 20 40 60 80 100 120 140 160 180 200 220
Time (days)

Et
ha

no
l o

r l
ac

ta
te

 (m
gC

O
D

 l -1
)

UASBCSTR



 
Sulfate reduction in mesophilic UASB and CSTR acidification reactors 

 

 
 

189 

C
ha

pt
er

 7
 

Table 7.2 Hydrogen, methane and carbon dioxide fractions in the biogas of the UASB and CSTR. 

Reactor Period Biogas composition (%) 
    H2S CH4 H2 CO2 

UASB I < 2 43.30 ± 14.01 < 2 24.43 
 II < 1 7.56 ± 1.64 24.90 ± 9.89 20.65 ± 3.56 
 III na 4.10 ± 0.45 27.64 ± 4.25 26.59 
      

CSTR I < 1 5.07 5.91 ± 2.89 27.83 
  II < 2 2.37 ± 0.76 5.76 ± 2.08 27.49 ± 3.76 

na = not analysed 
 
 

Figure 7.7 Biogas production in the CSTR and in the UASB reactor. 
 

3.5 Electron flow 

VFA production was the main electron sink throughout both reactor runs (Figure 7.8). In the 
CSTR at pH 6 (Period I), approx. 55% of the electrons were channelled to VFA production. 
Lactate accounted for approx. 40% of the electron flow in the first 45 days, decreasing 
subsequently to 25%. The third most important electron sink was sulfide, averaging 9% of the 
electron flow. In the UASB reactor at pH 6 (Period I), in pseudo stationary-state, VFA production 
accounted for approx. 75% of the electron flow and sulfide approx. 20%. Lactate accounted for 
up to 40% of the electron flow in the first 5 days and methane up to 20% until day 60. 
Decreasing the pH to 5 (Period II) in the CSTR caused an increase of the electron flow to VFA to 
approx. 65%, while the electron flow to lactate decreased significantly and to ethanol increased 
up to 20% of the electron flow. In the UASB reactor, the lower pH caused a decrease in VFA 
contribution to the electron flow (to approx. 50%), while non-degraded sucrose increased to 
approx. 30% of the electron flow (Figure 7.8). The electron flow to ethanol and lactate also 
increased in Period II in the UASB to 10 and 4, respectively.  
The increase in HRT in the UASB reactor (Period III) caused an increase in the VFA (to 60%) 
and a decrease in the residual sucrose (to 5%) contributions to the electron flow. Sulfide 
accounted to approx. 13% of the electron flow.  
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Figure 7.8 Relative electron flow in the CSTR and in the UASB reactor. Residual sucrose ( ), lactate 
( ), VFA ( ), alcohols ( ), sulfide ( ) and methane ( ). Hydrogen is not plotted 
because it represented less than 0.5% of the electron flow in both reactors. 

3.6 Sludge characteristics 

At the end of the reactor run, the CSTR sludge consisted of suspended sludge, very small flocs 
and filaments and inorganic particles which are probably ion exchange resin particles used in the 
producing process at Cerestar (Figure 7.9B). In the UASB reactor, although the sludge was well 
retained, granulation did not occur over the complete reactor run. The crushed sludge used to 
inoculate the reactor formed only small flocs (Figure 7.9A) and on some occasions, viz. days 116, 
119 and 213, the sludge bed divided in two parts, the upper one lifting to the three-phase 
separator, suggesting a gelation of the sludge bed. Nevertheless, gentle stirring was enough to re-
homogenise the sludge bed on those occasions.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.9 Photographs of the sludge at the end of the reactor runs in the CSTR (A) and in the UASB 
reactor (B). Bars represent 1 mm. 
 

0

0.4

0.8

1.2

1.6

2

2.4

2.8

3.2

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
Time (days)

C
O

D
 c

on
ve

rs
io

n 
ra

te
(g

C
O

D
 (l r

ea
ct

or
 d

) -1
)

0

0.4

0.8

1.2

1.6

2

2.4

2.8

3.2

0 20 40 60 80 100 120 140 160 180 200 220
Time (days)

C
O

D
 c

on
ve

rs
io

n 
ra

te_
(g

C
O

D
 (l r

ea
ct

or
 d

) -1
)

CSTR UASB

A B 



 
Sulfate reduction in mesophilic UASB and CSTR acidification reactors 

 

 
 

191 

C
ha

pt
er

 7
 

4 DISCUSSION 

4.1 Effect of reactor configuration on acidification and sulfate reduction 

This study showed that the reactor configuration is very important in determining the extent of 
sulfate reduction in the acidification phase at low pH. At pH 5 and similar HRT, the UASB 
reactor performed much better than the CSTR, with sulfate reduction efficiencies of 67 and 24%, 
respectively. This agrees with the findings of Reis et al. (1988) which reported higher sulfate 
reduction efficiencies in a fixed film reactor than in a CSTR in the pH range 6.6 to 5.4 and 
indicates that SRB were effectively retained in the UASB reactor. 
On the other hand, the CSTR performed slightly better than the UASB reactor in terms of 
acidification efficiency, with averages of 99% and 93%, respectively. However, the incomplete 
acidification efficiency in the acidification reactor might be beneficial, as it can promote 
granulation in the second-phase methanogenic UASB reactor. Indeed, the presence of a certain 
fraction of high energy substrates (7-27% of the COD) is considered beneficial for granulation 
due to the higher capacity of acidogenic bacteria to produce extracellular polymers 
(Vanderhaegen et al., 1992; Thaveesri et al., 1995b; Grootaerd et al., 1997).  
The crushed inoculum sludge used to inoculate the UASB reactor did not evolve into granules 
during the 230 day-long reactor run, despite the fact that 85% of the inoculum sludge was 
granular sludge from the methanogenic UASB reactor of the Cerestar wastewater treatment plant. 
The flocculent biomass developed in the UASB reactor, nevertheless, effectively immobilized 
SRB, given the higher sulfate reduction rates observed compared with the CSTR reactor under 
similar conditions and the same HRT. The lack of granulation contrasts the findings of Mulder 
(1990), who reported granulation during mesophilic acidification of glucose (10 g l-1) in gas-lift 
reactors at pH 5.5 and suggested that a decrease in pH from 6.4 to 5.9 actually enhanced 
granulation. However, granulation was only achieved at HRT lower than 5 h, which is lower than 
the HRT used in this study. Previous studies with the same influent and similar experimental 
conditions but under thermophilic conditions showed the feasibility of maintaining a good quality 
granular sludge at pH values as low as 4, given a granular inoculum (without prior crushing) 
(Chapter 3). This warrants further research on granulation with non-acidified, sulfate rich 
influents at low pH. 
Romli et al. (1994) reported that lowering the pH from 6.0 to 5.3 in the acidification CSTR of a 
mesophilic two-phase anaerobic treatment system treating molasses led to a reduction in the 
external alkali addition by 30% without any significant deterioration in the final effluent quality. 
Although the overall treatment efficiency of the two-phase anaerobic treatment system was not 
evaluated in this study, the decrease in the pH from 6 to 5 caused a 45% and 68% decrease in 
NaOH addition for pH control in the CSTR and UASB reactor, respectively (Table 7.1). 

4.2 Effect of pH on sulfate reduction in the acidifying phase 

This study showed that mesophilic (30°C) sulfate reduction is possible in the acidification stage 
of a two-phase anaerobic treatment process at pH 6 and 5, both in a UASB reactor and in a CSTR 
(Figure 7.2). This is in agreement with previous studies at pH 6 in CSTR and upflow filters under 
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mesophilic conditions (Reis et al., 1988; Mizuno et al., 1998a; Ren et al., 2007) and in UASB and 
EGSB reactors under thermophilic conditions ((Sipma et al., 1999; Lens et al., 2001; Lens et al., 
2003); Chapters 2 and 6). To our knowledge, this study shows for the first time the feasibility of 
mesophilic sulfate reduction at pH 5 in the acidification stage.  
In the CSTR, a poor sulfate reduction efficiency (44%, 0.43 g (lreactor d)-1) was observed at pH 6. 
This agrees with the 59% and 33% sulfate reduction efficiencies reported by (Reis et al., 1988) in 
a molasses fed CSTR with an HRT of 22, at pH 6.2 and 5.8, respectively, at a similar COD/SO4

2- 
ratio as in this study but with higher influent sulfate concentrations (4-5 g l-1). However, higher 
sulfate reduction efficiencies have been reported by Ren et al. (2007) and Mizuno et al. (1998b) 
in CSTR fed with molasses or sucrose, respectively, at pH 6. 
In the UASB reactor, however, the sulfate reduction efficiency averaged 95% at pH 6, equivalent 
to a sulfate reduction rate of 0.93 g (lreactor d)-1. At a similar COD/SO4

2- ratio but influent sulfate 
concentration of 4-5 g l-1, Reis et al. (1988) reported a 78% and 31% sulfate reduction efficiency 
in mesophilic upflow filters fed with molasses at pH 6.2 and 5.8, respectively, at a HRT of 22 h, 
and 100% and 47%, respectively, at a HRT of 29 h. Under thermophilic conditions, a sulfate 
reduction efficiency of 66% (0.75 g (lreactor d)-1) has been achieved in a UASB reactor operated 
with the same operational conditions and COD/SO4

2- ratio as in this study (Chapter 4) and 
complete sulfate reduction efficiencies have been reported at higher COD/SO4

2- ratios (6.7, 8 and 
10) in UASB and EGSB reactors fed with sucrose, sucrose and VFA or starch, sucrose, lactate 
and VFA at pH 6 ((Sipma et al., 1999; Lens et al., 2001; Lens et al., 2003) and Chapter 2). 
Decreasing the pH from 6 to 5 caused a decrease in the sulfate reduction efficiency in both 
reactors, to an average of 25% in the CSTR and 34% in the UASB reactor, equivalent to sulfate 
reduction rates of 0.32 and 0.33 g (lreactor d)-1, respectively (Figure 7.4). It should be noted that the 
UASB reactor was operated at a HRT of 10 h while the CSTR was operated at a HRT of 20 h 
(Table 7.1). The increase of the HRT in the UASB to 24 hours, comparable to the CSTR 
conditions, provoked an increase in the sulfate reduction efficiency to 67%, equivalent to a 
sulfate reduction rate of 0.77 g (lreactor d)-1. The study on mesophilic sulfate reduction in the 
acidification stage with the lowest mixed liquor pH was performed by Reis et al. (1988) at pH 5.4 
in CSTR and upflow filters fed with molasses (COD/SO4

2- ratio approx. 9) at HRT of 29 h but 
with very low sulfate reduction efficiencies, viz. 8 and 18%, respectively (0.33 and 0.66 g (lreactor 
d)-1, respectively). At a HRT of 22 h, the sulfate reduction efficiency further dropped to 7% in the 
upflow filter (0.33 g (lreactor d)-1) (Reis et al., 1988). Under thermophilic conditions, however, 
higher sulfate reduction efficiencies, viz. 90-100% were already demonstrated together with the 
acidification of sucrose at pH 5 in UASB reactors at a HRT of 10 h (Chapters 2 and 5). Similar 
sulfide and VFA concentrations were observed in Chapter 2 and in the UASB reactor in the 
present study. This indicates that the mesophilic biomass in the present study was more sensitive 
to sulfide and VFA toxicity than the thermophilic granular biomass used Chapter 2 and/or that a 
larger or more active population of SRB was present in the latter study.  

4.3 Effect of pH on acidification efficiency and pathways  

Acidification was nearly complete at both pH 6 and 5 in the CSTR. However, in the UASB 
reactor, operating at a shorter HRT, the lowering of the pH from 6 to 5 caused a decrease in 
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acidification efficiency to 72% (Figure 7.2). This confirms previous studies that show a decrease 
in the acidification rate at pH lower than 6. Zoetemeyer et al. (1982c) showed that in mixed 
culture systems, the optimum growth of a population of glucose consuming bacteria occurred in a 
pH range of 5.8-6.2 and a 50% decrease in the growth rate was observed at pH 5. The decrease in 
acidification rates at pH 5 comparatively to pH 6 was also reported by Sipma et al. (1999) and 
Lens et al. (2003) under thermophilic conditions. Remarkably, the acidification efficiency did not 
increase in the UASB during the 90 days of operation at pH 5 and HRT of 9 h. This shows that 
growth was indeed limited at pH 5.  
Increasing the HRT in the UASB reactor to 24 h, provoked a fast increase in the acidification to 
nearly complete, which compares to the acidification performance of the CSTR at the same pH, 
and proves that acidification in the UASB reactor was indeed limited by the HRT. Moreover, the 
higher sucrose, VFA and sulfide concentrations observed in the UASB reactor at a HRT of 24 h 
compared to the HRT of 10 h (Figures 7.2, 7.4 and 7.5), as result of the higher sucrose and sulfate 
influent concentrations, excluded the inhibition of acidogenesis by sucrose, acidification products 
or sulfide as the factors dictating the lower acidification efficiency observed in the UASB reactor 
at a HRT of 10 h.  
Besides affecting the acidification efficiency, the pH affected the fermentation products obtained. 
The decrease in pH from 6 to 5 caused in both reactors an increase in butyrate and ethanol 
production. Moreover, it caused a decrease in acetate and increase in hydrogen production in the 
UASB and an increase in propionate and decrease in lactate production in the CSTR. Other 
studies on carbohydrate fermentation under mesophilic and thermophilic conditions show a 
decrease in the fraction of acetate relatively to the total VFA produced with the decrease of pH 
together with an increase in the fraction of butyrate ((Reis et al., 1991b; Romli et al., 1994; Fang 
and Liu, 2002; Hwang et al., 2004; Zheng and Yu, 2004; Rodriguez et al., 2006) and Chapter 2).  
When sulfate is present in the wastewater, the decrease in sulfate reduction observed with the 
lowering of the pH can also contribute to the changes in the acidification products observed at 
lower pH. Reis et al. (1991b) and Chapter 5 showed that sulfate reduction was associated with 
butyrate consumption and acetate production in acidification reactors. Therefore, the increase in 
butyrate and concomitant increase in the acetate concentrations with the decrease in sulfate 
reduction efficiency observed in the UASB reactor (Figures 7.4 and 7.5) can be ascribed to the 
inhibition of incomplete butyrate oxidizing SRB and/or to the inhibition of hydrogenotrophic 
SRB in syntrophy with acetogenic bacteria.  
The increase in ethanol production at low pH has also been reported by Kisaalita et al. (1987) and 
Ren et al. (1997), although at lower pH values. Kisaalita et al. (1987) reported increased 
production of ethanol below pH 4.5 in the fermentation of lactose and Ren et al. (1997) described 
an ethanol-type fermentation from molasses around pH 4.5. An increase in propionate 
concentration was also observed by Romli et al. (1994) with the decrease in pH from 6.0 to 5.3, 
but this was accompanied by an increase in lactate, which is not in agreement with the results of 
the present study. In fact, the lactate concentration decreased remarkably when the pH was 
lowered from 6 to 5 in the CSTR (Figure 7.6). The decrease in lactate concentration coincided 
with the increase in ethanol and propionate concentrations (Figures 7.5 and 7.6) and further 
oscillations in lactate concentration were always coincident with opposite oscillations in ethanol 
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and propionate (Figures 7.5 and 7.6) which suggests a correspondent shift in the acidification 
pathways or the favoured conversion of lactate into propionate and ethanol at pH 5.  
 

5 CONCLUSIONS 

• Mesophilic (30°C) sulfate reduction is possible in the acidification stage at pH 6 and 5 at an 

OLR of 5 gCOD (lreactor d)-1 and a COD/SO4
2- ratio of 4 in CSTR and UASB reactors.  

• Decreasing the pH from 6 to 5 decreased the sulfate reduction efficiencies from 44% to 25% 

and from 95% to 34% in the CSTR and in the UASB reactor, respectively.  

• Complete acidification of sucrose occurred at pH 6 in both reactors. At pH 5, acidification was 

complete in the CSTR but decreased to 72% in the UASB.  

• The decrease to pH 5 caused an increase in butyrate and ethanol concentrations in both 

reactors. Furthermore, the propionate concentration increased and lactate concentration 

decreased in the CSTR, whereas acetate concentration decreased in the UASB reactor.  

• Lowering the pH from 6 to 5 caused a 45% and 68% decrease in NaOH addition for pH control 

in the CSTR and UASB reactor, respectively. 

• For a similar HRT, at pH 5, the CSTR performed worse than the UASB reactor in terms of 

sulfate reduction (25% versus 67%) and slightly better in terms of acidification efficiency 

(99% versus 94%). 

• Granulation did not occur in the UASB reactor under the conditions applied. 
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1 INTRODUCTION 

The objective of this thesis was to determine the operational window of dissimilatory sulfate 
reduction at low pH (pH 6, 5 and 4) in organic wastewaters. High sulfate reduction efficiencies at 
low pH are desirable for a more sustainable operation of acidification reactors in a two-phase 
wastewater treatment system, as less caustic needs to be added to keep the pH at the set-point 
and/or the effluent recirculation from the second (methanogenic) reactor could be skipped. The 
low pH would also facilitate the removal of sulfide by stripping, as the fraction of gaseous sulfide 
increases with decreasing pH, and phase separation, as methanogenesis is inhibited at low pH. 
Prior to this study, to our knowledge, there were no studies reporting sulfate reduction in the 
acidification stage with a mixed liquor pH lower than 5.4, and sulfate reduction efficiencies were 
reported to substantially decrease when the reactor pH became lower than 6.2 (Reis et al., 1988).   
This chapter summarizes and discusses the main findings of this thesis. 

2 SUMMARY 

Figures 8.1 and 8.2 illustrate the topics addressed in this thesis and its main conclusions.  
In chapters 2 and 3, the effect of a low pH (6, 5 and 4) was investigated in terms of UASB reactor 
performance, sludge characteristics and metal dynamics. Chapter 2 studied the effect of pH (6, 5 
and 4) and different COD/SO4

2- ratios (9 and 3.5) on the sulfate reduction and acidification of 
sucrose at an OLR of 3.5 gCOD (lreactor d)-1 in thermophilic UASB reactors. Acidification was 
complete for the three pH values and COD/SO4

2- ratios investigated, while the sulfate reduction 
efficiency decreased with decreasing pH. Sulfate reduction was complete at pH 6 and a 
COD/SO4

2- ratio of 9. At pH 5, sulfate reduction efficiencies were 80-95% for both COD/SO4
2- 

ratios (9 and 3.5). At pH 4, sulfate reduction efficiencies further dropped to 55-65% at a 
COD/SO4

2- ratio of 9 and 30-40% at a COD/SO4
2- ratio of 3.5. The pH decrease from 6 to 5 or 4 

caused a shift in the acidification products from mainly acetate to butyrate, as well as a higher 
production of ethanol, mainly at pH 4. At pH 4, there was no propionate or methane formed and 
hydrogen concentrations in the biogas reached 50%, equivalent to a hydrogen yield of 1.3 mol H2 
(mol glucose)-1. 
Chapter 3 studied the metal dynamics and the sludge characteristics in the three UASB reactors 
described in chapter 2 and in batch leaching experiments performed at pH 6, 5 and 4 under 
thermophilic conditions. In the continuously operating UASB reactors, most metals leached from 
the sludge granules except for Co at pH 6, Al at pH 6 and 5 and Cu and Zn at all three pH values 
investigated. At the end of the UASB reactor runs, the sludge granules were almost deprived of 
Fe and Mn both at pH 5 and 4. Sequential extraction of the metals from the sludge showed that 
the predominant fractions involved in metal accumulation changed with the pH. 
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Despite the significant changes in the inorganic composition of the sludge granules, the granular 
form of the sludge was kept at the different pH values and sulfate loading rates applied, and no 
significant washout occurred, though the granular strength decreased at pH 5 and 4. The colour of 
the granules changed gradually from black to grey during the operation at pH 6 and to a pale 
yellow during the operation at pH 5 and 4. The batch leaching tests showed that decreasing the 
pH led to increased solubilisation of metals from the sludge in the leaching experiments within 48 
hours. For many metals (Co, Ni, Fe, Zn and Al), the difference between pH 6 and 5 was very 
small. For the three pH values investigated, the degree of leaching was the highest for the 
macronutrients K, Ca and Mg while for the other micronutrients leaching decreased in the 
following order: Mn > Ni ≈ Co ≈ Fe > Al ≈ Zn ≈ Cu. The most likely chemical species 
responsible for metal storage in Eerbeek sludge were evaluated by comparing the degree of 
solubilisation in the batch leaching tests with the theoretical solubilisation (OLI software) of 
different metal precipitates.  
 

In Chapter 4, the effect of the COD/SO4
2- ratio (4 and 1) and the sulfide concentration on the 

sulfate reduction and acidification of sucrose at pH 6 in thermophilic UASB reactors was 
evaluated at an OLR of 4.5 gCOD (lreactor d)-1. Acidification was complete at all the conditions 
tested and the electron flow was similar at the two COD/SO4

2- ratios applied but sulfate reduction 
efficiencies were only 65% and 25-35% for the COD/SO4

2- ratios of 4 and 1, respectively. The 
stepwise decrease of the sulfide concentrations in the reactors with a COD/SO4

2- ratio of 1 by N2 
stripping caused an immediate stepwise increase in the sulfate reduction efficiencies, indicating a 
reversible inhibition by sulfide. The degree of reversibility was, however, affected by the growth 
conditions of the sludge. Acidifying sludge pre-grown at pH 6, at a COD/SO4

2- ratio of 9 and 
exposed for 150 days to 115 mg l-1 sulfide showed a slower recovery from the sulfide inhibition 
than a freshly harvested sludge from a full scale treatment plant (pH 7 and COD/SO4

2- = 9.5) 
exposed for a 70 days to 200 mg l-1 sulfide. In the latter case, the decrease of the sulfide 
concentration from 200 mg l-1 to 45 mg l-1 (35 mg l-1 undissociated sulfide) by N2 stripping 
caused an immediate increase of the sulfate reduction efficiency from 35% to 96%.  
 

Chapter 5 studied the effect of trace metal concentrations, sulfide concentrations and COD/SO4
2- 

ratios (4 and 1) on the sulfate reduction and acidification of sucrose (4 gCOD (lreactor d)-1) in 
thermophilic UASB reactors at pH 5. For that, trace metals were added to one UASB reactor (7.5 
μM Fe and 0.5 μM for the other trace elements) and omitted in the influent of a second UASB 
reactor. The influence of different trace metal concentrations was further assessed in batch tests 
performed with the sludge from the reactor receiving no trace metals. The low concentrations of 
trace metals fed to the first reactor were inhibitory to sulfate reduction, while the absence of trace 
metals in the influent did not affect the performance of the second UASB reactor throughout the 
305 day long reactor run. Sulfate reduction efficiencies up to 95% (0.87 and 4.2 g (lreactor d)-1 at 
COD/SO4

2- ratios of 4 and 1, respectively) and complete acidification were achieved in the trace 
metal fed UASB reactor with N2 stripping. Sulfide was toxic to sulfate reduction at a total 
dissolved concentration of 100 mg l-1. At a COD/SO4

2- ratio of 1, acetate was the only substrate 
left in the reactor (only minor amounts of propionate and butyrate) under the applied loading 
rates. Metal leaching from the inoculum sludge had an important contribution to the trace metal 
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concentrations in the effluent of both reactors at the beginning of the reactors runs. Fe and Mn 
leached the fastest from the inoculum sludge. Despite the operation at pH 5, Co, Ni, Cu, Zn, B, 
Se and Mo added in the influent accumulated in the sludge. 
 

Given the low sulfate reduction efficiencies observed at pH 4 in Chapter 2 even with low sulfide 
concentrations in the reactor, a higher sulfate reduction efficiency at pH 4 was aimed at in 
Chapter 6 by keeping VFA concentrations also low. For that, the reactor was started up with an 
active sludge at pH 5 and with a low OLR (0.8 gCOD (lreactor d)-1), which was subsequently 
increased to 1.9 gCOD (lreactor d)-1, at a COD/SO4

2- ratio of 0.9. A nearly complete sulfate 
reduction efficiency was achieved throughout the 78 day long reactor run, corresponding to 
sulfate  rates of 0.91 and 1.92 g (lreactor d)-1 at sulfate loading rates of 0.94 and 2 g (lreactor d)-1, 
respectively. Acidification was always complete and acetate was the only substrate left in the 
effluent. Sulfide was kept below 20 mg l-1 by stripping with nitrogen gas and volatile fatty acids 
concentrations did not exceed 180 mgCOD l-1 in pseudo-stationary states. The sludge was well 
retained in the reactor and kept its granular shape. Zn, Cu, Se, Mo and B accumulated in the 
sludge, while Co, Ni, Fe and Mn leached from the sludge, despite their continuous supply in the 
reactor influent. The biodiversity in the reactor sludge at the end of the reactor run was low and 
dominated by one acidifying species, resembling Thermoanaerobacterium sp., and one sulfate 
reducing species, resembling Desulfotomaculum sp..  
 

In Chapter 7, the feasibility of decreasing the pH from 6 to 5 in the acidification reactor of a 
two-phase treatment plant of a starch producing company was evaluated. Experiments were 
performed at 30°C and in a CSTR with a HRT of 24 hours, OLR of 5 gCOD (lreactor d)-1 and a 
COD/SO4

2- ratio of 4, similarly to the conditions at the treatment plant. Furthermore, the 
performance of a UASB reactor at a HRT of 10 and 24 h was evaluated with the same OLR and 
COD/SO4

2- ratio. Both reactors were inoculated with a crushed mixture of sludges from the 
reactors from the wastewater treatment plant. Lowering the pH from 6 to 5 caused a decrease in 
sulfate reduction efficiencies in both reactors, from 44% to 25% in the CSTR and from 95% to 
34% in the UASB reactor. Acidification was complete in both reactors at pH 6 and the lowering 
of pH to 5 did not affect the acidification efficiency in the CSTR but caused a decrease in 
acidification efficiency in the UASB to 72%. The decrease to pH 5 caused an increase in the 
butyrate and ethanol concentrations in both reactors. Increasing the HRT of the UASB reactor to 
24 h at pH 5 caused an increase in sulfate reduction and acidification efficiencies to 67% and 
94%, respectively. Therefore, the UASB reactor performed much better in terms of sulfate 
reduction than the CSTR. 
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3 SULFATE REDUCTION AT LOW pH IN THE ACIDOGENIC PHASE 

Table 8.1 shows that there are no thermodynamic limits for sulfate reduction at low pH values 
(pH range 3 to 7). For the possible SRB substrates in an acidification reactor: lactate, ethanol, 
butyrate, propionate, acetate and hydrogen, the Gibbs free energy change is lower than -20 
kJ/mol substrate at pH values lower than 7, which means that the maximum energy gain by 
performing those reactions is enough for ATP generation (Heijnen, 2001). In fact, most sulfate 
reduction reactions become even more exergonic with the decrease in pH. Moreover, also at 
lower pH, SRB conversions are thermodynamically more favorable than the correspondent 
methanogenic or acetogenic conversions with the same substrates (Table 8.1).      
 
Table 8.1 Stoichiometry and Gibbs free energy changes of sulfate-reducing, methanogenic and acetogenic 
reactions involved in the degradation of organic matter in anaerobic bioreactors. 
 ΔG (kJ/reaction) 
Reaction pH 3 pH 4 pH 5 pH 6 pH 7 
Hydrogen      
4 H2 + SO4

2- + 2 H+→ H2S  + 4 H2O -193.6 -181.0 -168.5 -156.4 -146.4 
4 H2 + CO2 → CH4 + 2 H2O -126.0 -126.0 -125.8 -124.8 -120.9 
Acetate      
CH3COO-  + SO4

2- + 3 H+ → 2 CO2 + H2S + 2 H2O -114.9 -102.0 -87.6 -72.4 -64.1 
CH3COO- + H+ → CH4 + CO2 -47.3 -47.0 -44.9 -40.8 -38.6 
Propionate      
CH3CH2COO- + 0.75 SO4

2  + 1.5 H+ → CH3COO- + 0.75 H2S + CO2
  + 

H2O 
-76.4 -67.1 -58.2 -50.4 -46.8 

CH3CH2COO- + 1.75 SO4
2  + 4.5 H+ → 1.75 H2S + 3 CO2

  + 3 H2O -191.3 -169.1 -145.8 -122.9 -110.9 
CH3CH2COO- + 2 H2O → CH3COO- + CO2

  + 3 H2 68.8 68.7 68.2 66.9 63.0 
Butyrate      
CH3CH2CH2COO- + 0.5 SO4

2 → 2 CH3COO- + 0.5 H2S -41.6 -35.8 -32.0 -31.2 -32.4 
CH3CH2CH2COO- + 1.5 SO4

2  + 3 H+ → CH3COO- + 2 CO2
  + 2 H2O + 

1.5 H2S 
-156.5 -137.8 -119.6 -103.7 -96.5 

CH3CH2CH2COO- + 2.5 SO4
2  + 6 H+ →  4 CO2

  + 4 H2O + 2.5 H2S -271.5 -239.9 -207.2 -176.1 -160.5 
CH3CH2CH2COO- + 2 H2O →  2 CH3COO- + H+ + 2 H2 55.2 54.8 52.3 47.0 40.8 
Ethanol      
C2H5OH + 1.5 SO4

2- → CH3COO- + 0.5 H2S + H2O -81.8 -75.8 -71.8 -70.8 -72.0 
C2H5OH + 1.5 SO4

2- + 3 H+ → 2 CO2 + 1.5 H2S + 3 H2O -196.7 -177.9 -159.4 -143.3 -136.1 
C2H5OH + H2O → CH3COO- + H+ + 2 H2 15.0 14.7 12.5 7.4 1.2 
C2H5OH + CH3COO- → CH3CH2CH2COO- + H2O -40.4 -40.3 -39.9 -39.6 -39.6 
Lactate      
CH3CH(OH)COO- + 0.5 SO4

2- + H+ → CH3COO- + H2O + CO2 +  
0.5 H2S 

-115.0 -107.2 -98.4 -92.4 -91.2 

CH3CH(OH)COO- + H2O → CH3COO- + CO2 + 2 H2 -18.2 -16.7 -14.2 -14.2 -18.0 
CH3CH(OH)COO- + H2 → CH3CH2COO- + H2O -87.0 -85.4 -82.4 -81.1 -80.9 
ΔG values for standard concentrations (with the exception of H+) and 55°C, calculated using thermodynamic data 
from Heijnen (2001) and Amend and Shock (2001), pKa values from Amend and Shock (2001) and Henry’s law 
constants from Sander (1999). ΔG values are corrected for the pH speciation of weak acids.  
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Chapter 2 showed that indeed sulfate reduction is possible in the acidification phase of anaerobic 
wastewater treatment in UASB reactors at pH values as low as 6 till 4. It represented the first 
study reporting continuous sulfate reduction in a bioreactor with the reactor liquid controlled at 
pH 5 and 4. However, decreasing the pH from 6 to 5 and 4 caused a decrease in the sulfate 
reduction efficiency, especially to pH 4 (Figure 8.3A). Nevertheless, the long reactor runs (pH 6: 
425 days; pH 5 and pH 4: 190 days) with significant sulfate  efficiencies opened new perspectives 
in relation to sulfate reduction processes at low pH. 
Sulfate reduction was not outcompeted by other trophic groups as H2, ethanol and VFA, 
considered good substrates for SRB at least at neutral conditions, were available in the reactors in 
high concentrations (Chapter 2). Therefore, Chapters 4 to 6 in this thesis tried to understand the 
main factors causing the SRB inhibition at low pH values.   

3.1 Sulfide toxicity 

This thesis showed the strong effect of sulfide on sulfate reduction at low pH. Figure 8.3 
summarizes the sulfate reduction efficiencies and rates achieved in reactor experiments without 
sulfide removal (Figure 8.3A) and with sulfide removal (Figure 8.3B). Chapter 4 clearly showed 
that at pH 6 and COD/SO4

2- ratio of 1, the presence of sulfide at a concentration of approx. 200 
mg l-1 caused the low sulfate reduction efficiencies obtained (35%). The stepwise decrease in 
sulfide by N2 stripping caused an immediate stepwise increase on the sulfate reduction, which 
indicated a reversible inhibition. At sulfide concentrations lower than 45 mg l-1, sulfate reduction 
reached 96%. In chapter 5, the decrease in sulfide concentration from 100 to 20 mg l-1 resulted in 
a fast increase in sulfate reduction efficiency from approx. 70% to 91% at pH 5 and COD/SO4

2- 
ratio of 4. The reversible character of sulfide inhibition of SRB had been already proposed 
(Okabe et al., 1992; Reis et al., 1992; O'Flaherty and Colleran, 1999a) but the results obtained in 
this thesis demonstrated reversible sulfide inhibition at low pH, based on continuous reactor run 
studies over considerable time spans. A sulfide concentration below 50 mg l-1 and 25 mg l-1 
allowed nearly complete sulfate reduction efficiencies also at pH 5 and 4, respectively, at a 
COD/SO4

2- ratio of 1 (Chapters 5 and 6).  The results from Chapter 2 and 6 also showed that 
sulfide toxicity was not the factor dictating the low sulfate reduction efficiencies observed at pH 
4 in Chapter 2, given that similar sulfide concentrations were observed in Chapters 2 and 6. 
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Figure 8.3 Sulfate reduction efficiency, sulfate reduction rate, total dissolved sulfide and VFA 
concentrations in the effluent in the thermophilic experiments at pseudo-steady-state without sulfide 
removal (A) and with sulfide removal (B) by N2 stripping (Chapters 2, 4, 5 and 6) at different COD/SO4

2- 
ratios (9: , 4:  and 1: ). Repeated bars at pH 6 and at pH 5 refer to sludges with different growth 
conditions (pH 6: chapter 4 and pH 5: chapters 2 and 5). All experiments were performed at an OLR of 
approx. 4.5 gCOD (lreactor d)-1 except for the experiment at pH 4 with stripping, which was performed at an 
OLR of 1.9 gCOD (lreactord)-1. 
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3.2 VFA toxicity 

The undissociated form of VFA is considered the most toxic because it can diffuse across the cell 
membrane and prevent the bacterial cell from maintaining a membrane potential and proton 
motive force (Gyure et al., 1990). The pKa of acetate, propionate and butyrate are in the range of 
4.80-4.93 at 55°C (Amend and Shock, 2001), which means that approximately 7%, 40% and 90% 
of those acids are in the undissociated form at pH 6, pH 5 and 4, respectively. Therefore, the 
decrease in pH from 6 to 5 and 4 has a big impact on the toxicity of the produced VFA. In the 
experiments performed in this thesis without N2 stripping, total VFA concentrations in the 
effluent were between 7 and 17 mM (Figure 8.3A). The experiments at pH 5 and 4 showed 
undissociated VFA concentrations higher than the 5 mM reported by Gyure et al. (1990) as 
completely inhibitory for sulfate reduction in sediments at pH 3.8. Also acetate concentrations 
were higher than the 0.9 mM (54 mg l-1) undissociated acetate that provoked 50% inhibition of 
SRB growth on lactate in the experiments of Reis et al. (1990).  
Chapters 4 and 5 showed that, in the absence of sulfide toxicity, the SRB were able to use the 
VFA in high concentrations at pH 6 and 5, respectively, up to nearly complete sulfate reduction 
efficiency (Figure 8.3A versus Figure 8.3B). Therefore, it was confirmed that the factor dictating 
the lower sulfate reduction efficiencies prior to sulfide removal was not, or at least not only, VFA 
toxicity. At pH 4, however, the low sulfate reduction efficiencies in the experiment described in 
Chapter 2 were not related to sulfide toxicity, given the low sulfide concentrations (below 30 mg 
l-1) in the reactor. On the other hand, inhibitory concentrations of undissociated VFA were 
present in the reactor (Figure 8.3A), which indicated VFA toxicity as one possible cause of the 
low sulfate reduction efficiency observed, besides the direct effect of the low pH. Moreover, the 
batch tests performed in Chapter 5 showed an increased lag phase with increasing initial VFA 
concentration, suggesting VFA toxicity. Therefore, in Chapter 6, VFA concentrations were kept 
low by applying a lower OLR (0.9 gCOD (lreactor d)-1), which was subsequently increased to 1.8 
gCOD (lreactor d)-1), a low COD/SO4

2- ratio (0.9) and by using an active inoculum at pH 5, in order 
to avoid accumulation of VFA. The achievement of complete sulfate efficiencies in Chapter 6 
showed, firstly, that 25 mg l-1 were indeed not toxic to SRB at pH 4 and, secondly, that high 
sulfate reduction rates at pH 4 were possible at VFA concentrations lower than 2 mM. However, 
the maximum VFA concentrations that SRB can withstand, as well as the maximum sulfate 
reduction capacity at pH 4 were not evaluated in this study, as higher sulfate loading rates were 
not tested. Moreover, the difference in inoculum and trace metal concentrations between the 
studies described in Chapters 2 and 6 do not allow concluding that VFA toxicity was the only 
cause of the low sulfate reduction efficiencies observed in Chapter 2. 
This could be further verified in experiments with increasing COD/SO4

2- ratio, leading to 
accumulation of VFA due to sulfate limitation and the likely absence of acetoclastic 
methanogenesis at this pH value (Chapter 2). Sulfide concentrations should be kept low to avoid 
inhibition by sulfide. If the sulfate reduction efficiency would decrease, despite the lower sulfate 
concentrations in the influent with the increasing COD/SO4

2- ratio, VFA toxicity could be proven.  
If, effectively, high concentrations of undissociated VFA are toxic to SRB at low pH, the 
achievement of high sulfate reduction efficiencies in acidification reactors at low pH becomes 
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impossible at high OLR and COD/SO4
2- ratio, given the impossibility of decreasing undissociated 

VFA concentrations to non inhibitory concentrations, unless the fermentation is directed to 
products other than VFA or other than the most toxic VFA, which is not known so far.  

3.3 Effect of trace metals 

Trace metals are essential to a good bioreactor performance because they are present in many 
enzymes and co-factors involved in the microbial conversions (Patidar and Tare, 2004a; Madigan 
et al., 2000). The importance of trace metals has been well illustrated in bioreactors, particularly 
for methanogenesis with methanol (Zandvoort, 2005a) and VFA (Osuna et al., 2003) as 
substrates. It is known that Fe, Co and Zn are very important to dissimilatory sulfate reduction 
(Gavel et al., 1998).   
Chapter 3 showed the increased solubility of most trace metals from the sludge granules with 
decreasing pH, leading to a decrease in the metal stock in the sludge granules (paragraph 5 in this 
chapter). However, the consequences of metal solubilisation on bioreactor performance were not 
evaluated on that chapter. On the one hand, a decrease in the metal stock is undesirable due to the 
losses of metals with the reactor effluent and possible metal deprivation but on the other hand, 
metal solubilisation can improve metal bioavailability, which can be positive for microbial 
activity or become toxic if the concentrations are too high. Therefore, in Chapter 5, the effect of 
trace metals on sulfate reduction was studied at pH 5. For that, trace metals were added to one 
UASB reactor (7.5 μM Fe and 0.5 μM for the other trace elements) and omitted in the influent of 
a second UASB reactor. The low concentrations of trace metals fed to the first reactor were 
inhibitory for sulfate reduction, while the absence of trace metals in the influent did not affect the 
performance of the second UASB reactor throughout the 305 day long reactor run. The inhibitory 
effect of low trace metal concentrations was further confirmed in batch tests performed with the 
sludge from the reactor receiving no trace metals. These concentrations were much lower than 
reported toxic values for neutral conditions (Hao, 2000; Utgikar et al., 2002), even in studies 
using media designed to eliminate the formation of metal precipitates and minimize metal 
complexation (Poulson et al., 1997; Sani et al., 2001). Therefore, Chapter 5 demonstrated the 
high sensitivity to trace metals of the SRB present in the study and suggested that trace metal 
supplementation is not an useful tool to stimulate sulfate reduction at low pH.  

4 EFFECT OF LOW pH AND SULFATE REDUCTION ON ACIDIFICATION AND 

ACIDIFICATION PATHWAYS 

At the OLR and HRT applied in this study, the thermophilic acidification of sucrose was 
complete at all pH values and COD/SO4

2- ratios investigated (Chapters 2, 4, 5, 6). This reflected a 
lower sensitivity of acidifiers to low pH values and sulfide toxicity than SRB. Nevertheless, 
under similar OLR and HRT, Chapter 7 showed that under mesophilic conditions and with 
crushed sludge as inoculum (different than in chapters 2, 4, 5 and 6) acidification dropped to 70% 
at pH 5.  
The fermentation products obtained in the acidification reactor are very important for the overall 
treatment performance as they represent the substrate for the subsequent methanogenic reactor 
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and therefore will determine the metabolic rates and operational stability to be expected. Acetic 
acid, butyric acid, lactate and ethanol are considered to be the best substrates for the 
methanogenic reactor (Ren et al., 1997; Yang et al., 2003), contrary to propionate (Reis et al., 
1991b; Inanc et al., 1999) Chapter 2 clearly showed the strong effect of the pH on the 
fermentation pathways. Decreasing the pH from 6 to 5 or 4 shifted the main fermentation 
products from mainly acetate at pH 6 to mainly butyrate at pH 5 and 4. Lactate, ethanol and 
hydrogen, absent in the effluent of the reactor at pH 6, accumulated in the reactors at pH 5 and 
pH 4, especially in the latter. Propionate, the least desirable substrate for methanogenesis (Wang 
et al., 2006) was minimum in the effluent of the reactor operating at pH 4, as compared with pH 5 
and 6. The changes observed in the fermentation pathways according to the pH can be attributed 
to shifts in the dominant population present (Kisaalita et al., 1987; Horiuchi et al., 1999), to 
changes in the metabolism of the populations present or to a combination of both (Reis, 1991a).  
Moreover, the fermentation pathways are not only dependent on acidification reactions, given the 
use of mixed cultures. Therefore, besides acidogenesis, subsequent processes in the anaerobic 
degradation also take place, including sulfate reduction. Possible explanations for the shift in 
fermentation products observed at low pH values were discussed in Chapter 2 of this thesis. 
The presence of sulfate reduction in the acidification stage obviously affects the concentrations of 
fermentation products obtained, as fermentation products are used as substrate for SRB. 
However, Chapters 2, 4 and 5 showed that sulfate reduction did not affect the type of 
fermentation products obtained, which was mostly a mixed VFA fermentation. Increased sulfate 
reduction was associated to a decrease in butyrate concentrations and increase in acetate 
(Chapters 2, 5 and 7), in agreement with Reis et al. (1991b) and Mizuno et al. (1994), who 
reported a similar relationship between the sulfate reduction rate and butyrate and acetate 
concentration, under mesophilic conditions and pH 5.4-6.5. 

5  TRACE METAL DYNAMICS AT LOW pH 

In granular sludge based bioreactors, such as the UASB reactors, trace metals can accumulate in 
the granular sludge due to (bio)chemical processes such as precipitation, sorption onto minerals 
or extracellular polymers and chelation or complexation (Patidar and Tare, 2004b). These 
processes are affected by low pH values. Although metal solubility generally increases with the 
decrease in pH, it is difficult to predict the extent of metal solubilisation and the changes in 
chemical speciation induced by the low pH values, due the complexity of the granular sludge 
matrix. In Chapter 3, the effect of low pH (6, 5 and 4) on metal dynamics was evaluated in batch 
leaching experiments and in UASB reactors fed with a nutrient solution with very low 
concentrations of trace metals. In Chapter 5, the metal dynamics in UASB reactors at pH 5 fed 
without trace metals or with a nutrient solution containing higher concentrations than in Chapter 
3 and at equimolar concentrations (0.5μM) of trace metals and 7.5 μM of Fe was evaluated.  

5.1 Leaching 

Batch leaching experiments performed with Eerbeek sludge at pH 6, 5 and 4 in Chapter 3 showed 
that decreasing the pH led to increased solubilisation of metals from the sludge in the leaching 
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experiments within 48 hours. For many metals (Co, Ni, Fe, Zn and Al), however, the difference 
between pH 6 and 5 was very small. The solubilisation extent of each metal according to the pH 
was compared to the theoretical solubilisations of different precipitates (OLI software) in Chapter 
3, which allowed for estimations of the most likely precipitates present in the Eerbeek sludge. In 
the UASB reactors, despite its supply in the reactors influent, most metals leached from the 
sludge granules during the reactor run. Exceptions were Co at pH 6 and Al at pH 6 and 5, which 
remained approx. at constant concentrations in the sludge, and Cu and Zn at the three pH values 
tested, which accumulated in the sludge. Se and Mo were not analysed in this study, given their 
low concentrations. Chapters 5 and 6 showed that also B, Se and Mo accumulate in the sludge at 
pH 5 and 4 and that Co and Ni can accumulate in the sludge at pH 5, given higher influent 
concentrations (0.5μM) and high sulfate reduction rates (Chapter 5). Chapters 5 and 6 also clearly 
showed that the metal leaching from the inoculum sludge has an important contribution to the 
trace metal concentrations in the reactor start-up. 

5.2 Metal fractionation 

The total metal concentration in the sludge is of limited value as it does not give any information 
on how strongly bound the metals are present in the sludge. Therefore, in Chapters 3, 5 and 6, the 
sludges were analyzed with a sequential extraction in order to gain insight on how bioavailable 
the stored metals are and to provide insight on how trace metals are retained in the sludge. The 
results showed that the predominant fractions involved in metal accumulation changed with the 
decrease in pH. In general, the decrease in pH caused a decrease in the fraction of each metal in 
the more available fractions (Chapter 3). The metals accumulated in the sludge at low pH (Cu, 
Zn, B, Se and Mo) were mainly accumulated in the OM/S fraction (Chapters 3, 5 and 6).   

6 PRACTICAL IMPLICATIONS 

This thesis showed that sulfate reduction is possible at pH as low as 4 during the acidification of a 
carbohydrate, with rates that are of technological interest. Nevertheless, results showed that 
sulfate reduction at low pH is very sensitive to sulfide. High sulfate reduction rates were only 
possible if the sulfide concentrations were kept low, which means that sulfide removal should be 
included in the design of the acidification reactor in the case of wastewaters with high OLR 
and/or low COD/SO4

2- ratios. This implies that the separation of the sulfide production step from 
the methanogenic step for protecting methanogens from high sulfide concentrations is not a 
motivation anymore for the use of a two-phase system. However, a two-phase system is still 
expected to be more stable than a single phase system to treat unacidified wastewaters, as claimed 
by several studies (Demirel and Yenigün, 2002; Ke et al., 2005), besides allowing the production 
of a cleaner methane containing biogas. The confirmation of the better performance of a two-
phase system in relation to a one-phase system was beyond the scope of this thesis. 
The lowering of the pH from 6 to 5 or 4 caused a significant decrease in the NaOH addition to the 
acidification reactor. At pH 5 and COD/SO4

2- ratio of 1 and at pH 4 and COD/SO4
2- ratio of 4 and 

1, even HCl was added to the reactors to keep the pH, which means that the equilibrium pH was 
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higher. Nevertheless, the information obtained is relevant in the case of shock loadings or when 
there is a continuous supply of acidic wastewater, like in acid mine drainage. 
The use of UASB reactors proved to be adequate as acidification reactors, provided that granular 
biomass is used as inoculum, at the OLR applied in this study. In all the reactor runs performed 
with Eerbeek sludge as inoculum, a good sludge retention was observed. In the experiment 
described in Chapter 7, however, granulation was not observed from a crushed inoculum. 
Nevertheless, the flocculent sludge was retained in the UASB reactor. Chapter 7 showed the 
importance of biomass immobilization in achieving high sulfate reduction efficiencies at low pH. 
A UASB reactor was considered a better reactor configuration than a CSTR for the sulfate 
reduction at low pH, at least at the OLR applied. At higher OLR, attention should be paid if the 
granular sludge quality is affected by overgrowth of acidifiers as reported at pH 6 (Lens et al., 
2003).  

7 FUTURE RECOMMENDATIONS 

This thesis gives insight on sulfate reducing processes at low pH values and opens perspectives to 
biotechnological applications for removal of sulfate at low pH, caused either by the acidification 
of organic matter or by biogeochemical processes like in acid mine drainage (Neculita et al., 
2007). Nevertheless, several research questions were raised from the results obtained, which 
warrant further investigations.  

7.1 Operational limits and robustness 

A moderate OLR was applied to the reactor experiments in this thesis. The OLR was 
approximately 5 gCOD (lreactor d)-1, except in Chapter 6, in which an OLR of 0.8 and 1.9 gCOD 
(lreactor d)-1 was applied, and no attempts were made to investigate the maximum OLR and SLR 
possible at the different pH values investigated. Previous studies with thermophilic UASB 
reactors at pH 6 showed that nearly complete acidification and sulfate reduction efficiencies are 
possible at an OLR of 46.5 gCOD (lreactor d)-1  and COD/SO4

2- ratio of 6.67. At pH 5 and 4 that 
information is not known. In Chapter 6, it was pointed out that if SRB are indeed very sensitive to 
high VFA concentrations at pH 4, the maximum OLR becomes limited by the inhibition of SRB, 
depending on the COD/SO4

2- ratio. 
The robustness of the process should be evaluated was well. Chapters 5 and 6 showed that the 
sludge recovered fast from oscillations in pH and HRT, which showed that the sludge was not 
very sensitive but further verification would be required.  
The hydrolysis step should also be considered in the acidification stage. In this thesis, sucrose 
was chosen as a model polysaccharide but hydrolysis of sucrose to glucose and fructose proceeds 
very fast. Experiments should be performed on the effect of pH on the hydrolysis of more 
complex molecules, like starch or ligno-cellulosic compounds, which are often present in organic 
sulfate-rich wastewaters. 
Finally, it should be noted that the effect of the temperature on the performance of acidification 
and sulfate reduction at low pH was not addressed in this study. Chapters 2 to 6 refer to 
thermophilic conditions while Chapter 7 refers to mesophilic conditions but given the different 
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inoculum origin and type of sludge (granular or crushed/flocculent) the contribution of the 
difference in temperature to the different reactor performances could not be evaluated.  

7.2 Granulation and pH gradients 

The retention of active biomass in the reactors is of extreme importance for the achievement of 
high removal efficiencies. Reactors like the UASB rely on the formation of sludge granules for 
biomass retention. Not much is known on how low pH values affect granulation. Chapters 2 to 6 
showed that in UASB reactors inoculated with granular sludge, the granular shape of the biomass 
was maintained over the long reactor runs performed at pH 6, 5 and 4 and no significant wash-out 
was noticed. Mulder (1990) reported granulation during the mesophilic acidification of glucose 
(10 g l-1) in gas-lift reactors at pH 5.5 and suggested that a decrease in pH from 6.4 to 5.9 actually 
enhanced granulation. However, granulation was only achieved at HRT lower than 5 h, which is 
lower than the HRT used in this study. The important role of the HRT on granulation in 
acidification reactors had also been referred by Beeftink and Van den Heuvel (1987). Therefore, 
further research is needed to elucidate the influence of low pH and HRT on granulation in UASB 
reactors fed with unacidified wastewaters containing sulfate. 
Given the granular form of the sludge used in the present study (except on Chapter 7), the 
existence of pH gradients in the sludge where SRB could be active, as suggested for sediments by 
Tuttle et al. (1969), can not be excluded. However, it is unlikely that such zones would be 
maintained in the long reactor runs performed in this research in a mixed liquor constantly at pH 
6, 5 or 4. Moreover, the SRB activity is generally located in the outer part of the granules 
(Santegoeds et al., 1999). To effectively conclude if sulfate reducers are present in zones with 
locally increased pH requires studies with H2S and pH microsensors (Lens et al., 1993; 
Santegoeds et al., 1999) combined with FISH or CARD-FISH (Santegoeds et al., 1999; Speel et 
al., 1999; Pernthaler et al., 2002).  

7.3 Microbial populations 

The two most abundant species found in the sludge of the UASB reactor performing at pH 4 with 
nearly complete sulfate reduction efficiencies (Chapter 6), SL1 and SL2, resembled an acidifier 
and a SRB, closely related to Thermoanaerobacterium aotearoense and to the phylogenetic group 
of Desulfotomaculum, respectively. Alhough Thermoanaerobacterium aotearoense is a 
moderately acidophilic bacteria (Liu et al., 1996), the Desulfotomaculum species closely related 
to the sequence found in the sludge are all neutrophilic. In the UASB reactor operating at pH 5 in 
Chapter 5, the two most abundant species in the sludge showed high sequence similarity with the 
phylogenetic group of Thermoanaerobacterium and to uncultured bacteria (data not shown). 
Isolation and physiological characterization of SL1 (Chapter 6), as well as from a species 
phylogenetically related to uncultured species found in Chapter 5 (data not shown) would be 
required to evaluate whether these species are acid-tolerant or acidophiles. To our knowledge, 
most studies trying to isolate and cultivate acidophilic or acid-tolerant SRB have been 
unsuccessful (Tuttle et al., 1969; Gyure et al., 1990). Exceptions are the studies of Hard et al. 
(1997) and Kimura et al. (2006). In the former study, a Gram-negative SRB strain (UFZ B 378) 
capable of growing at pH 4 was isolated and the growth of Desulfovibrio salexigens at pH 4.5 



 
 

 

212 

C
ha

pt
er

 8
 

was observed. Unfortunately, the strain UFZ B 378 was not phylogenetically characterized (Hard 
et al., 1997). Kimura et al. (2006) described an endospore forming SRB closely related to the 
Gram-positive neutrophile Desulfosporosinus orientis, that could grow in syntrophy with a 
Gram-negative (non SRB) acidophile. Certainly more research is needed to investigate why the 
isolation of acidophilic or acid-tolerant SRB has been so unsuccessful so far, if due to the use of 
inappropriate substrate media or to the need to grow in syntrophy with other species (Kimura et 
al., 2006). 
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Samenvatting 
 

1 INTRODUCTIE 

Het doel van dit proefschrift was het bepalen van de operationele mogelijkheden van 
dissimilatore sulfaat reductie bij lage pH (pH 6, 5 en 4) in organisch afvalwater. Hoge 
sulfaatreductie efficiënties bij lage pH zijn wenselijk voor een duurzamer gebruik van 
verzuringreactoren in een twee-fase afvalwaterzuiveringssysteem, omdat minder base toegevoegd 
hoeft te worden om de pH op een bepaald punt te houden en/of effluent recirculatie van een 
tweede (methanogene) reactor overgeslagen kan worden. De lage pH zou ook de verwijdering 
van sulfide door middel van strippen vergemakkelijken, omdat de fractie gasvormige sulfide 
omhoog gaat bij lagere pH. Voor zover bekend bestonden er voor de aanvang van dit onderzoek 
geen studies over sulfaat reductie gedurende de verzuringstap met een pH lager dan 5.4. 
Bovendien blijkt uit de literatuur dat sulfaat reductieefficiënties substantieel omlaag gaan 
wanneer de reactor pH lager wordt dan 6.2 (Reis et al., 1988).  

2 SAMENVATTING 

Figuren 8.1 en 8.2 illustreren de behandelde onderwerpen en de belangrijkste conclusies van dit 
proefschrift.  
In hoofdstukken 2 en 3, werd het effect van een lage pH (6, 5 en 4) onderzocht aan de hand van 
UASB reactor performance, slibkarakteristieken en metaaldynamiek. Hoofdstuk 2 onderzocht 
het effect van pH (6, 5 en 4) en verschillende COD/SO4

2- ratios (9 en 3.5) op de sulfaatreductie en 
de verzuring van sucrose bij een OLR of 3.5 gCOD (lreactor d)-1 in thermofiele UASB reactoren. 
Verzuring was volledig bij de onderzochte pH waarden en COD/SO4

2- ratios, terwijl de 
sulfaatreductie efficiëntie afnam met een lager wordende pH. Sulfaatreductie was volledig bij pH 
6 en een COD/SO4

2- ratio van 9. Bij pH 5 waren de sulfaatreductie efficiënties 80-95% voor 
beide COD/SO4

2- ratios (9 en 3.5). Bij pH 4 namen de sulfaatreductie efficiënties verder af tot 55-
65% bij een COD/SO4

2- ratio van 9 en 30-40% bij een COD/SO4
2- ratio van 3.5. De pH afname 

van 6 naar 5 of 4 veroorzaakte een verschuiving in de verzuringproductie van voornamelijk 
acetaat naar butyraat en ook een hogere ethanolproductie, vooral bij pH 4. Bij pH 4 werd geen 
propionaat of methaan gevormd en de waterstofconcentratie in het biogas bereikte 50%, 
equivalent aan 1.3 mol H2 (mol glucose)-1. 
Hoofdstuk 3 onderzocht de metaal dynamiek en slibkarakteristieken in het slibbed van de drie 
UASB reactoren beschreven in hoofdstuk 2 en in batch uitlogingsexperimenten, uitgevoerd bij 
pH 6, 5 en 4 onder thermofiele omstandigheden. In continu draaiende UASB reactoren, loogden 
de meeste metalen uit de slibkorrel behalve Co bij pH 6, Al bij pH 6 en 5 en Cu en Zn bij alle drie 
de onderzochte pH waarden. Aan het einde van de UASB reactor runs, waren de slibkorrels bijna 
ontdaan van Fe en Mn bij zowel pH 5 als 4. Sequentiële extractie van de metalen uit het slib liet 
zien dat de overheersende fracties betrokken in metaal accumulatie veranderden met de pH. 
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Ondanks de significante verschillen in anorganische samenstelling van de slibkorrel werd de 
korrelvorm behouden bij de verschillende pH waarden en sulfaatbelastingen en er vond geen 
significante uitspoeling plaats, hoewel de korrelsterkte afnam bij pH 5 en 4. De kleur van de 
korrels veranderde langzaam van zwart naar grijs gedurende bedrijfsvoering bij pH 6 en naar vaal 
geel bij pH 5 en 4. De batch uitlogingstesten lieten zien dat een afnemende pH leidde tot 
verhoogde oplosbaarheid van metalen uit het slib binnen 48 uur. Voor veel metalen (Co, Ni, Fe, 
Zn en Al) was het verschil tussen pH 6 en 5 klein. Voor de drie onderzochte pH waarden was de 
uitloging het hoogst voor de macronutriënten K, Ca en Mg, voor de andere micronutriënten nam 
uitloging af in de volgorde Mn > Ni ≈ Co ≈ Fe > Al ≈ Zn ≈ Cu. De theoretisch te verwachten 
metaal species in de slibmatrix van het Eerbeek slib werden afgeleid uit de vergelijking van hun 
oplosbaarheid in batch leaching test met de theoretische oplosbaarheid (OLI software) van de 
metaal precipitaten.  
 

In Hoofdstuk 4 werd het effect van de COD/SO4
2- ratio (4 en 1) en de sulfide concentratie op de 

sulfaatreductie en verzuring van sucrose bij pH 6 in thermofiele UASB reactors onderzocht bij 
een OLR van 4.5 gCOD (lreactor d)-1. Verzuring was volledig bij alle geteste condities en de 
elektronenstroom was vergelijkbaar bij de twee toegepaste COD/SO4

2- ratios maar sulfaatreductie 
efficiënties waren maar 65% en 25-35% voor de COD/SO4

2- ratios van respectievelijk 4 en 1. De 
stapsgewijze verlaging van de sulfide concentraties in de reactoren met een COD/SO4

2- ratio van 
1 door strippen met N2 veroorzaakte een onmiddellijke verhoging van de sulfaatreductie 
efficiënties, wat een omkeerbare inhibitie door sulfide aanduidt. De mate van omkeerbaarheid 
werd beïnvloedt door de groeiomstandigheden van het slib. Verzurend slib voorgekweekt bij pH 
6, een COD/SO4

2- ratio van 9 en 150 dagen blootgesteld aan 115 mg l-1 sulfide liet een langzamer 
herstel van sulfide inhibitie zien dan vers geoogst slib van een full-scale zuiveringsinstallatie (pH 
7 en COD/SO4

2- = 9.5), 70 dagen blootgesteld aan 200 mg l-1 sulfide. In het laatste geval 
veroorzaakte de verlaging van de sulfide concentratie van 200 mg l-1 tot 45 mg l-1 (35 mg l-1 
ongedissocieerde sulfide) door strippen met N2 een onmiddellijke verhoging van de 
sulfaatreductie efficiency van 35% tot 96%.  
 

Hoofdstuk 5 onderzocht het effect van sporenelement concentraties, sulfide concentraties en 
COD/SO4

2- ratios (4 en 1) op de sulfaatreductie en verduring van sucrose (4 gCOD (lreactor d)-1) in 
thermofiele UASB reactoren bij pH 5. Hiervoor werden sporenmetalen toegevoegd aan een 
UASB reactor (7.5 μM Fe en 0.5 μM voor de andere sporenelementen) en weggelaten uit het 
influent van een tweede UASB reactor. De invloed van verschillende sporenmetaal concentraties 
werd verder bekeken in batch tests, uitgevoerd met het slib van de reactor die geen sporenmetalen 
ontving. De lage sporenmetaal concentraties verstrekt aan de eerste reactor inhibeerden 
sulfaatreductie, terwijl de afwezigheid van sporenmetalen in het influent geen effect had op de 
prestatie van de tweede UASB reactor gedurende de 305 dagen lange reactor run. Sulfaatreductie 
efficiënties tot 95% (0.87 en 4.2 g (lreactor d)-1 bij COD/SO4

2- ratios van respectievelijk 4 en 1) en 
volledige verzuring werden bereikt in de sporenmetaal gevoede UASB reactor met N2 strippen. 
Sulfide was toxisch voor sulfaatreductie bij een totale opgeloste concentratie van 100 mg l-1. Bij 
een COD/SO4

2- ratio van 1 was acetaat het enige overgebleven product in de reactor (minimale 
hoeveelheden propionaat en butyraat) bij de toegepaste belastingen. Metaaluitloging uit het 
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inoculum slib had een belangrijk aandeel in de sporenmetaal concentraties in het effluent van 
beide reactoren in het begin van de experimenten. Fe en Mn loogden het snelst uit het inoculum 
slib. Ondanks toepassing van pH 5, accumuleerden Co, Ni, Cu, Zn, B, Se en Mo in het slib. 
 

Aangezien de sulfaatreductie efficiënties bij pH 4 in Hoofdstuk 2 zelfs bij lage sulfide 
concentraties in de reactor laag waren, was het doel een hogere sulfaatreductie efficientie bij pH 4 
te krijgen in Hoofdstuk 6 door de VFA concentraties laag te houden. Hiervoor werd een reactor 
opgestart met een actief slib bij pH 5 en met een lage OLR (0.8 gCOD (lreactor d)-1), welke 
vervolgens werd verhoogd naar 1.9 gCOD (lreactor d)-1, bij een COD/SO4

2- ratio van 0.9. Een bijna 
volledige sulfaatreductie efficientie werd bereikt gedurende de 78 dagen lange reactor run, wat 
correspondeert met een sulfaat verwijderingsnelheid van 0.91 en 1.92 g (lreactor d)-1 bij sulfaat 
belastingen van respectievelijk 0.94 en 2 g (lreactor d)-1. Verzuring was altijd volledig en acetaat 
was het enige overgebleven substraat in het effluent. Sulfide werd onder de 20 mg l-1 gehouden 
door strippen met stikstof gas en VFA concentraties werden niet hoger dan 180 mgCOD l-1 in een 
pseudo-stationaire staat. Het slib spoelde niet uit en behield de korrelvorm. Zn, Cu, Se, Mo en B 
accumuleerden in het slib, terwijl Co, Ni, Fe en Mn uit het slib loogden, ondanks hun continue 
toevoeging via het reactorinfluent. De biodiversiteit in het reactorslib was laag aan het eind van 
de reactor run en werd gedomineerd door één verzurend organisme, verwant aan 
Thermoanaerobacterium sp., en één sulfaatreduceerde, verwant aan Desulfotomaculum sp..  
 

In Hoofdstuk 7 werd de haalbaarheid van het verlagen van de pH van 6 naar 5 in de 
verzuringreactor van een tweestaps behandelingsinstallatie van een zetmeel producerend bedrijf 
geëvalueerd. De experimenten werden uitgevoerd bij 30·C, in een CSTR met een verblijftijd van 
24 uur, OLR van 5 gCOD (lreactor d)-1 en een COD/SO4

2- ratio van 4, vergelijkbaar met de 
omstandigheden in de praktijk. Daarnaast werd de performantie van een UASB reactor met een 
HRT van 10 en 24 uur geëvalueerd bij dezelfde OLR en COD/SO4

2- ratio. Beide reactoren 
werden geinoculeerd met een vermalen mix van slibben uit de reactoren van de 
afvalwaterbehandelinginstallatie. Het verlagen van de pH van 6 naar 5 veroorzaakte een 
verlaging in sulfaatreductie efficiënties in beide reactoren, van 44% naar 25% in de CSTR en van 
95% naar 34% in de UASB reactor. Verzuring was volledig in beide reactoren bij pH 6 en het 
verlagen naar pH 5 had geen effect op de verzuring in de CSTR, maar veroorzaakte een afname 
van de verzuringefficiency in de UASB tot 72%. De verlaging naar pH 5 veroorzaakte een 
verhoging van de butyraat en ethanol concentraties in beide reactoren. Het verhogen van de HRT 
van de UASB reactor naar 24 uur bij pH 5 veroorzaakte een toename in sulfaatreductie- en 
verzuringsefficiënties naar respectievelijk 67% en 94%. Vanuit het oogpunt van sulfaatreductie 
presteerde de UASB veel beter dan de CSTR. 
 
Tenslotte werden in Hoofdstuk 8 de resultaten van het hier gepresenteerde werk samengevat en 
bediscussieerd. De praktische betekenis van de belangrijkste bevindingen van dit proefschrift 
werden behandeld en er werden aanbevelingen voor verder onderzoek gegeven.  
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