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Abstract 

Addition of trace metals such as Co and Ni has earlier been shown to improve the 

production of biogas during digestion of organic matter. Observed effects are often 

increased methane (CH4) production, increased process stability and the possibility to 

increase the organic loading rate (OLR) of the process, as well as more efficient 

substrate utilization. However, which trace metals that are needed and the quantity to 

apply to achieve stimulatory effects vary among processes. This is, at least partly, 

linked to the speciation and bioavailability of the metals. Generally, it is assumed that 

only free metal ions and specific organic metal complexes can be taken up by 

microorganisms. However, there are still uncertainties regarding how metal speciation 

affects the metal bioavailability. In particular, this applies to metal sulfides, since the 

precipitation of these have been suggested to be the most important chemical process 

for controlling trace metal bioavailability in biogas reactors.  

The objectives of this study were therefore to examine the effect of Fe-, Co-, Ni-, Se- 

and W-addition on a biogas process digesting sulfur-rich grain stillage, and how the 

speciation of Co and Ni (including their association to sulfide) affected their 

bioavailability. Lab-scale biogas reactors were operated at 37°C with a hydraulic 

retention time of 20 days and a maximum OLR of 4.0 g volatile solids (VS) per L and 

day. The effect of trace metal addition was evaluated by measuring CH4-production, 

substrate utilization efficiency, pH and concentration of volatile fatty acids (VFAs). 

The chemical forms as well as potential bioavailability of Co and Ni were examined 

by sequential extraction (SE), acid volatile sulfide (AVS) extraction and semi-

continuously extracted metals (AVS-Me). The sulfur speciation in solid phase was 

examined by S XANES (sulfur X-ray absorption near edge structure). Possible 

changes in sulfur speciation occurring during SE were studied using S XANES and 

AVS/AVS-Me. The effect of different Co- and Ni-concentrations on the microbial 

community composition was analyzed using quantitative polymerase chain reaction 

(qPCR) and 454-pyrosequencing.  
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The results showed that supplementation of Co and Ni was necessary to maintain 

biogas process stability and that CH4-production and substrate utilization efficiency 

increased as an effect of the additions. The supplementation of Se and W had no effect 

on process performance. 10-20% of the total Co-amount was in dissolved form and, 

thus, should be regarded as relatively easily accessed by the microorganisms. In 

contrast Ni was entirely associated with organic matter/sulfides and AVS and should 

be regarded as very difficult to take up. However, since Ni had stimulatory effects, this 

means that other mechanisms than solubility are involved in the regulation of metal 

availability for the microorganisms in biogas reactors. 

The analyzes of the microbial community structure in relation to the occurrence of Ni 

and Co revealed that the methanogens were relatively more affected than the bacteria 

at depletion of these trace elements. The qPCR revealed that acetate utilizing 

Methanosarcinales was the dominating order of methanogens during stable process 

performance (both Co and Ni supplied), while hydrogenotrophic Methanomicrobiales 

increased with increasing VFA-concentrations at both Co- and Ni-deficiency. The 

increase was however more pronounced at Co-limitation. This indicates a shift from 

total dominance of aceticlastic CH4-formation to include a larger proportion of 

hydrogen derived CH4-production as a result of Ni- and Co-depletion. 
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Sammanfattning 

Spårmetaller såsom Co och Ni tillsätts för att förbättra rötning av organiskt material 

till biogas. Effekter visar sig i ökad metanproduktion, ökad processtabilitet och ett mer 

effektivt substratutnyttjande, vilket i sammantaget innebär möjlighet att öka 

processens organiska belastning. Typ av spårmetall och mängd av respektive metall, 

som behöver tillsättas för att uppnå stimulerande effekter, varierar mellan processer. 

Detta är, åtminstone delvis, kopplat till specieringen och biotillgängligheten av 

metallerna. Endast fria metalljoner och vissa metallkomplex antas vara tillgängliga för 

mikrobiellt upptag. Det finns dock fortfarande oklarheter kring hur metallers 

speciering påverkar biotillgängligheten. Detta gäller särskilt för metallsulfider, 

eftersom utfällning av dessa har föreslagits vara den viktigaste kemiska processen som 

kontrollerar spårmetallers biotillgänglighet i biogasreaktorer.  

Syftet med denna studie var därför att undersöka hur tillsats av Fe, Co, Ni, Se och W 

påverkade en process, där spannmålsdrank från tillverkning av bioetanol användes för 

produktion av biogas, samt hur specieringen av Co och Ni (inklusive deras sulfider) 

påverkar dessa metallers biotillgänglighet i processen. I undersökningen användes 

mesofila (37°C) reaktorer i lab-skala med en uppehållstid av 20 dagar och en högsta 

belastning om 4.0 g flyktiga organiska föreningar (volatile solids; VS) per liter och 

dag. För att utröna effekten av spårmetalltillsatserna följdes metanproduktion, 

utrötningsgrad, pH och koncentrationen av flyktiga fettsyror (VFAs) i processerna. 

Den kemiska formen och den potentiella biotillgängligheten av Co och Ni undersöktes 

med hjälp av sekventiell extraktion (SE), extraktion av AVS (acid volatile sulfides) 

och kontinuerligt extraherade metaller (AVS-Me). Svavelspeciering i fast fas 

undersöktes med S XANES (sulfur X-ray absorption near edge structure). Eventuella 

förändringar i svavelspecieringen under SE bestämdes med hjälp av S XANES och 

AVS/AVS-Me. Effekten av olika Co- och Ni-koncentrationer på den mikrobiella 

sammansättningen analyserades med kvantitativ PCR (polymerase chain reaction) och 

454-pyrosekvensering. 
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Resultaten visade att tillsats av Co och Ni var nödvändig för att uppnå en stabil 

biogasprocess och att metanproduktion och substratutnyttjande ökade till följd av 

tillsatsen. Se och W hade ingen effekt. 10-20% av den totala mängden Co var i löst 

form och bör således betraktas som relativt lättillgängligt för mikroorganismerna. 

Däremot var Ni i huvudsak bundet till svårlösliga sulfider och kunde inte detekteras i 

löst fas, vilket gör att Ni normalt skulle betraktas som otillgängligt. Trots detta visade 

tillsatsen av Ni stimulerande effekt på biogasprocessen, vilket innebär att andra 

mekanismer än löslighet medverkar i regleringen av metalltillgänglighet för 

mikroorganismer i biogasreaktorer.  

De molekylärbiologiska analyserna visade på en koppling mellan koncentrationen av 

Co och Ni och den metanogena floran. Kvantitativ PCR visade att acetatutnyttjande 

Methanosarcinales dominerade under stabila processförhållanden då både Co och Ni 

tillsattes, medan Methanomicrobiales (hydrogenotrofer) ökade med ökande VFA-

koncentration både vid Co- och Ni-brist. Ökningen var dock mer uttalad vid brist på 

Co. Bristen av Co och Ni innebar alltså en övergång från dominans av acetiklastiska 

metanbildare till att inkludera en större andel av vätgasutnyttjande metanogener. 
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1 Introduction 

Anaerobic digestion of organic matter for biogas (CH4 + CO2) production has become 

a successful and growing area during the last decades. However, there is in many cases 

room for improvements of the efficiency of CH4-production and of the stability of the 

process (Weiland, 2010). A balanced availability of macro- and micro-nutrients is 

crucial for a well-working biogas process. Trace metals are essential constituents of 

cofactors and enzymes and several studies have shown that their supplementation 

stimulates and stabilizes the biogas process performance (Murray and van den Berg, 

1981; Wilkie et al., 1986; Takashima and Speece, 1989; Florencio et al., 1993; 

Espinosa et al., 1995; Jarvis et al., 1997; Kim et al., 2002; Feng et al., 2010; Fermoso 

et al., 2010; Paper I). The effects observed upon trace metal supplementation are 

increasing CH4-production (i.e. CH4-volume per g supplied organic material) and 

decreasing concentrations of volatile fatty acids (VFAs) compared to controls. This 

implies a possibility to apply higher organic loading rates (OLRs) and/or more 

efficient substrate utilization. 

The uptake of trace metals and the effects of their supplementation will, together with 

their natural concentration in the applied substrate, depend on metal speciation and 

bioavailability (i.e. the availability for microbial uptake and growth). The speciation, 

bioavailability and toxicity of metals is controlled by the total metal concentration, 

biogas process conditions (e.g. pH, temperature, OLR and redox-potential) and 

chemical processes such as precipitation, adsorption and complexation (Mosey et al., 

1971, Hayes and Theis, 1978; Callander and Barford, 1983a,b; Hickey et al., 1985; 

Shen et al., 1993; Shin et al., 1997; van Leeuwen, 1999; Pinheiro and van Leeuwen, 

2001). This means that trace metal requirements will vary between different biogas 

processes due to different environmental conditions and substrate compositions. 

It is assumed that metals are only available for microbial uptake when they are present 

as free metal ions and as certain organic metal complexes, e.g. vitamin B12, Co-citrate 

and siderophores (Phinney et al, 1997; Ellwood et al., 2001; Krom, 2002; Saito et al., 

2002; Ferguson and Deisenhofer, 2004; Worms et al., 2006). Because of the very low 
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solubility products of metal sulfide precipitates, sulfides are regarded as the most 

important regulators of trace metal bioavailability in the biogas process (Callander and 

Barford, 1983a,b; Rinzema and Lettinga 1988). However, previous studies suggest that 

presence of organic and inorganic chelators, particle size and the age of metal sulfide 

precipitates may also affect the metal sulfide solubility and, thus, metal bioavailability 

(Callander and Barford, 1983a,b; Rinzema and Lettinga 1988; Kuo and Parkin, 1996; 

Barber and Stuckey, 2000; Gonzalez-Gil et al. 2003; Jansen et al., 2005; Patidar and 

Tare, 2006; Aquino and Stuckey, 2007; Jansen et al., 2007, Paper III). Hence, due to 

the complex pool of inorganic and organic matter in anaerobic digesters, it is difficult 

to predict trace metal requirements and bioavailability. Further investigation of the 

factors controlling trace metal bioavailability in anaerobic digesters is therefore 

necessary in order to maximize the microbial activity response to trace metal additions 

and to minimize the inherent costs and potential negative environmental effects. 

In order to address these needs a series of six lab-scale semi-continuously fed biogas 

tank reactors were operated under mesophilic conditions (37°C) in a two-year study. 

To ensure high sulfide contents and thereby provoking the formation of metal sulfides 

in the reactors, grain stillage was chosen as the substrate. The total sulfur content of 

the stillage was 1-1.9 g S L
-1

 of which 0.8-1.1 g L
-1

 was in the form of SO4
2-

. To 

demonstrate the influence of trace metals on the biogas process performance, 

measurements of total biogas production, CH4-production, volatile solids (VS) 

reduction, pH and VFA-concentration as a response to metal addition (i.e. Fe, Co, Ni, 

Se and W) were conducted. Assessment of the microbial community structure was 

done by quantitative polymerase chain reaction (qPCR) and pyrosequencing-454. The 

partitioning and predicted bioavailability of trace metals (Co and Ni) were examined 

by sequential extraction (SE) according to a protocol originally developed by Tessier 

et al. (1979) and later modified by Modak et al. (1992) and Veeken (1998; cf. Osuna et 

al., 2004). More specific information about the association of Co and Ni with sulfides 

was obtained by analysis of acid volatile sulfide (AVS) together with semi-

continuously extracted metals (AVS-Me), using a method originally presented by 

Hsieh and Yang (1989) and modified by Brouwer and Murphy (1994) and Leonard et 
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al. (1996). Sulfur speciation of the sludge solid phase was investigated by sulfur X-ray 

absorption near edge structure (S XANES). 

In the background chapter below, a brief review is given on anaerobic digestion and on 

previous research on trace metal requirements and bioavailability in the biogas 

process. Hypotheses and research questions are addressed in chapter 3, while chapter 4 

includes a discussion on why current methods were chosen in answering the addressed 

research questions. In chapter 5, the outcome of the work performed is discussed as a 

synthesis of Papers I-IV. Final conclusions together with a discussion on parts needing 

further research in this area are given in chapter 6. 
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2 Background  

2.1 The biogas process 

The microbiology of the anaerobic digestion of organic matter as summarized by 

Zinder (1984) is given in Fig.1. In a first step, complex polymers are hydrolyzed by 

the fermentative bacteria to mono- and oligomers. These compounds are further 

degraded to an array of intermediate fermentation products, e.g. H2, CO2, acetate and 

other VFAs, ethanol, lactate and benzoate during acidogenesis. The formation of 

acetate, H2 and CO2 is favored at low H2 partial pressure (< 10
-3

 atm), while the 

formation of VFAs, ethanol and lactate are common fermentation products at H2 

partial pressure > 10
-3

 atm. The intermediate fermentation products are converted to 

acetate, H2 and CO2 during acetogenesis, which is performed by proton reducing 

acetogenic bacteria.  

The final step of the biogas formation process is the methanogenesis giving rise to CH4 

and CO2 mainly via two pathways. CO2-reducing methanogens grow primarily on CO2 

and H2 or formate, while aceticlastic methanogens utilize methyl containing 

compounds such as acetate, methanol, methylamines etc. The CH4 produced during 

anaerobic digestion is primarily derived from acetate and secondly from CO2-

reduction (Zinder, 1984). Although this reflects the mass flow in anaerobic digestion, 

the occurrence of syntrophic acetate oxidation to CO2 and H2 in many co-digestion 

reactors, means that CH4 is formed via the hydrogenotrophs only (Schnürer et al. 1999 

and 2008, Sundberg et al., submitted). In digesters fed with substrates containing 

sulfate, the sulfate reducing bacteria will compete with the methanogens for H2 and 

acetate (cf. Colleran et al., 1995). 

A well-working biogas digester is characterized by low levels of fermentation 

intermediates. Imbalance in the degradation chain is indicated by accumulation of fatty 

acids, foaming, decrease in pH, low VS-reduction and reduced CH4-production and a 

high partial pressure of H2 (Zinder, 1984). Angelidaki et al. (2003) summarize some of 

the most important variables that need to be controlled to provide conditions leading to 
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a stable biogas process: temperature, pH, substrate composition and concentration of 

toxic compounds. The temperature of the reactor affects the microbial growth, 

viscosity, surface tension and mass transfer. The thermophilic process (> 45
o
C) has 

advantages of higher digestion rates, shorter retention time and a more efficient 

destruction of pathogens occur. Still, reactors for mesophilic microorganisms (25-

40
o
C) are the most commonly used, since these are believed to be more stable and 

imply lower heating costs. The pH range for a well-working biogas process is between 

6.5 and 8.5. Within this range, microorganisms with different pH optima grow 

together. Below pH 6.6 the growth of most methanogens is slow (cf. Angelidaki et al., 

2003). The influence of substrate composition on biogas process performance is 

related to carbon/nitrogen (C/N) ratio, the degradability of the substrate and the 

presence of substances, which may become toxic at certain concentrations (e.g. 

ammonia, hydrogen sulfide, heavy metals and long chained fatty acids). Other factors 

affecting the biogas process function, are mixing, OLR and the hydraulic retention 

time (HRT, i.e. the average time a particle spends in the reactor; cf. Angelidaki et al., 

2003). 
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Figure 1. Anaerobic degradation of organic material and microorganisms involved: 

A) Fermentative bacteria, B) Proton reducing acetogenic bacteria, C) H2-consuming 

acetogenic bacteria D) CO2-reducing methanogens, E) Aceticlastic methanogens (modified 

after Zinder, 1984). 

2.2 Trace metal requirements 

Macro- (i.e. C, O, H, N, S, P, K, Mg, Ca, Fe, Na and Cl) and micro-nutrients (i.e. Zn, 

Mn, Mo, Se, Co, Cu, Ni, W and V) are required for microbial growth, which is a 

prerequisite for a well-working biogas process. Thus, they need to be supplied at 

sufficient and balanced levels to the process. The macro-nutrients build up the bulk of 

the biomass, while the micro-nutrients mostly are present in cofactors and enzymes 

(cf. Takashima and Speece. 1989; Zandvoort et al., 2006). There are many studies 

reporting stimulatory effects on biogas process performance (i.e. increased CH4-

production, substrate utilization and reactor stability) after metal supplementation (cf. 

Demirel and Scherer, 2011). Amendments of Fe, Co and Ni are the most studied and 
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often show stimulatory effects on biogas process function, while Se, W and Mo so far 

have been given less attention (Worm et al., 2009; Feng et al 2010; Worm et al., 

2011). 

Increased CH4-production was achieved by addition of Co to a biogas process utilizing 

granular sludge in an upflow anaerobic sludge blanket (UASB) reactor, compared to a 

control without Co-supply (Florencio et al., 1993). Similar results were obtained by 

Jarvis et al. (1997), who showed that addition of Co to a lab-scale reactor digesting 

grass-clover silage made it possible to increase the OLR, improve gas production and 

stabilize pH. Murray and van den Berg (1981) reported an increase in CH4-production 

due to Ni-, Co- and Mo-addition to a reactor digesting food-processing waste. 

Similarly, Wilkie et al. (1986; Ni, Co, Mo and Se), Espinosa et al. (1995; Fe, Ni, Co 

and Mo), Takashima and Speece (1989; Fe, Co and Ni), Kim et al. (2002; Fe, Co and 

Ni), and Gustavsson et al. (2011: Paper I; Fe, Co and Ni) showed stimulatory and 

stabilizing effects on biogas production upon trace metal addition. Moreover, Feng et 

al. (2010) demonstrated that addition of Se/W in combination with low levels of Co 

increased biogas production. Cupper, Zn, Mn and V supplementation have also been 

reported to be stimulatory (cf. Zandvoort et al., 2006 and Demirel and Scherer, 2011). 

The quantitative requirements of metals to arrive at improved biogas process 

performance show wide ranges (cf. Demirel and Scherer, 2011). This is likely due to 

the variation in biogas process conditions (e.g. pH, OLR, HRT, substrate composition, 

etc.) and the complex chemical and biological processes controlling trace metal 

bioavailability. Zandvoort et al. (2006) summarized typically reported stimulatory 

concentrations of Co, Ni, Se, W and Mo for CH4-fermentation in pure batch cultures 

of methanogens (Table 1). The physiological functions of minerals specific to 

methanogens were summarized by Takashima and Speece (1989), and some of them 

are given for Co, Ni, Se, W and Mo in Table 1. However, minimum concentrations of 

trace metals needed to achieve a stimulatory effect on biogas process performance are 

often not investigated. 
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Table 1. Physiological functions and stimulatory concentration ranges of Ni, Co, Se, W and 

Mo (mg L-1
) for CH4-formation in pure batch cultures of methanogens, according to 

Takashima and Speece (1989) and Zandvoort et al. (2006). 

Metal Stimulating concentration  

(mg L
-1

) 

Physiological function 

Co 0.001-0.12 CO-dehydrogenase and B12 (methyltransferase and 

other B12-enzymes) 

Ni 0.006-0.12 factor F430, hydrogenase, CO-dehydrogenase, methyl-

CoM-reductase 

Se 0.079 hydrogenase, formate dehydrogenase, tRNA 

W 1.83-18.3 formate dehydrogenase 

Mo >0.01-0.05 formate dehydrogenase 

 

2.3 Trace metal bioavailability 

The bioavailability of trace metals is controlled by the metal speciation and it is 

assumed that only free metal ions and certain organic metal complexes are available 

for microbial uptake (Phinney et al, 1997; Ellwood et al., 2001; Krom, 2002; Saito et 

al., 2002; Ferguson and Deisenhofer, 2004; Worms, 2006). Trace metal speciation is 

affected by factors such as total metal concentration, pH, redox-potential, temperature, 

total ion strength, and concentration of organic and inorganic metal binding ligands. 

Chemical processes such as precipitation, co-precipitation, adsorption and 

complexation will reduce free metal ion concentrations in anaerobic digesters and in 

that way affect trace metal bioavailability (cf. Aquino and Stuckey, 2007). 

The presence of sulfides, carbonates and to some extent phosphates results in 

precipitation of metals. Of these three, sulfides are regarded as the most important 

regulators of trace metal bioavailability because of the low solubility products of metal 

sulfide precipitates (Callander and Barford, 1983b). Callander and Barford (1983b) 

state that when the total sulfide level (i.e. H2S, HS
-
 and S

2-
) exceeds the total 

concentration of Fe, Co, Ni, Cu and Zn, these metals are to be precipitated as sulfides. 

Sulfide will always be present in biogas processes operating on biomass-derived 
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substrates due to mineralization of organic matter containing sulfur and due to sulfate 

reduction in cases when sulfate is a part of the feed (cf. Colleran et al., 1995). Several 

studies have demonstrated the importance of sulfide on metal speciation and 

bioavailability in anaerobic digesters (Callander and Barford, 1983b; Rinzema and 

Lettinga 1988; Morse and Luther, 1999; Gonzalez-Gil et al. 2003; Jansen et al., 2005; 

van Hullebusch et al., 2005; Patidar and Tare, 2006; Aquino and Stuckey, 2007; 

Jansen et al., 2007, Paper III). Nevertheless, the effect of sulfide on trace metal 

bioavailability is still unclear. According to the low solubility products of metal 

sulfides they are expected to limit metal bioavailability in digesters, but it has been 

suggested that particle size and age of Co- and Ni-sulfide precipitates may also affect 

their solubility/bioavailability (Gonzalez-Gil et al., 2003; Jansen et al. 2007). Jansen et 

al. (2007) concluded that the dissolution rate of freshly formed Co- and Ni-sulfide 

precipitates did not seem to limit metal uptake by methanogens in an enriched 

methanogenic batch culture. In continuous processes the sulfide precipitates may be 

older, larger and more crystalline, which likely affects the metal solubility and, thus, 

bioavailability (Gonzalez-Gil et al., 2003). 

Apart from precipitation, carbonates, phosphates and sulfides are also able to form 

metal complexes in anaerobic digesters (Callander and Barford, 1983b, Jansen et al., 

2005). In biogas processes digesting sulfur-rich substrates, the complexation of metals 

by sulfide (i.e. [MeHS]
+
 and [Me(HS)2]

0
; Table 2) are suggested to be the most 

important, based on their stability constants (Jansen et al., 2007). However, it should 

be mentioned that the available stability constants (logK) of metal sulfide complexes 

are uncertain (Rickard and Luther, 2006). Complexation with organic chelators of 

microbial origin, the so called soluble microbial products (SMP), has also been 

suggested to affect metal speciation and bioavailability in anaerobic digesters (Kuo 

and Parkin, 1996; Barber and Stuckey, 2000; Patidar and Tare, 2006; Aquino and 

Stuckey, 2007). The SMP are suggested to complex metals strongly, and may 

therefore affect trace metal bioavailability by dissolution of metal sulfides. Gonzalez-

Gil et al. (2003) used yeast extract as a model substance for SMP. They observed an 

increase in biogas formation after yeast extract addition and suggested that the 

formation of Co- and Ni-yeast complexes may have facilitated dissolution of Co- and 
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Ni-sulfide precipitates, resulting in increased bioavailability of these metals. 

Moreover, it is well-known that aerobic microorganisms are able to actively excrete 

metal binding organic ligands to overcome trace metal limitations. This has been 

shown for algae at Co-deficiency (Saito et al., 2002) and several microorganisms at 

Fe-deficiency (Neilands et al., 1995). So far I have not been able to find any reports on 

the possible production of siderophores or other similar compounds by methanogens 

for their metal uptake. 

 

Table 2. Stability constants (log K) for some Co- and Ni-sulfide complexes given by Rickard 

and Luther (2006). 

Complex log K 

[CoHS]
+
 5.5 

[Co(HS)2]
0
 10.2 

[Co2(HS)]
3+

 9.5 

[Co3(HS)]
5+

 15.5 

[NiHS]
+
 5.0 

[Ni(HS)2]
0
 10.5 

[Ni2(HS)]
3+

 10.0 

[Ni3(HS)]
5+

 15.9 

 

Other chemical processes known to affect metal speciation are co-precipitation and 

adsorption to inert particulate matter and biomass. Adsorption is suggested to play a 

key-role in microbial metal uptake, since it is proposed to initiate the transport of the 

metal into the cell. Electrostatic interactions and complexation to negatively charged 

groups on cell surfaces (e.g. carboxyl groups and extra cellular polymers) are believed 

to be responsible for the adsorption (Lawson et al., 1984; Rudd et al., 1984; 

Oleszkiewicz and Sharma, 1990; Liu et al., 2001). Moreover, co-precipitation and 

adsorption are of special importance in systems with high Fe-concentration relative to 

trace metal concentration (Huerta-Diaz et al., 1998; Cooper and Morse, 1999; Morse 

and Luther, 1999). An example is demonstrated for sediments, where adsorption 

and/or co-precipitation of Co and Ni on FeS are known to occur (Morse and Arakaki, 
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1993). Hence, in typical biogas reactors, where Fe often is supplied in relatively large 

quantities compared to Co and Ni, adsorption/co-precipitation of Co and Ni on FeS 

may play an important role. 
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3 Objectives, Hypotheses and Research Questions 

This study was taken on to further investigate the use of trace metals to improve the 

possibilities to apply the biogas process for CH4-production. The objective was to 

investigate the effect of additions of Co, Ni, Se and W on a process digesting grain 

stillage and to further investigate the speciation of Co and Ni under these conditions. 

Focus was given to the effect of sulfide interaction with Ni and Co as these metals 

were early shown to be crucial for the process stability. Sulfide was targeted, since it is 

considered to be the most important component regulating the bioavailability of these 

metals (see chapter 2). The following hypotheses were formulated: 

1. Supplementation of Co, Ni, Se and W to grain stillage-fed biogas tank reactors 

will result in increased total biogas production, CH4-production (i.e. CH4 

volume per g added VS), VS-reduction, and decreased VFA-concentration, 

relative to when these elements are not added. 

2. The speciation of Co and Ni will affect their bioavailability in the reactors. 

Research questions 

1. Which of the metals Co, Ni, Se and W have stimulatory and stabilizing 

effects on the performance of a biogas process digesting grain stillage? 

2. In what chemical forms do Co and Ni occur in the biogas reactors? 

3. How are the chemical forms of Co and Ni related to bioavailability? 

The studies leading to Paper I and II were designed to answer research question 1. 

Sequential- and AVS-extraction together with analysis of AVS-Me were used for 

answering hypothesis and research question 2 (Paper III). Further, the sulfur speciation 

in solid phase was studied by S XANES. The effect on S speciation after SE was 

investigated by S XANES and extraction of AVS (Paper IV). Answers to research 

question 3 are discussed in chapter 5, combining the results from Papers I-IV with 

some additional experimental data (only presented in the thesis) and previous results in 

the literature. 
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4 Methods 

4.1 Effects of Fe-, Co-, Ni-, Se- and W-supplementation studied 

by the response in biogas process performance 

Most commonly the effect of trace metals during anaerobic digestion has been 

evaluated by following the response in the biogas process variables used for 

monitoring process performance, such as pH, VFA-concentration, biogas production, 

CH4-production, and substrate utilization efficiency (Murray and van den Berg, 1981; 

Wilkie et al., 1986; Takashima and Speece, 1989; Espinosa et al., 1995; Jarvis et al., 

1997; Kim et al., 2002, Papers I and II). In the present study, six mesophilic (37°C) 

biogas tank reactors designated J1-J6 were operated for studying the effects after 

supplementation of Fe, Co, Ni, Se and W on biogas process performance (Paper I and 

II). The inoculum was obtained from a pilot-scale biogas plant digesting grain 

residues. For details regarding reactor design and experimental setup see Paper I. The 

grain stillage used as substrate is a rest product from ethanol production, obtained from 

Lantmännen Agroetanol AB, Norrköping, Sweden. Nutrient concentration in the 

stillage was analyzed by Eurofins Environment Sweden AB, Lidköping, Sweden, with 

reported measurement errors of 15-25%. The stillage was judged a suitable substrate 

for the present study, since it contained 1.1-1.9 g tot sulfur L
-1

 of which 0.8-1.1 g L
-1

 

was in the form of SO4
2-

. This ensured a high and continuous content of sulfide in the 

reactors. Moreover, the stillage contained Ni (0.08 mg L
-1

) and Mo (0.16 mg L
-1

), 

while Co-, Se- and W-concentrations were not detectable (i.e. Co <0.007, Se <0.14 

and W<0.15 mg L
-1

). Concentrations of macro- and micro-nutrients in the stillage are 

given in Appendix A. 

Reactors J1-J4 were operated over a period of 756 days, while reactors J5 and J6 for 

394 and 306 days, respectively (Fig. 2a-d, section 5.1). J5 was started 420 days after 

start-up of J1-J4, while J6 was started 30 days after J5. Two different OLRs were 

applied: reactors J1 and J2 were operated at 2.5 g VS L
-1

 day
-1

 and reactors J3-J6 at 

4.0 g VS L
-1

 day
-1

. Temporary decreases in OLR were applied linked to process 
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disturbances. The process function was monitored by measuring total biogas 

production and CH4-production, pH, VFA-concentration and VS-reduction as 

recommended by Pind et al. (2003; for details see Paper I). The H2S concentration in 

gas phase was measured once every month by using a Dräger Accuru pump (Dräger 

Safety Sweden AB, Bromma, Sweden). 

Iron was supplied to the reactors from day 11 to obtain a concentration of 0.2-0.3 g L
-1

 

reactor liquid troughout the experiment, in oder to decrease the H2S levels in the 

process. The trace metal addition was done daily in connection to feeding (Table 3). 

The choice of supplementing Co, Ni, Se and W was based on previously reported 

stimulatory effects (cf. Feng et al. 2010). The applied amounts were based on the 

levels reported to be stimulatory for CH4-production in pure methanogenic cultures 

(cf. Zandvoort et al., 2006; Table 1, section 2.2) and the current trace metal 

concentrations in the grain stillage (Appendix A). Moreover, the supplemented 

amounts were varied along the experimental period as based on the biogas process 

performance (Fig. 2a-d, section 5.1). All metal concentrtaions given below correspond 

to concentrations in the reactor liquid. 

Merely Fe-addition was not enough for maintenance of the biogas process stability 

(day 11-80), why Co was supplied to arrive at a concentration of 0.1 mg Co L
-1

 from 

day 80. However, CH4-concentration and pH continued to decrease together with an 

increase in the VFA-concentrations. On day 103, the reactors were supplied with new 

inoculum in order to save the processes from complete failure. The processes were 

temporarily recovered, but soon process instabilities resumed. Nickel was then added 

to arrive at 0.1 mg Ni L
-1

 from day 140. Still recovery was not obtained. Thus, on day 

146 the Co- and Ni-concentrations were increased to 0.5 and 0.3 mg L
-1

, respectively. 

Moreover, Se (0.05 mg L
-1

) and W (0.1 mg L
-1

) were supplied from day 146. The 

processes responded positively and accordingly the OLR was increased to 

4.0 g VS L
-1

 day
-1

 for reactors J3 and J4 on day 278. On day 195, the Se- and W-

supply was terminated. 
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Reactors J5 and J6 (both with a targeted OLR of 4.0 g VS L
-1

day
-1

) were supplied with 

Co (0.5 mg L
-1

) and Ni (0.3 mg L
-1

) from start. However, biogas process instabilities 

were then provoked in J5 and J6 by omitting Ni-addition in J5 and Co-addition in 

J6 after 105 days of stable biogas process operation of both reactors. Nickel- and Co-

amendments were resumed after another 94 days in J5 (0.1 mg L
-1

) and J6 

(0.02 mg L
-1

), respectively. The supplementations were then increased stepwise up to 

0.3 mg L
-1

and 0.4 mg L
-1

 of Ni and Co, respectively, to enable a determination of the 

mimimum Co- and Ni-concentrations required (for details see Paper II). 

 

Table 3. Targeted Co-, Ni-, Se- and W-concentration in reactors J1-J6 (mg L
-1

 reactor liquid). 

Day Metal 

0-79 - 

80 Co (0.1) 

140 Ni (0.1) 

146 Co (0.5), Ni (0.3), Se (0.05), W (0.1) 

195 Se and W additions were omitted 

420 Start up of J5 including Co (0.5) and Ni (0.3) 

450 Start up of J6 including Co (0.5) and Ni (0.3) 

565 

659 

Ni and Co additions were omitted in J5 and J6, respectively 

Ni (0.1) and Co (0.02) additions were resumed in J5 and J6, respectively 

 

4.2 Assessment of Co- and Ni-speciation and bioavailability 

Sequential extraction (SE) schemes are commonly used for determination of chemical 

partitioning and bioavailability/toxicity of metals in environmental samples (Hayes 

and Theis, 1978; Shen et al., 1993; Filgueiras et al, 2002; Osuna et al., 2004; van 

Hullebusch et al., 2005; Aquino and Stuckey, 2007). Sequential extraction is based on 

a stepwise addition of reagents with increasing reactivity, resulting in operationally 

defined fractions with decreasing solubility/mobility. Thus, SE schemes can be used 

for assessing the potential bioavailability of trace metals (Jong and Parry, 2004; van 
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der Veen et al., 2007). It is assumed that the applied reagent specifically attack a 

certain operationally defined phase, e.g. metal carbonates or metal sulfides. There are 

indeed limitations with SE-methods, such as variations in redistribution among 

operationally defined fractions and non-selectivity of reagents (Rapin et al., 1986). 

Given these drawbacks, SE-methods still deliver a set of data reflecting the relative 

partitioning of specific metals in environmental samples and can, thus, be used also for 

such assessments in biogas reactor fluids. However, precaution has to be taken 

regarding the total Fe-concentration in the system for the design of SE-experiments 

and evaluation of the results (see Paper IV). 

In the present study, a SE-method was combined with extraction of AVS and AVS-Me 

(Paper III), S XANES (Paper IV), and fractionation by filtration (chapter 5). Reactors 

J2 and J4 were sampled as representatives for two different OLRs. After separation by 

wet chemical extraction (SE and AVS-Me) and filtration, Co and Ni were analyzed by 

atomic adsorption spectroscopy (AAS) or inductively coupled plasma mass 

spectrometry (ICP-MS). Since Co and Ni may be associated to Fe-precipitates (Morse 

and Luther, 1999), a simultaneous partitioning analysis of Fe was done to account for 

this possible interaction. The reason for only proceeding with Co, Ni and Fe in 

speciation analysis was that no effect was observed on biogas process performance by 

the addition of Se and W (Paper I). A Tessier SE-scheme (Tessier et al., 1979; 

modified after Modak et al., 1992 and Veeken, 1998; cf. Osuna et al., 2004; Table 4) 

was chosen for the SE, since it was reported to have the best repeatability, 

reproducibility and extraction efficiency for sulfide in a biogas granular sludge matrix, 

compared to two other commonly used SE-schemes (Hullebusch et al., 2005). To 

obtain more specific information on the sulfides and to increase the reliability of the 

results from SE, an AVS-extraction procedure was applied together with analysis of 

AVS-Me (Paper III). This methodology was developed by Hsieh and Yang (1989) and 

modified by Brouwer and Murphy (1994) and Leonard (1996). The AVS-fraction is 

defined as the amount of sulfide in a sample being volatilized by the addition of 1M 

HCl, and AVS-Me are the metals associated to AVS.  
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The total content of Co, Ni and Fe in the reactor liquid was determined by nitric acid 

digestion, according to Swedish standard method SS-028311 prior to analysis by AAS 

or ICP-MS. Together with the samples three blanks (ultra pure water) and certified 

reference material (CRM 029-050, RTC) were analyzed. For analysis of the total 

amount of trace metals, total amount of S and SO4
2-

-S in the reactor liquids samples 

were sent to Eurofins Environment AB, Lidköping, Sweden. 

For sulfur speciation in the sludge solid phase of reactors J2 and J4, S XANES was 

used (Paper IV). Sulfur XANES is a unique method for the determination of the sulfur 

oxidation state and for fingerprinting speciation of metal-sites and metal-site structures 

(Bianconi, 1980). Compared to X-ray diffraction and infrared spectroscopy, which are 

commonly used methods for identification of minerals, XANES has the advantage of 

being non-destructive and having higher sensitivity and elemental specificity. This 

makes the XANES technique suitable for analysis of complex sample matrixes 

(Jalilehvand, 2006; Lobinski et al., 2006), such as biogas reactor liquids. Sulfur 

XANES and AVS/AVS-Me were used to evaluate the effect on S speciation after each 

SE-step (Paper IV). 

Additional filtration experiments (i.e. they are not presented in Paper I-IV) were 

performed to further investigate Co- and Ni-solubility as a follow up on the results 

from the SE and AVS-Me. For sampling procedure and transfer of samples to the 

anaerobic chamber see Paper IV. Reactor liquid (40 mL) from each sample was 

centrifuged in 50-mL polypropylene tubes at 10 000 rpm (11 000xg) for 10 minutes. 

The supernatant was decanted and filtered sequentially through 1.2 µm, 0.45 µm and 

0.2 µm disposable membrane filters (Supor Membrane Filter, Pall Life Science, 

Germany). The eluted liquid from the 0.2 µm filter was diluted before metal analysis 

by ICP-MS. The detection limit for Co and Ni was 0.10 and 0.07 µg L
-1

, respectively. 
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Table 4. Sequential extraction protocol modified after Tessier et al. (1979). 

Fractions Reagent Extraction conditions 

Sludge liquid phase - Centrifugation, 10 000 rpm, 

10 min 

Exchangeable 10 mL 1 M NH4CH3COO 

(pH 7) 

Shaken for 1 h,  

150 rpm, 20°C 

Carbonates 10 mL 1 M CH3COOH 

(pH 5.5) 

Shaken for 1 h,  

150 rpm, 20°C 

Organic matter/sulfides 5 mL 30% H2O2 

(adjusted to pH 2 with HNO3) 

Shaken for 3 h,  

150 rpm, 37°C 

Residual 20 mL 7 M HNO3 Autoclaved, 30 min, 120°C 

 

4.3 Microbial analysis 

To view possible shifts in microbial community structure as a response to the applied 

Co- and Ni-concentrations, quantification and identification of the microbial 

community structure were performed for reactors J5 and J6 (Paper II). Quantification 

of methanogenic archaea belonging to the orders Methanosarcinales, 

Methanobacteriales and Methanomicrobiales together with total bacteria (domain 

level) was performed by qPCR analysis, modified after Yu et al. (2005). For molecular 

fingerprinting, 454-pyrosequencing was used. Compared to conventional methods 

used for microbial community mapping, this relatively new method has the benefit of 

sequencing diverse microbial communities without a cloning procedure. Hence, the 

method is suitable for screening of complex microbial communities (Schlüter et al. 

2008; Werner et al. 2010). 
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5 Outcomes and reflections 

5.1 Effects on biogas process performance after Co-, Ni-, Se- 
and W-supplementation  

The metal addition throughout the experiment and the overall biogas process 

performance as a response to Co-, Ni-, Se- and W-supplementation are summarized in 

Table 3 (section 4.1) and Fig. 2a-d. It was demonstrated that Co- and/or Ni-

supplementation was necessary to maintain biogas process stability in stillage-fed 

biogas tank reactors at OLRs up to 4.0 g VS L
-1

 day
-1

 (Paper I). Neither Se nor W 

addition had any effect on the process stability up to this OLR. At stable biogas 

process performance (i.e. from day 160), the average CH4-production was 

0.4 L CH4 gVS
-1

 L
-1

 day
-1

 (corresponding to about 0.25 L CH4 g COD
-1

 L
-1

 day
-1

), the 

VS-reduction was 70% and VFA-concentration was below 0.6 mM for the reactors 

(reactor J1-J4; Paper I).  

Further it was shown that both Co- and Ni-amendments were necessary to maintain 

process stability, since VFAs started to accumulate 2.6 HRTs after excluding Ni-

amendment in reactor J5 and Co-amendment in reactor J6 (Paper II). To get an 

estimate of the concentrations of Ni and Co necessary for maintaining process 

stability, the concentrations occurring the week before VFA-accumulation commenced 

was used. Thus, concentrations below 0.10 mg L
-1

 would likely give rise to process 

disturbance and function decline. After resuming the Co addition in J6 the VFA-

concentrations in the reactors started to decrease when Co-concentration in the reactor 

liquid had reached 0.27 mg L
-1

 (Paper II). It was therefore concluded that the Co-

concentration had to be in the range of > 0.1-0.3 mg L
-1

 for a stable process 

performance. 

Despite the resumed Ni-supplementation in J5, the VFAs continued to increase and 

CH4-production eventually ceased completely (Paper II). At this point, the 

concentration of Ni in the reactor was 0.40 mg L
-1

 and, thus, higher than the Ni 

concentration observed in J5 and J6 at stable process performance (0.32 mg L
-1

). 

However, in connection to the process failure of J5 the pH was 6.2, which implies very 
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slow growth of methanogens (cf. Angelidaki et al., 2003). This likely explains why the 

CH4-production stopped despite the high Ni-concentration. Thus, it was concluded that 

the Ni concentration required for maintenance of a stable performance of the studied 

process was > 0.1-0.3 mg L
-1

. 

5.2 Microflora composition in J5 and J6 

According to the qPCR analysis, only small variations in copy numbers of total 

bacteria could be seen over time for each reactor and also when comparing the two 

reactors. The 454-pyrosequencing analysis showed bacterial sequences belonging to 

Bacteroidetes followed by Firmicutes as most abundant on phylum level (35-40% and 

15-20% of the total number of sequences, respectively) at both stable and unstable 

biogas process performance (Fig. 3 in Paper II). About 40% of the sequences were 

unclassified bacteria. Hence, there were no differences in total bacterial concentrations 

with time or between the reactors. The 454-pyrosequencing only showed minor 

changes in bacterial community structure after termination of Ni- and Co-

supplementation and concomitant increasing VFA-concentration. Thus, the bacterial 

community seemed more or less indifferent to Co- or Ni-deficiency. However, further 

studies are needed to rule out changes not detected by the methods used. 

For the methanogenic flora the qPCR results (Fig. 4 in Paper II) revealed that 

Methanosarcinales dominated the methanogenic community at stable biogas process 

conditions in reactor J5. However, the analysis after commenced VFA-accumulation 

show a shift with increasing numbers of Methanomicrobiales, but only low levels of 

the order are then found in the final sample. A similar trend, but at a lower 

concentration, was found for the order Methanobacteriales. The standard deviation for 

all qPCR analyzes of this order are however large (Paper II). In J6, Methanosarcinales 

seemed to be the dominating order at stable process condition. After commenced 

VFA-accumulation the concentration of Methanomicrobiales increased and dominated 

thereafter, with the exception of one sample point where Methanomicrobiales 

occasionally decreased. This was likely related to the low Co-concentration 

(0.17 mg L
-1

). 
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Figure 2. Reactor performance of reactors J1-J6: a) CH4-production (L g VSin
-1 day

-1
), 

b) total VFA-concentration (mM), c) pH, and d) VS-reduction (%). 
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The 454-pyrosequencing analysis showed that the archaeal community of both J5 and 

J6 was mainly attributed to Methanosaeta sp. at both stable and unstable biogas 

process performance (Fig. 5 in Paper II). However, the relative abundance of 

Methanoculleus sp. (belonging to the order Methanomicrobiales) increased at unstable 

process performance (increases of 5% and 28% in J5 and J6, respectively). Thus, both 

methods reveal a relation between Methanosarcinales and reactor stability while the 

increase in Methanomicrobiales after commenced VFA-accumulation is likely 

reflected in the increased numbers of Methanoculleus sequences from the 

pyrosequencing results. Hence, Methanomicrobiales increased with increasing VFA-

concentration as an effect of Co- or Ni-depletion. Both methods also indicated that the 

growth of Methanomicrobiales was more evident at Co-deficiency (J6) than at Ni-

deficiency (J5). The qPCR results also demonstrated that the growth of 

Methanomicrobiales was likely an effect of insufficient Co-availability (0.05 mg L
-1

). 

5.3 Chemical forms and bioavailability of Co and Ni 

The chemical forms and bioavailability of Co and Ni in reactors J2 and J4 was 

investigated by SE and AVS together with AVS-Me (Paper III). The results showed 

that Ni was completely associated to the organic matter/sulfide fraction and AVS. 

Cobalt was predominantly associated to organic matter/sulfides and AVS, but 10 and 

16% occurred in the sludge liquid phase (i.e. in the supernatant after centrifugation) of 

J2 and J4, respectively. This corresponds to the most soluble fraction with highest 

potential bioavailability. Hence, the potential solubility/bioavailability for Co was 

higher than for Ni.  

As expected the S XANES-analysis showed that the main S species in sludge solid 

phase was FeS (62 and 63% of total S in J2 and J4, respectively; Paper IV). This is a 

result of the Fe-supply to the reactors to decrease the H2S levels. The remaining S was 

mainly composed of reduced organic S species, i.e. sulfide and thiol groups (about 32 

and 29% of total S in J2 and J4, respectively). It was also concluded by S XANES that 

the oxidation state of S was affected after the first extraction step of the SE-procedure, 

i.e. the removal of exchangeable cations (Paper IV). This step resulted in a partial 
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oxidation leading to a transformation of about 20% of the FeS to zero-valent S. This 

oxidation was reflected in the AVS-analysis, since the AVS-fraction decreased 

considerably after the exchangeable extraction step. However, the results for SE 

revealed that FeS did not dissolve in the exchangeable or carbonate extraction steps 

(Paper III), implying that the transfer of Fe from sulfide resulted in formation of a 

secondary fraction (likely jarosite) in the solid phase. Since it is known that Co and Ni 

can be adsorbed and/or co-precipitated with FeS, it cannot be excluded that the 

speciation of trace elements such as Co and Ni might be affected during the SE-

procedure and cause a redistribution of these metals among the SE-fractions. Thus, the 

chemistry and quantity of Fe need to be considered carefully when designing SE-

methods for trace metal speciation and during data evaluation. The results obtained 

from SE in the present study (Paper III) imply that the Co denoted to the residual 

fraction (3%) was an effect of the formation of a secondary Fe-fraction during SE. 

The solubility of Co was further examined in a filtration experiment (according to 

section 4.2), which suggested that 16 and 21% of the Co was recovered in the eluted 

liquid after filtration through 0.2 µm for J2 and J4, respectively (corresponding to 0.11 

and 0.16 mg L
-1

). This agrees fairly well with the results for SE, which showed that 10 

and 16% of Co occurred in the sludge liquid phase of J2 and J4, respectively (Paper 

III). The measured concentration of H2S(g) in J2 and J4 was 0.3 and 0.4% (vol.), 

respectively. This corresponds to a HS
-
 concentration of approximately 1-2 mM in the 

reactors, according to Henry’s law and H2S equilibrium constants (Book of Data, 

Nuffield Advanced Science, 1984) at 37°C, pH 7.6-7.8 at 1atm. Based on the 

solubility constant for CoS(s) (4x10
-21

- 2x10
-25

; cf. Callander and Barford, 1983b), the 

calculated concentration of free Co
2+

 ions at equilibrium would be in the magnitude 

10
-22

-10
-26

 mg L
-1

 in J2 and J4. However, the measured dissolved concentration of Co 

was 0.11 and 0.16 mg L
-1

 in J2 and J4, respectively. This difference likely is explained 

by complexation of Co with organic ligands or sulfide as in the case of Jansen et al. 

(2007). These authors studied the impact of Co- and Ni-speciation on methanogenesis 

in sulfidic media, using batch tests with methanogenic enrichment cultures. They 

measured dissolved concentrations of Co and Ni that were several magnitudes higher 

than what was calculated from the equilibrium constants for their respective 
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amorphous metal sulfide precipitates. They concluded that Co- and Ni-carbonate and 

phosphate complexes were not strong enough to explain the dissolved concentrations, 

and that complexation with sulfide (i.e. [MeHS]
+
 and [Me(HS)2]

0
) was more likely due 

to the high stability constants of these complexes compared to metal complexes of 

carbonates and phosphates. Hence, this could also explain the concentration of 

dissolved Co measured in J2 and J4. 

Cobalt could also form complexes with organic ligands, such as SMP, which has 

previously been suggested to complex metals strongly in anaerobic digesters (Kuo and 

Parkin, 1996; Barber and Stuckey, 2000; Gonzalez-Gil et al., 2003, Patidar and Tare, 

2006; Aquino and Stuckey, 2007). Furthermore, Co in solution may be associated with 

vitamin B12, i.e. Co-corrinoids. B12-enzymes are known to play a crucial role in 

methanogenesis (see Table 1 in section 2.3), and methanogens are able to excrete B12-

compounds into solution (Mazumder, 1987; Zhang, 2004). Hence, dissolved Co in J2 

and J4 may be related to extracellular B12. There is also a possibility that the vitamin 

B12 is of intracellular origin and becomes released as a result of cell lyses during 

sample treatment, e.g. centrifugation of the reactor liquid. 

Regarding the impact of Co- and Ni-speciation on bioavailability, the results from SE 

and AVS-Me (Paper III) suggest that Co is more bioavailable than Ni. The study of 

Co- and Ni-depletion (Paper II) revealed a VFA-accumulation was considerably faster 

at Ni-deficiency than at Co-deficiency. This may be an effect of the predicted lower 

bioavailability of Ni, but may also be related to the lower concentrations of Ni 

maintained in the reactor. From the microbial analysis of J5 and J6 it was revealed that 

the bacterial community structure was not affected by Co- and Ni-deficiency, but that 

the methanogenic archaeal community structure showed a shift (Paper II). The order 

Methanosarcinales was dominating in the reactors at stable biogas process conditions 

as shown by the qPCR analysis, but the composition was affected by Co- and Ni-

deficiency. Methanosaeta was likely the main specie within Methanosarcinales as 

more or less only Methanosaeta sequences were detected with 454-pyrosequensing at 

stable biogas process conditions. Previously reported Co- and Ni-requirements of 

Methanosaeta concilii was 10 and >0.1 µM, respectively (Baudet et al., 1988; Patel et 
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al., 1988). Furthermore, a Ni-concentration of 1-10 µM was observed to be toxic to 

this organism (Patel et al., 1988). In the present study the requirement of Co for 

overcoming VFA-accumulation was 0.1-0.3 mg L
-1

 (corresponding to 2-5 µM), which 

is in the range reported by Patel et al. (1988). The Ni-requirement was at least 

0.1 mg L
-1

 corresponding to 2 µM, which is 20 times higher than that previously 

reported. The relatively high quantitative Ni-requirement may have been related to the 

high levels of sulfide in the reactor and the predicted low Ni-bioavailability due to its 

complete association to organic matter/sulfides and AVS (Paper III). Moreover, an 

increase of the order Methanomicrobiales (tentatively the genus Methanoculleus) was 

observed at Co- and Ni-deficiency, but the shift was more evident at Co-deficiency. It 

should be noticed that previously reported minimum Co-requirement for 

Methanosaeta concilii was 100 times higher than the Ni-requirement. This may 

explain why the effect on Methanosaeta was more severe at Co-deficiency. 

Perhaps the most interesting result of the present study is that the dissolved Ni-

concentrations were below detection limit (i.e. <0.07 µg L
-1

) in the eluted reactor 

liquid after filtration through a 0.2 µm filter. Still, Ni in the reactor liquid was 

available at a concentration that sustained reactor stability and biogas production 

(Paper I and II). According to the paradigm, it is only free metal ions and certain 

organic metal complexes that are available for microbial up-take. Thus, the 

observation for Ni in the present study calls for an explanation. The SE results showed 

that Ni was solely associated to organic matter and sulfides (Paper III). Moreover, that 

study demonstrated that all Ni was associated to AVS implying that Ni was primarily 

associated to sulfides. It is mainly amorphous or microcrystalline iron mono-sulfide 

minerals (FeS) that contribute to AVS/AVS-Me, but adsorbed metals and some 

organic sulfur compounds may also be included in this fraction (van Griethuysen et al. 

2002; Rickard et al., 2005; Poot et al., 2009). Hence, AVS-Ni is presumably mainly 

composed of inorganic Ni-sulfide, but organic Ni-sulfides cannot be excluded (e.g. Ni 

adsorbed to biomass and/or Ni-containing proteins). However, the observed effect of 

Ni as enhancing the biogas process performance in the present study reveals that Ni is 

taken up by the microorganism despite its extensive association to sulfides. This may 

be explained by competition with other chemical processes and/or by efficient 



30 
 

microbial Ni-uptake mechanisms. In this context it should be mentioned that the 

bioavailable Ni species may be very short-lived and/or labile (i.e. very sensitive to 

changed environmental conditions such as pH, temperature and redox-potentials), 

explaining why they were not detected in solution despite taken precautions. 

Returning to the hypotheses and research questions formulated in chapter 3, it is 

concluded that supplementation of Co and Ni was necessary to maintain stable biogas 

process performance of the stillage-fed biogas tank reactors of OLRs up to 

4.0 g VS L
-1

 day
-1

. Neither Se nor W amendments were necessary at this OLR. The 

addition of Co and Ni resulted in increased CH4-production, increased VS-reduction 

and a reduction of VFA-concentrations to below the quantification limit (<0.6 mM). It 

was concluded that the Co- and Ni-concentration in the reactor liquid needed for 

maintenance of a stable biogas process performance during digestion of grain stillage 

was 0.1-0.3 mg L
-1

 (Hypothesis and research question 1). 

Cobalt was mainly associated to organic matter/sulfide (68-75%) and AVS, but 

10-20% was also found to be dissolved (i.e. passed through a membrane 0.2 µm filter). 

The remaining portion of Co was distributed among the other SE-fractions (i.e. 

exchangeable, carbonates and residual fractions). In relation to the calculated dissolved 

sulfide concentration in the reactors (1-2 mM), the dissolved Co-concentration was 

several magnitudes higher compared to what was calculated from CoS(s) stability 

constants. This is likely explained by complexation of Co to sulfides or organic matter. 

Nickel was solely associated to organic matter/sulfide and AVS, and could not be 

detected in any other SE-fractions (i.e. below the detection limit < 0.07 µg L
-1

) or in 

dissolved form (i.e. <0.2 µm). The sulfide speciation analysis revealed that FeS was 

the dominating sulfide species (62-63%) in the reactors, and co-precipitation and/or 

adsorption of Co and/or Ni to FeS in solid phase may have occurred (research 

question 2). 

Regarding the Co- and Ni-bioavailability, it was shown that the metal concentration in 

the reactor liquid was clearly connected to CH4-production, VS-reduction and VFA-

concentration in the studied reactors. Moreover, the levels of Co and Ni in the 
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processes clearly affected the microbial community structure with a shift among the 

methanogens. The observed bioavailability of Co could be explained by the results for 

the SE, AVS/AVS-Me and filtration experiment, which revealed that 10-20% of Co 

was present in dissolved phase. The bioavailability of Ni was however predicted to be 

very low due to its low presence in the liquid fraction, which was demonstrated after 

SE, AVS/AVS-Me and filtration experiment. The fact that Ni speciation was 

dominated by AVS implied that Ni was associated mainly to sulfides. Nickel-sulfide 

speciation likely corresponded to precipitation of Ni-sulfides. In summary, the present 

study proposes that metal solubility is not a sufficient indicator for trace metal 

bioavailability and that extensive Ni-sulfide precipitation does not prevent the 

microbial uptake of this metal in the studied biogas tank reactors. However, the 

quantitative Ni requirement may have been higher due to the entire association with 

organic matter/sulfide and AVS, compared to what it would have been in a system 

with higher Ni solubility. 
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6 Conclusions 

The outcome of this thesis questions the paradigm that metal sulfide precipitation 

limits trace metal bioavailability in biogas reactors. Jansen et al. (2007) proposed that 

the dissolution rate of Co- and Ni-sulfide precipitates probably was high enough to 

allow for an uptake by methanogens, and they discussed that Co- and Ni-sulfides may 

even act as metal sources in anaerobic digesters. Their study was based on freshly 

prepared Co- and Ni-sulfides in enriched methanogenic batch cultures. To the best of 

my knowledge such results have not been demonstrated for biogas reactors until now. 

Thus, the present study showed that Ni stimulated the process performance of the 

biogas tank reactors despite the entire association of Ni with organic matter and/or 

sulfides and AVS (i.e. presumably mainly with sulfides), and its absence in dissolved 

phase. 

Hence, this indicates that a microbial uptake of Ni from its sulfides actually occurred. 

This further suggests that Ni-sulfide may act as a storage of and source for Ni in the 

reactor, which was also suggested by Jansen et al. (2007). However, the age and size 

of the Ni-sulfide precipitates may have influenced the Ni bioavailability in the 

reactors. To further understand the mechanisms related to Ni-bioavailability it is 

necessary to investigate the speciation of Ni-sulfides, to determine the proportions of 

inorganic/organic sulfides and possible associations to FeS (e.g. by extended X-ray 

absorption fine structure; EXAFS). X-ray diffraction may be used for determining the 

degree of crystallinity of the Ni-sulfide precipitates. Moreover, a comparison with the 

biogas process performance during digestion of a similar substrate (i.e. grain stillage) 

with lower S/SO4
2-

-concentration would be necessary to conclude possible limitations 

of Ni- (and Co-) uptake by sulfide precipitation. 

The dissolved Co-concentration was magnitudes higher than calculated from dissolved 

sulfide concentrations and the CoS stability constant. This phenomenon has been 

observed in previous studies, and has been suggested to be related to the complexation 

of Co with sulfides, carbonates, phosphates and organic ligands. In case of the 

environmental conditions of the reactors in the present study, the dissolved Co is likely 



34 
 

related to complexation with sulfides or organic matter, but calls for further 

investigations of Co speciation in dissolved phase. Such investigations can be initiated 

by measuring concentration of vitamin B12 (i.e. Co-corrinoids) in solution (cf. Zhang 

et al., 2004). Moreover, analysis of Co-sulfide species in solid phase may be 

performed by EXAFS and X-ray diffraction. The measurement of actual Co and Ni 

microbial uptake, e.g. by scanning probe microscopy and ICP-MS as proposed by 

Zhang et al. (2003), would be required for concluding on the actual Co- and Ni-uptake 

by the cells. Another option is to image Co- and Ni-concentration and distribution in 

living cells as forwarded by Fermoso (2008). The most interesting for further 

development in this research area however, would perhaps be to identify a 

siderophore-like mechanism for Co and Ni microbial uptake in biogas reactors. 

In conclusion, this study demonstrates that there are good possibilities to improve the 

performance of biogas processes digesting sulfur-rich substrates by supplementation of 

Fe, Co and Ni, and that stillage OLRs of at least 4.0 g VS L
-1

 day
-1

 are feasible. 

Despite extensive Co- and Ni-sulfide precipitation, the supplementation of Co and Ni 

will have stimulatory effects on process performance. Cobalt- and Ni-concentrations in 

the range 0.1-0.3 mg L
-1

 are required for maintaining process stability at this OLR for 

digestion of stillage. 
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Appendix A 

Table A-I. Concentration of macro- and micro-nutrients in the stillage used as substrate in the 

reactor experiments presented. The TS of the analyzed sample was 13% of wet weight. 

Concentration and measurement errors were reported by Eurofins Environment Sweden AB. 

Nutrient 

 

Concentration 

(mg L
-1

) 

Error in measurement 

(±%) 

Total-N (Kjeldahl) 7100 10 

Ammonium-N 1400 10 

Cl <80 8 

P 1300 15 

Al <6.8 25 

B <0.80 25 

Ca 150 15 

Co <0.01 25 

Cu 1.8 15 

Fe 21 15 

K 1700 20 

Mg 450 15 

Mn 9.7 15 

Mo 0.16 20 

Na 790 20 

Ni 0.08 20 

Se <0.14 20 

S  1200 20 

Ti <0.68  

V <0.07 25 

W <0.15 15 

Zn 12  

 






