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ABSTRACT 

Zandvoort M.H. (2005) Trace metal dynamics in methanol fed anaerobic granular sludge bed reactors. 
Doctoral Thesis. Wageningen. The Netherlands, pp 206 

Trace metals are essential for anaerobic microorganisms, because they are present as cofactor in many 
of their enzymes. Therefore anaerobic wastewater treatment systems using these microorganisms to perform 
biological conversions are dependent on these metals for their (optimal) performance. In practice these metals 
are supplied to the influent when they are absent or insufficiently present in the wastewater. This supply is 
generally not very rational. However, such a rational metal supply is desired in order to reduce the costs, to 
minimize the introduction into the environment and to maximize the biological activity. To achieve this insight, 
in the trace metal dynamics in anaerobic granular sludge bed reactors is required. This thesis therefore focuses 
on the retention, accumulation and release of trace metals in anaerobic granular sludge and the factors affecting 
these processes. Further the impact of metal presence/absence and dosing on the anaerobic conversion of 
methanol was addressed. 

This investigation showed that trace metal deficiencies are in some cases already present in granular 
sludge from full-scale reactors, although mainly for the substrate methanol and for the metal cobalt, as evidenced 
by a significant increases of the specific methanogenic activity (SMA) of the sludge with methanol upon cobalt 
addition. If not already present limitations for cobalt, nickel or iron can be easily induced in Nedalco granular 
sludge (e.g. within ± 70 days), present in an upflow anaerobic sludge bed (UASB) reactor (pH 7; 30 °C) fed with 
methanol at an OLR of ± 5 g COD. 1 reactor"' .d'1 under metal deprived conditions. The response of the systems 
to metal deprivation differed depending on the metal for which it was deprived. Cobalt deprivation leads to a low 
methanol removal capacity without any volatile fatty acid (VFA) accumulation, nickel deprivation resulted in 
methanol accumulation with a slowly increasing moderate VFA accumulation, while under iron deprived 
conditions an instant, fast and significant methanol and VFA accumulation occurred. 

Different cobalt supply strategies (continuous, pulse and pre-loading of the sludge) to overcome and 
prevent limitations in the sludge were studied with respect to their effectiveness in metal retention and 
improvement of the methanogenic methanol conversion. Continuous cobalt dosing at low concentrations was 
found to be favorable with respect to the amount of cobalt required and the minimal losses with the effluent, 
although the impact on the SMA was relatively limited. After termination of the cobalt supply, the activity and 
methanol removal capacity could be maintained for more than 100 days. Pulse dosing comprises an intermediate 
dosing strategy between continuous dosing and pre-loading of the sludge, the strategy is very effective in 
overcoming almost immediately acute cobalt limitations. However, the losses of cobalt were considerably higher 
compared to the continuous dosing strategy. Pre-loading of the sludge, although also effective in overcoming 
cobalt limitations and resulting in high a SMA's, was ineffective reducing cobalt losses, especially immediately 
after reactor start-up. 

The reactor conditions can not only influence the metal retention by the sludge they can also influence 
dynamics of the metals within the sludge. This research showed that the fractionation of the sludge metal content 
over operationally defined fractions by sequential extraction is a good method to create insight in these internal 
metal dynamics. Under 'normal' operational conditions cobalt leached from pre-loaded Nedalco granular sludge 
at an initial fast rate of ± 22 ug. g TSS"1, the cobalt was lost from the more loosely bound exchangeable and 
carbonate fraction. After depletion of the latter fractions cobalt, was lost mainly from the more strongly bound 
organic/sulfide fraction of the sludge at a slower rate of ± 9 ug. g TSS'1. The pH and sulfur source determine 
metal solubility and therefore are important operational parameters that can influence metal retention. For 
instance the presence of a sulfur source was required for the onset of iron and molybdenum accumulation, and 
the sulfur source (sulfate or cysteine) determined the preferred fraction for zinc accumulation in the sludge. 
Further short term pH shocks (pH 5; 30 h) were found to strongly affect the metal speciation in the granular 
sludge pre-loaded with cobalt, nickel and Iron. 



Stellingen 

1 Het is thans mogelijk de noodzaak van metaal dosering aan praktijkreactoren door 
uitvoering van eenvoudige laboratoriumtesten adequaat vast te stellen, derhalve 
gedurende het bedrijf van de reactoren te blijven volgen. 
(dit proefschrift) 

2 Het verdwijnen van methanogene activiteit op acetaat als substraat bij langdurig 
eenzijdig voeden van een anaerobe reactor op methanol draagt bij aan de instabiliteit van 
anaerobe bioreactoren welke methanol houdende afvalwaters moeten behandelen. 
(dit proefschrift) 

3 Yu en medewerkers (2000) spannen duidelijk het paard achter de wagen met het 
toedienen van zeer hoge ijzer (Fe +) concentraties (tot 800 mg.l"') aan de voeding van hun 
anaerobe reactor t.b.v. de anaerobe korrelslibvorming, want de ijzersulfide korrels die ze 
krijgen bezitten inferieure biologische eigenschappen. 
Yu HQ, Fang HHP, Tay JH (2000). Effect of Fe2+ on sludge granulation in upflow anaerobic 
sludge blanket reactors, Wat Sci Tech, 41, 199-205 

4 Hoewel de toekomst van wetenschappelijk onderzoek in sterke mate gebaat is bij het 
realiseren van goed functionerende multidisciplinaire samenwerkingsverbanden, moeten 
beleidsmakers er goed bewust van zijn dat de moeilijkheidsgraad van het van de grond 
krijgen hiervan veel gelijkenis vertoont met het inburgeringproces van allochtone 
medeburgers, er gaat aan tijd minstens een generatie mee gemoeid, in dit geval dus 
minstens een generatie promotie onderzoekers. 

5 Een expert is iemand die op een heel klein gebied alle mogelijke fouten heeft gemaakt. 
Niels Bohr, Deens Natuurkundige (1885-1962) 

6 Het huidige "normen en waarden" debat munt uit in een dusdanige vrijblijvendheid 
t.a.v. de verantwoordelijkheid hierin van alle mogelijke (semi-)overheidsinstellingen, dat 
de gemiddelde Nederlander weinig vertrouwen kan opbrengen in de zin en 
geloofwaardigheid van de aangezwengelde discussies. 

7 Ondersteun de bacterien, het is de enige "cultuur" die sommige mensen hebben. 
Steven Wright Amerikaans komieken acteur 

Stellingen behorende bij het proefschrift "Trace metal dynamics in methanol fed 
anaerobic granular sludge bed reactors" door Marcel Zandvoort, Wageningen 23 
maart 2005 
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Introduction 



Chapter 1 

Biological effects of metals 

All live forms are dependent on nutrients for their preservation and growth. Besides 

the macronutrients such as e.g. carbon, nitrogen, phosphorus and sulfur; also trace elements 

are essential for life. Trace elements can be defined as "any various chemical elements that 

occur in very small amounts in organisms, but are essential for many physiological and 

biochemical processes" [http://www.epa.gov/trs]. Many of these essential trace elements are 

metals. In general, the role of metals in biology has received a lot of attention and publications 

on the subject are numerous. Research towards the role of trace elements in humans, animal 

and plants mainly focuses on their mode of action in health and disease and nutritional 

importance. 

Human 

The effects of metals on human health are not only plenteous, they are also very 

complex, it is for instance well known that iron is an essential constituent of hemoglobin and 

thus regulates the uptake of oxygen in blood. The availability of nutritional non-heme iron is 

limited and deficiencies can occur even when it is present in the nutrition at apparently 

sufficiently high concentrations. The availability of iron can, however, be enhanced by for 

instance cysteine [Glahn and van Campen, 1997] or vitamin C [Halberg, 1995]. Although, 

iron supplementation can be positive in preventing anemia, it could at the same time promote 

the growth of the malaria parasite [Verhoef et al, 2002]. Another example of an important 

metal for humans is zinc, as it is a cofactor in over 300 enzymes [Coleman, 1992; Vallee and 

Falchuk, 1993]. Zinc was found to be important for the human immune system, e.g. 

supplementation of zinc is even effective in reducing the duration of the common cold 

[Hulisz, 2004]. Several trace elements can also influence the cognitive functions: Se, Cr, Co 

and Fe have a positive effect, while Cu and Al negatively influence the cognitive function, 

aluminum for example contributes to the pathogenesis of Alzheimer dementia [Smorgon et 

al , 2004]. 

Animal 

The requirement for trace metals for animals is evident as well and they are generally 

supplemented with commercial animal feeds to improve animal health and growth. The 

bioavailabity of these trace elements is essential. The processes determining whether a metal 

is bioavailable for animals can be complex and unanticipated. For instance, cattle grazing in 

molybdenum rich pastures can develop secondary copper (and sulfur) deficiency due to the 

antagonistic effect of molybdenum on copper uptake [Farmer et al., 1982]. The requirement of 

metals varies significantly between animals species, e.g. sheep are very sensitive to copper 
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toxicity [Ishmael et al., 1972], while copper is supplemented (max. cone. 170 mg.kg"1) to the 

feed of piglets to promote their growth [Janssens, 2004]. The manure of piglets contains such 

high concentrations (up to 914 mg.kg"' dry matter) of copper [Jordeville et al., 2003] that 

sheep are not allowed to graze on pastures fertilized with pig manure. New legislation of the 

European Union aims at the reduction of the metal output to the environment, the maximum 

concentrations of trace metals allowed in animal feeds has therefore been reduced (Directive 

70/524/EEC, maximum levels of trace metals, SANCO/367 rev. 2/2000). In order to have the 

same impact on animal health and growth, the limited amount of metal supplied with the feed 

should be (more) bioavailable. As a result a new source of trace metals, metals chelated to 

amino acids and organic acids, has become more important [Janssens, 2004]. In theory, these 

metal have a higher bioavailability, because of the different uptake mechanism and lower 

competition with other complex forming compounds in the feed and intestines [Apines et al., 

2003]. 

Microorganism 

Similar to higher life forms, microorganisms are dependent on trace elements as well. 

The effects of metals on humans and animals described in the above section can be more or 

less directly translated to microorganisms viz. the requirement, essentiality and effects of a 

trace metal may vary with the species and the metal bioavailability for microorganisms is a 

very intricate subject as well. The essential metals are often present in the enzyme system as 

part of a cofactor or they are of vital importance for the enzyme system. An overview of some 

of the metallo-enzymes present in different microorganisms and the metals that are essential 

for these enzymes is presented in Table 1. On the non-enzymatic level some metals can be 

involved in microbial processes with the electron transfer in redox reactions. For example, this 

is the case for Fe(III)- and Mn(IV)-reducing bacteria [Lovley, 1993; van der Maas, 2005]. On 

the other hand, all metals are potential toxicants. "Metal toxicity" is the generic term for the 

total of possible ways in which metals may inhibit microbial activity. 

Biological effects of metals in bioreactors 

The essential requirement of trace metals for optimal functioning of microorganisms 

and the thus the conversions that they perform is clear (Table 1). Many biotechnological 

processes use microorganisms, these processes are therefore highly dependent on the presence 

of metals for their optimal performance. For example, in anaerobic wastewater treatment 

systems such as upflow anaerobic sludge bed (UASB) reactors a consortium of 

microorganisms is present immobilised in sludge granules. The microorganisms present in 

these granules degrade organic compounds to methane (CH4) and carbon dioxide (CO2) via a 
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complex metabolic network (Fig. 1). Each subsequent conversion is carried out by a different 

microbial group, which has different metal requirements. 

Table 1. The key metals in enzymes of microbial conversions 

Enzyme 
Methyltransferase 

B12-enzymes 

CO-dehydrogenase 

Acetyl-CoA synthase 

Tetrachloroethene reductive 

dehalogenase 

Methyl-CoM-reductase 

Uerase 

Hydrogenase 

MMO (free)1 

NO-reductase 

Nitrite reductase 

Ammoniummonooxygenase 

SOD aerobes, anaerobes2 

Formiate dehydrogenase 

Formylmethanofuran-

dehydrogenase 

Aldehyde-oxydoreductase4 

Nitrate reductase 

Nitrogenase 

Chloroperoxydase 

Bromineperoxydase 

Glycin reductase 

Organism(s) 
Methanogens and 

acetogens 

Many organisms 

Methanogens/Acetogens 

Moorella thermoacetica 

Dehalospirillum 

multivirans 

Methanogens 

Several organisms 

Desulfovibrio 

E. coli 

Facultative anaerobes 

M. trichosporium 

P. denitrificcms 

P. stutzeri 

N. europaea 

Methylobactehum 

E. coli 

M. thermoautotrophicum 

Clostridium 

P. denitrificcms 

M. Barkeri 

C. inaequalis 

A. nodosum 

E.coli 

Metal 
Co(B12) 

Co(B12) 

Co, Ni, Fe 

Fe, Ni, Cu 

Co.Fe 

Ni 

Ni 

Fe 

Ni.Fe 

Ni, Fe, Se 

Ni,Fe 

Cu, Zn 

Fe 

Fe (haem) 

Cu, Fe (haem) 

Cu 

Fe, Cu, Zn, Mn 

Moor W 

Mo-Se 

Mo or W3 

Moor W 

Mo, Fe, Fe (haem) 

Mo, Fe 

Mo or V, Fe 

V 

V 

Se 

Reference 
Beveridge and Doyle, 1989 

Beveridge and Doyle, 1989 

Ferry, 1999 

Seravalli et al., 2003 

Neumanet al., 1996 

Hausinger, 1987 

Hausinger, 1987 

Fauque et al., 1988; 

Albracht, 1994 

Sawers, 1994 

Takashima and Speece, 

1990;Pateletal.,1993 

Lipscomb, 1994 

Ferguson, 1994 

Ferguson, 1994 

Ensign etal., 1993 

Hughes and Poole, 1991 

Girioetal., 1992 

Sawers, 1994 

Bertram et al., 1994 

White and Simon, 1992 

Ferguson, 1994 

Schindelin et al., 1997 

Chien et al., 2000 

Schijndel etal., 1993 

Schijndel et al., 1993 

Heider and Bock, 1993 

Methane monooxygenase; Superoxide dismutase; With W in the growth medium an iso-enzyme was 
synthesized. 
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Introduction 

Anaerobic degradation of complex organic compounds 

The following conversions and trophic groups of microorganisms are involved in 

anaerobic degradation of complex organic compounds (Fig 1.). The primary fermentative 

bacteria first hydrolyse polymers such as proteins, carbohydrates and lipids to monomers, they 

then further ferment these monomers to e.g. acetate, carbon dioxide (CO2), hydrogen, alcohols 

lactate and fatty acids. Secondary fermentative bacteria or obligate hydrogen producing 

bacteria are required for the degradation of fatty acids longer than two C-atoms and alcohols 

longer than one C-atom. 

1) 

Proteins Carbohydrates Lipids 

1 s u 
Amino acids, sugars 

1) 

/ 

Higher fatty acids, alcohols 

^ \ ^ ^ 
Intermediary products 

(e.g. butyrate, propionate alcohols) 

H2,C02, (^-compounds 

5) 

4) 

1 2 ) 

3) 

CH4,C02 

1 1 2 0, ^\J2 

5) 

n Acetate 4 

5) 

Figure 1 Anaerobic conversion of complex organic substrates; 1. Hydrolyses by primary 
fermentive bacteria, 2. Secondary fermentive bacteria, H2 producing (syntrophic) bacteria, 3. 
Homo acetogenic bacteria, 4. Methanogenesis by acetotrophic-, methylotrophic- and 
hydrogenotrophic methanogens, 5. Sulfate reduction. 

The final step in the anaerobic degradation process is performed by methanogenic 

archae. These methanogenic archae are highly specialized and they can only use H2/CO2, 

acetate, formate and other Ci -compounds such as methanol, methylamines and methylthiols as 

substrates, which they disproportionate to CH4 and CO2 [Thauer et al., 1998]. Another 

important process in anaerobic treatment systems is sulfate reduction (Fig. 1), were sulfate 

reducing bacteria convert sulfate into hydrogen sulfide. Sulfate reducing bacteria are able to 

use several intermediates of the anaerobic mineralization process as substrates, not only the 
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direct methanogenic substrates but also e.g. the propionate, butyrate, higher branched fatty 

acids, lactate, ethanol, higher alcohols [Colleran et al., 1995]. Hence, different groups of 

microorganisms present in the bioreactor will compete for the same substrate. 

Metal requirement ofmethanogens 

As described in the above section, the final step of the anaerobic conversion is 

performed by methanogens. Methanogens can be stimulated by various metals (Table 2), but 

all methanogens were found to require cobalt, nickel and iron [Whitman, 1985]. Table 2 gives 

an indication of the medium concentrations that were stimulating for pure cultures of 

methanogens and illustrates that their needs for metals can vary strongly [for review see; 

Takeshima and speece, 1990; Jarrel and Kalmokoff, 1988]. The cell metal content of 10 

methanogens has been determined by Scherer et al. [1983], this study showed that the metal 

content varies considerably between the different species of methanogens even when they are 

from the same genus and converting the same substrate. 

Table 2. Metal stimulation of pure cultures ofmethanogens. 

Pure culture Conversion Stimulating cone. 
(uM): 

Reference 

Methanosarcina barkeri 

Methanosarcina barkeri 

Methanothrix soehngenii 

VNBF 

Methanobacterium 

thermoautotrophicum 

Methanobacterium 

thermoautotrophicum 

Methanosarcina barkeri 

Methanococcus oftiielli 

Methanospirillum 

hungateiGP1 

Methanol (methanogenic) 

Methanol (methanogenic) 

Acetate (methanogenic) 

H2/C02 (methanogenic) 

H2/C02 (methanogenic) 

Nitrogen fixation 

(methanol C: source) 

growth on formiate 

H2/C02 (methanogenic) 

Fe(II)(35) 

Co(l),Ni(l),Se(l), 

Mo(l) 

Fe(20-100),Co(2),Ni 

(2), Mo (2) 

Se(l),W(10) 

Fe(>5),Co(>0,01), 

Ni (>0,1), Mo (>0,01) 

Mo (5) or V (2) 

Se(l),W(100) 

Mn (50) 

Linetal., 1990 
Scherer and Sahm, 1981 

Fathepure, 1987 

Gerhard et al., 1993 

Schonheit et al., 1979 

Scherer, 1989 

Jones and Stadtman, 1977 

Pankhania and Robinson, 

1984 

Metals in the metabolic pathways of methanogenesis 

The enzymology of methanogenesis and acidogenesis has been studied extensively, 

which resulted in a detailed description of the hypothetical metabolic pathways of 

methanogenesis from methanol, H2/CO2 and acetate and the formation of acetate from 

methanol [Ferry, 1999; Thauer, 1998; Shima et al , 2002]. Figure 2 presents the different 

metabolic pathways and the enzymes involved. Several of the enzymes in these pathways 
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contain metals such as cobalt, nickel, iron, zinc, molybdenum and/or tungsten in the form 

coenzymes and cofactors (Fig. 2), which explains the high dependence of methanogens on the 

presence and availability of these metals. 

All methanogenic pathways converge to the enzymatic reduction of methyl coenzyme 

M to methane (Fig 2). This reduction is catalyzed by the Methyl-coenzyme M reductase 

complex, which contains a nickel containing cofactor called F430 [Friedman et al.,1990]. 

Another metallo-enzyme that is present in the methanogenic pathways is the cobalt/corrinoid 

containing methyl-H4MPT:Coenzyme M methyltransferase complex [Thauer, 1998]. The first 

step of methanogenesis from methanol is also catalyzed by a specific cobalt dependent 

methyltransferase, Methanol:Coenzyme M, next to cobalt this enzyme contains also zinc 

[Sauer and Thauer, 2000]. 

The key enzyme complex in the methanogenesis from acetate is carbon monoxide 

dehydrogenase (CODH). CODH cleaves the C-C and C-S bonds in the acetyl moiety of 

acetyl-CoA, oxidizes the carbonyl group to CO2 and transfers the methyl group to Coenzyme 

M. The CODH complex is composed of two enzyme components: a nickel/iron-sulfur 

component and a corrinoid/iron-sulfur component [Ferry, 1999]. This enzyme complex is also 

involved in the formation of acetate by acetogens from e.g. H2/CO2 and methanol [Bainoti and 

Nishio, 2000]. 

Formylmethanofuran dehydrogenase is a molybdenum containing enzyme that 

catalyzes the terminal step in the oxidation of methanol to CO2 (Fig. 2A) and the first step in 

C02 reduction to CH4 in autothrophic C0 2 fixation (Fig. IB) [Bertram and Thauer, 1994; 

Wasserfallen, 1994]. Methanobacterium thermoautotrophicum contains two 

formylmethanofuran dehydrogenase iso-enzymes, a tungsten form and a molybdenum 

containing form. The molybdenum enzyme is synthesized only when molybdenum is 

available in the growth medium. The tungsten enzyme is synthesized when either tungsten or 

molybdenum is present. If the growth medium contains molybdenum, the tungsten enzyme 

will contain molybdenum instead of tungsten [Hochheimer et al, 1995]. 

Hydrogenases play a key role in the metabolism of methanogenic Archaea during 

autotrophic growth on H2/CO2, uptake hydrogenases consume hydrogen to provide electrons 

for the reduction of CO2 to CH4 (Fig 2B) [Hausinger 1994], Two of the four reductive steps 

require reduced F420 (Fig. 2B), this reduction is catalyzed by F42o-reducing hydrogenase. This 

enzyme of e.g. Methanosarcina barkeri contains nickel and iron [Michel et al, 1995], while 

the hydrogenase of Methanoccus voltae grown in the presence selenenium, contains this metal 

as well. In the absence of selenium, a selenium free hydrogenase is produced [Berghofer et al , 

1994]. 
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CO, 

[Mo/Fe\ 

Formyl-MF 
A 

Fomnyl-H4MPT 

Methenyl-H4MPT 

4 A 

Methylene-H4MPT 

A 

Methyl-H4MPT 
A 

(Co/Zn) 

Methanol HS-CoM — • CH3-S-CoM 

1 

CO, 

H2 4»" • 
Na+ 

1 (MO/M 

Formyl-MF 

2 

Formyl-H4MPT 

3 

Methenyl-H4MPT 

5 

• — - ^ » HS-CoM + HS-CoB 

CoM-S-S-HTP 

2H* CH4 

Qtim 

Figure 2 Metabolic pathways. MF, methanofuran; H4MPT, tetrahydromethanopterin; HS-CoM, 
Coenzyme M, HS-CoB, coenzyme B; C0M-S-S-C0B, heterodisulfide of HS-CoM and HS-CoB; 
CH3CO-S-C0A Aceteyl coenzyme A; Acetyl-Pi, Acetyl phosphate; THF, tetrahydrofolate; CH3-E[Co], 
corrinoid bound methyl. 

(A) Enzymes involved in methanogensis from methanol (1) MethanohCoenzyme M methyltransferase; 
(2) methyl-H4MPT:Coenzyme M methyltransferase; (3) Methylene-FLtMPT reductase; (4) methylene-
H4MPT dehydrogenase; (5) Methenyl-H4MPT cyclohydrolase; (6) Formylmethanofuran: H4MPT 
transferase; (8) Methyl-coenzyme M reductase; (9) Heterodisulfide reductase. 

(B) Enzymes involved in methanogensis from H2/CO2, (1) Formylmethanofuran dehydrogenase; (2) 
Formylmethanofuran: H4MPT formyltransferase (3) Methenyl-H4MPT cyclohydrolase; (4) F42o 
dependent methylene-H4MPT dehydrogenase ; (5) H2-forming methylene-RiMPT dehydrogenase; (6) 
Methylene-FLiMPT reductase; (7) Methyl-H4MPT:Coenzyme M methyltransferase; (8) methyl-
coenzyme M reductase; (9) Heterodisulfide reductase; (10) F420-reducing hydrogenase. 
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D 

C 
Acetate 

1a 

r 

Acefyl-Pi 

1b 

CO CoA-SH Methyl-H,MPT 

3 

CO, CH,-S-CoM 

s—-s. » HS-CoM + HS-CoB 

CoM-S-S-HTP 

2H* CH4 

Methanol — • CH3-E[Co] 

Butyrate 

(C) Enzymes involved in methanogensis from acetate, (la) Acetate kinase and (lb) 
Phosphotransacetylase in Methanosarcina and catalyzed directly by Acetate thiokinase in 
Methanosaeta (dotted arrow); (2) CO dehydrogenase; (3) Methyl-H4MPT:Coenzyme M transferase 
(4); Methyl-CoM reductase; (5) Heterodisulfide reductase. 

(D) Enzymes involved in acetate (and or butyrate) formation from methanol by acidogenic bacteria (1) 
methyltransferase; (2) methylene-THF reductase; (3) methylene-THF dehydrogenase; (4) methenyl-
THF cyclohydrolase; (5) Formyl-THF synthase; (6) formate dehydrogenase; (7a) CO dehydrogenase; 
(7b) acetyl-CoA synthase; (7a and 7b are catalyzed by the same enzyme); (8) 
phosphateacetyltransferase; (9) acetate kinase 
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Chapter 1 

Dosing metals to bioreactors 

Metal dynamics in bioreactors 

For reactor operation practice a better understanding of the effect and effectiveness 

metal supply is required, in order to reduce the costs of metal supply, to minimize the 

introduction of metals into the environment (with the effluent and sludge) and to maximise the 

effect on the biological activity. The practical questions that should be answered to achieve an 

optimised metal supply are e.g., which metals are essential for the anaerobic treatment of 

different wastewater streams, how should the metals be supplied to the bioreactor, when 

should they be dosed, how long can the reactors operate stably without metal 

supplementation, can the bioavailability of the supplied metals be increased and can the 

sludge provide in its own metal needs from the "stock" present within the granule. In order to 

be able to answer these questions, a multidisciplinary approach which integrates the 

microbiological, physical-chemical and environmental technological aspects of metal supply 

is mandatory (Fig. 3). Fundamental knowledge concerning the effects of metals on 

microorganisms (trophic groups), the impact of media composition and the impact sludge 

matrix on the metal bioavailability has to be incorporated in strategies for metal supply in 

practice. 

I 
-.«-••- | Microbiology 

Lab-scale i 
Bioreactors 

rnystCai atio. oOiioiaai 
Chemistry 

Figure 3 Multidisciplinary approach required for determining the interactions of metals with 

the solid phase, liquid phase and the microorganisms present in anaerobic bioreactors, which 

will lead to a more rational and efficient metal supply to bioreactors. 
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Metal speciation in solution 

The fate (bioavailability and retention) of metals in the bioreactors depends on the 

complex interactions between the liquid phase and the solid phase present in the bioreactor 

(Fig. 4). The uptake of metals by microorganisms is assumed to proceed mainly via the 

transport of free metal ions over the cell membrane. However, before the essential metals 

actually reach the biomass present in the sludge granule, they are subjected to complex 

(bio)chemical processes in the reactor liquid such as precipitation (e.g. as sulfides), inorganic-

and organic complex formation. These processes can reduce the free metal concentration in 

solution to extremely low values. A lot of research has been published on the metal speciation 

and the effect of metals on organisms in natural systems. However, little knowledge is 

available on the relation between metal speciation and metal bioavailability in anaerobic 

bioreactors. 

In general anaerobic wastewaters have a high capacity to form metal complexes. 

Relatively high concentrations of inorganic ligands such as S ", PO4 " and CO32" are present in 

the wastewaters. The importance of PO43" and CO32" complexes was already shown for 

anaerobic media [Callendar and Barford, 1983], but also dissolved sulfide complexes are very 

important in the metal speciation [Jansen, 2004]. Next to inorganic ligands, bioreactors often 

contain a high concentration of soluble microbial products (SMP) as well [Barker and 

Stuckey, 1999]. These SMP can have a metal binding capacity as was demonstrated for nickel 

[Kuo and Parkin, 1996]. In some cases, microorganisms were even found to actively excrete 

organic ligands to overcome metal limitation, e.g. in case of iron [Neilands, 1995] and cobalt 

[Saito, 2002], but so far such an active involvement in acquiring essential metals has not been 

demonstrated for anaerobic microorganisms. In an extensive study towards the effect of metal 

speciation on the bioavailability in anaerobic wastewater treatment, Jansen [2004] concluded 

that in cases were the free metal ion concentration is controlled by precipitation equilibria, 

strong complexation acts as a dissolved metal buffer, preventing the system from dissolution 

rate limitation. 

Metal dynamics in granular biomass 

The metals supplied to the bioreactor have to be retained by the sludge in order to 

prevent losses with the effluent and to be available for the biomass present in the granules 

(Fig. 4). The main mechanisms involved in the accumulation of metals within biofilms are 

complex formation, chelation of metals, ion exchange, adsorption, inorganic micro-

precipitation and translocation of metals into the cells [Veiglio and Beolchini, 1997; van 

Hullebusch et al., 2003]. Precipitation of metals, e.g. as carbonates and especially as sulfides, 

is important for the accumulation of metals in the sludge. Sulfide is ubiquitously present in 

anaerobic bioreactors because of the occurrence of sulfate reduction or organic matter 
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mineralization. This property of sulfides is even used for the removal of metals from 

wastewaters [Kaksonen et al , 2003; Jong and Perry, 2003]. Although, the metals are better 

retained in the sludge due to sulfide precipitation, it may also influence their bioavailability, 

e.g. making them no longer 'directly' bioavailable [Gonzalez-Gil et al., 2003]. This may be 

especially the case when the sulfide precipitates age with time from amorphous to more 

crystalline forms [Jansen et al., 2004]. Moreover, metal precipitates (sulfides and carbonates) 

may actually take part in the sludge granulation process in anaerobic bioreactors [Oleskiewicz 

and Romanek, 1989; Shen et al., 1993b; Yu et al., 2000; Sharma and Sing, 2001]. 

Biogas 

Granular 
Sludge bed 

Influent 

Figure 4 Metal speciation in solution and biomass of bioreactors (A) UASB reactors used in 

Chapter 6 fed without (left) and with (right) a sulfur source. The black liquor (right reactor) 

indicates the formation of metal sulfide precipitates and/or dissolved metal sulfide complexes. 

(B) Energy dispersed 'X' ray analyses (EDXA) photographs showing the sulfur and iron 

distribution (light zones) in a sludge granule. 
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Van Hullebusch et al., [2004, 2005a] studied the kinetics and capacity of cobalt and 

nickel sorption onto granular sludge. The sorption capacity, expressed in terms of qm 

(Langmuir saturation constant), was generally lower when compared with other sorbents 

(Table 3), however, from a microbial point of view such metal contents are still substantial. 

Considering the complexity of the granular matrix, the total metal content of the sludge is a 

poor indicator of metal bioavailability and mobility. 

Table 3. Comparison of the Langmuir constant (qm) for nickel and cobalt for different 

sorbents. 

Metal 

Nickel 

Nickel 
Nickel 
Nickel 

Nickel 

Nickel 

Cobalt 

Cobalt 

Cobalt 
Cobalt 

Sorbent 

Anaerobic granules 

Anaerobic digested sludge 
Sphagnum moss peat 
Anaerobic dead biomass 
Dried Chlorella vulgaris 
Biomass 
Pseudomonas aeruginosa 
Free celss 
Immobilized cells 
Anaerobic granules 

Ion exchange resin 

Carbon sorbent 
Oscillatoria anguitissima 
Biomass 

(mg-g1) 
7.9 
9.4 
11.5 
25.2 
9.7 
227 
54.8 
62.6 

145 
37 
8.4 
8.9 
9.5 

60.0 
75.6 
17.3 
131.5 
150.0 

T(°C) 

30 
30 
30 

4.5 

35 

30 
30 
30 
30 
30 

25 
25 
25 
25 
25 

PH 

6 
7 
8 
7.2 

7.2 

8 
8 
6 
7 
8 

5.3 
5.3 
6 
5 
6 

Reference 

van Hullebusch et al., 
2005a 

Artola et al., 2000 
Hoetal., 1996 
Haytoglu et al., 2001 
Aksu, 2002 

Lopez et al., 2000 

van Hullebusch et al, 
2005a 

Rengaraj et al., 2002 

El-Shafey., 2002 
Ahujaetal., 1999 

Little is known about how the prevailing reactor conditions can influence the 

distribution of the trace metals over different (chemical) fractions present within the granular 

sludge. Only a few attempts to fractionate the metal content present in anaerobic sludge 

granules have been reported in literature, e.g. Shen et al. [1993a] studied the effect of heavy 

metals on the extra cellular polymeric substance (EPS) and Espinosa et al. [1995] used a 

sequential extraction scheme to define the metal fractionation in anaerobic sludge granules 

during different operational periods. Sequential extraction schemes are widely used for the 

evaluation of availability and mobility of trace elements in solid matrices [Filgueiras et al., 

2002]. In these schemes, extractants are applied in order of increasing reactivity so that the 

successive fractions obtained correspond to metals associated in a form with lower mobility 

[van Hullebusch et al., 2005b]. Despite its intrinsic disadvantages (operationally defined, e.g. 

extraction method determined), sequential extractions are a useful tool to gain insight in the 

metal dynamics within granular sludge as a function of operation time and reactor conditions. 
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Stimulating anaerobic treatment processes by metals 

Anaerobic bioreactors 

Although trace metals are essential for anaerobic treatment processes, the supply of 

metals to bioreactors has received less attention than the inhibiting effects of metals on the 

microbial activity due to toxicity. There are, however, some examples in literature that do 

report the stimulating effect of metal supply to full- and lab-scale UASB reactors (Table 4) 

and other types of anaerobic reactor (Table 5). Metal deficiencies of anaerobic treatment 

systems are therefore certainly not a rare phenomenon and the importance of metal supply is 

still largely underestimated. For instance Speece et al. [1986] showed that the removal 

capacity of 10 out of 30 anaerobic treatment systems could be improved by the addition of 

cobalt, nickel and iron. The stimulating effects of metals can occur even when high total 

concentrations of these metals are present in the reactor system, this shows that the metals can 

be present in a non-bio available form. For instance Ni (10 uM) stimulated the biogas 

production of a chicken manure digester, while nickel was present in the effluent (253 uM) 

before 'extra' Ni was added [William et al, 1986]. In a reactor treating a high sulfide cane 

stillage, iron bioavailability decreased due the formation of sulfide precipitates, iron had to be 

supplied continuously at a concentration as high as 600 mg.r1 in order to improve the acetic 

acid conversion [Callendar and Barford, 1983]. Some industrial wastewaters e.g. condensates 

may be devoid of one or more essential trace metals, which makes additional metal supply to 

systems treating such wastewaters essential. 
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Chapter 1 

Methanol conversion as a model system for metal studies 

Bioreactor 

Methanol can be utilized by both methanogens and acetogens (Fig. 2). In the anaerobic 

treatment of methanol containing wastewater, the utilization of methanol by acetogens is 

undesired, because the volatile fatty acid formation can lead to low COD removal and reactor 

instability. From the first studies towards the feasibility of anaerobic conversion of methanol 

using UASB reactors, the importance of trace metals on the methanol conversion pathway 

already became evident [Lettinga et a l , 1979]. Following this research, detailed investigations 

towards the factors determining the fate of methanol in anaerobic bioreactors was performed 

[Florencio, 1994]. The cobalt concentration was found to be one of the factors determining 

whether methanol will be used by methanogens or acetogens, e.g. low cobalt concentrations 

favor the direct formation of methane from methanol. Cobalt and to a lesser extent nickel was 

also found to greatly enhance methanogenesis from methanol [Florencio et al., 1993]. This 

property makes methanol an excellent substrate to study the impact of metal supply and the 

dosing strategy of supply on their bioavailability for anaerobic sludge, as was demonstrated in 

batch activity tests by Gonzalez-Gil et al. [1999]. 

Methanosarcina 

On the microbial level the genus Methanosarcina, the methanogens responsible for the 

direct conversion of methanol to methane, has been studied extensively. Methanosarcina 

species are the most versatile methanogen capable of using H2/CO2, acetate, formate and C\-

compounds such as methanol, methylthiols and methylamines [Thauer et al., 1998]. They 

were found to contain a high cobalt concentration in the form of corrinoids (part of the 

methyltranferase enzyme, Fig. 2), especially when grown on methanol [Krzycki and Zeikus, 

1980]. Several authors have investigated the cobalt and nickel requirement of Methanosarcina 

sp. [Diekert et al., 1981; Scherer and Sahm, 1981; Scherer et al., 1983; Mazumder et a l , 1987; 

Lin et al., 1989; Silveira et al , 1991a,b; Nishio et al., 1992]. From these studies the order of 

magnitude of nickel and cobalt content in the cells and effects on the methanol conversion are 

well known. The high requirement and impact of cobalt and nickel on the methanogenic 

activity of Methanosarcina sp., makes it an ideal organism for metal uptake and availability 

studies in controlled batch media. For instance Gonzalez-Gil et al. [2003] used an enrichment 

of Methanosarcina sp. to study the effect of nickel and cobalt complexation by yeast extract 

on their bioavailabilty in sulfidic media. Nickel and cobalt form relatively strong organic 

complexes with yeast extract. The bioavailability of these metals was dramatically increased 

by the addition of yeast extract. This is due to the formation of dissolved bioavailable 

complexes, which favor the dissolution of metals from their sulfides. Uptake of cobalt and 

nickel by a pure culture of Methanosarcina barkeri was studied and modeled by Jansen 

[2004], in a defined medium which contained the ligand EDTA to prevent sulfide 
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precipitation. This enabled direct study into the relationship between the speciation and uptake 

of cobalt and nickel and the influence on the methanogenic activity. 

Scope of the thesis 

The main objective of this thesis was to elucidate the trace metal dynamics in 

methanol fed anaerobic granular sludge bed reactors. The information available about the 

retention of essential metals during anaerobic bioreactor operation, and the factors that 

influence this retention, is limited. The effects of the metals (presence, absence and mode of 

supply) on the micro-biological conversion of methanol were taken in to consideration as 

well. 

Chapter 2 describes the trace metal content of granular sludges from full-scale 

anaerobic treatment systems. It was investigated whether the metal contents of these sludges 

were limiting for the conversion of different methanogenic substrates by assessment of the 

specific methanogenic activity on methanol, acetate and H2/CO2 in the presence and absence 

of a metal cocktail in the medium. In Chapter 3 and 4 the effect of cobalt, nickel and iron 

deprived (or limited) operation on the methanol conversion in lab-scale UASB reactors is 

studied. Chapter 5 investigates the impact of two different cobalt dosing strategies, viz. pre

loading and in situ loading on the performance and cobalt accumulation/retention in methanol 

fed bioreactors inoculated with initially cobalt limited granular sludge. Chapter 6 deals with 

the effects of different sulfur sources (cysteine and sulfate) on the performance and metal 

retention of methanol fed UASB reactors. Metals were sequentially extracted from the sludge 

in order to study the metal dynamics within the sludge granules. Chapter 7 describes the 

effect of imposed pH shocks on the metal retention of granular sludge, which was pre-loaded 

with cobalt, nickel and iron. Two sludges that originated from different full scale bioreactors 

were used in order to determine the effect of the sludge source on the metal retention. 
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Chapter 2 

INTRODUCTION 

The trace element requirement of anaerobic microorganisms is a rather specific 

phenomenon, because many enzymes involved in the biochemistry of fermentation and 

methane (CH4) production contain trace metals like e.g. cobalt, nickel, zinc and iron. Besides 

present in enzyme systems of the microorganisms, part of the metals in methanogenic 

granular sludge is present extracellularly, i.e. associated to the extracellular polymeric 

substances (EPS) or as inorganic precipitates. These extracellular metals can be considered as 

a stock of metals, which can be either non-bioavailable or (partly) bioavailable for the 

biomass. The relative contribution to the metal retention of these fractions depends on both 

the wastewater composition and bioreactor operational parameters. 

In order to prevent trace metal limitations of the methanogens, essential trace elements 

are usually supplied to the media in the cultivation of these microorganisms or in the media of 

specific activity assays. But also in practical applications of anaerobic microorganisms such as 

in Anaerobic Upflow Sludge Bed (UASB) or Expanded Granular Sludge Bed (EGSB) 

reactors, the supply of a balanced trace element cocktail is essential to maintain good reactor 

performance. Trace element limitations result in lower sludge activities and consequently in a 

sub-optimal reactor operation. The effect of a sub-optimal dosing of trace metals in 

laboratory-scale UASB-reactors has been shown to induce limitations for cobalt [Florencio et 

al , 1993, Zandvoort et al., 2002a], nickel [Zandvoort et al , 2002b] and iron [Zandvoort et al, 

2003]. In some full-scale UASB applications trace metals are not supplied because they are 

already ubiquitously present in the wastewater influent streams. But in these cases, some of 

the trace metals still might be present in sub-optimal concentrations and therefore the 

performance of these reactors then in principle could be improved substantially by a rational 

addition of trace metals. 

Little is known so far about the relation between the amount of metals present in the 

anaerobic granular sludges and their effect on the biological activity of the concerning sludge. 

Moreover, very little attention has been given so far to the existence of trace element 

limitations in full-scale bioreactors and how and when they manifest, e.g. when any supply of 

trace metal is omitted, or when they are dosed at sub-optimal concentrations or when they are 

induced by some change in an environmental factor, e.g. a pH shock. In order to elucidate 

whether limitations for trace elements prevail in full-scale bioreactors, anaerobic granular 

sludge's from four full-scale bioreactors were screened for their response to trace metals, 

using three methanogenic substrates, viz. methanol, acetate and H2/CO2. The response on the 

supply of a trace metal cocktail and on supply of individual metals was assessed and it was 

attempted to relate the metal content of the sludges with the assessed specific methanogenic 

activity responses. 
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Metal content and deficiencies of full-scale anaerobic granular sludge 

MATERIAL AND METHODS 

Source of biomass 

Four types of granular sludge, which originated from four different full-scale 

anaerobic bioreactors were used in this study. Nedalco granular sludge originates from a 

UASB reactor treating alcohol distillery wastewater, consisting of ethanol and volatile fatty 

acids (Nedalco, Bergen op Zoom, the Netherlands). Eerbeek granular sludge was obtained 

from a UASB treating paper mill wastewater (Industriewater, Eerbeek, The Netherlands). 

Hoogeveen granular sludge was obtained from a UASB treating groundwater contaminated 

with perchloroethene (Hoogeveen, The Netherlands). Heineken granular sludge originated 

from an EGSB reactor treating brewery wastewater (Heineken, Zoeterwoude, The 

Netherlands). 

Specific maximum methanogenic activity tests 

Maximum specific methanogenic activity (SMA) of the sludge was determined in 

duplicate at 30 (±2)°C using on-line gas production measurements as described in chapter 3. 

Tests compared the methane evolution upon the addition of either a full trace metal cocktail, a 

single trace metal or the full cocktail from which cobalt was omitted. The full metal cocktail 

contained iron at a concentration of 50 uM and cobalt, nickel, copper, zinc, manganese, 

molybdenum and selenium at a concentration of 5 uM. Approximately lg (wet weight) of 

granular sludge was transferred to 120 ml (245 ml for SMA on H2/CO2) serum bottles 

containing 50 ml of basal medium with the same composition as described in chapter 3, 

supplemented with either methanol (4 g COD.f1) or acetate (2 g COD.l1) as the substrate. The 

pH was maintained at ±7 by addition of 2.52 g.f' NaHCC>3. For the SMA with H2/CO2 as the 

substrate, bottles were flushed with 0.8 bar of nitrogen gas, a further 1.8 bar of H2/CO2 

(80%/20%) equivalent to 3.4 g COD.l"1 was added to the bottles resulting in a total pressure of 

2.6 bar. In the H2/CO2 test, the pH was maintained at approximately 7 by the addition of 3.7 

g.l"1 NaHCOj. For the SMA at pH 6 (Hoogeveen sludge), 6.81 g of KH2P04 and 4 ml 1.4 M 

NaOH was added per liter of medium. The SMA with H2/CO2 as the substrate was calculated 

from the rate of the gas pressure decrease in the bottles (except for the Hoogeveen sludge 

which was determined by the methane evolution in the headspace of the bottles) and the 

methane concentration in the headspace after depletion of the substrate. 

Metal analyses 

The total metal concentration in the sludge was determined by ICP-OES, after 

microwave destruction of the sample, as described by van Hullebusch et al. [2004] The 

sequential extraction procedure of the cobalt from the sludge was performed at the beginning 
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