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Abstract: A challenging, and largely uncharted, area of research in the field of 
anaerobic digestion science and technology is in understanding the roles of trace 
metals in enabling biogas production. This is a major knowledge gap and a 
multifaceted problem involving metal chemistry; physical interactions of metal and 
solids; microbiology; and technology optimization. Moreover, the fate of trace 
metals, and the chemical speciation and transport of trace metals in environments – 
often agricultural lands receiving discharge waters from anaerobic digestion 
processes – is completely unknown but simultaneously represents challenges for 
environmental protection and opportunities to close process loops in anaerobic 
biotechnologies.   
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1 Introduction 

Anaerobic digestion (AD) is an attractive bioenergy [1] and wastewater treatment 
technology [2, 3]. The advantages of AD for waste treatment include: production of 
a useable fuel (biogas/methane); possibility of high organic loading; reduced carbon 
footprint; and suitability for integration into a wide variety of process configurations 
and scales [2, 4]. AD is increasingly applied world-wide; in 2011, 8,760 anaerobic 
bioreactors were reported in Europe, most of which were used to produce renewable 
energy from organic feedstock [5, 6], itself a limited resource. Internationally, the 
research effort to maximize biogas yield has increased ten-fold over the past decade 
[7, 8]. Still, a critical research question remains open: How does trace metal 
availability limit biogas production yield and how can this limitation be engineered 
out of the system? To answer this question with confidence, in such a complex 
matrix of substrates, microorganisms and chemical products, requires spanning 
fundamental molecular sciences to engineering applications; only then will the 
underpinning science be coupled successfully to engineering-led systems, 
benefitting end-users and producing more renewable energy.  
Both the beneficial, and inhibitory or toxic effects of trace metals (TM) in anaerobic 
treatment processes have long been an interesting topic for researchers. Chalcogens 
- which include the trace elements selenium (Se), tellurium (Te) and radioactive 
polonium (Po) - although not metals, are included in the term TM in this chapter.  
The roles of TM in anaerobic processes are significant. Anaerobic fermentation and 
microbial growth is dependent on the availability and/or optimal supply of nutrients. 
Free metal ion availability is an important parameter that should be considered [9]. 
The requirements of various methanogens for iron (Fe), nickel (Ni), cobalt (Co), 
molybdenum (Mo), selenium (Se) and tungsten (W) have already been reported [10, 
11]. Furthermore, the effects of TM such as Fe, Ni, Co, Zn, Mo and Cu on anaerobic 
treatment of various types of industrial effluents have also been investigated in 
detail [12]. On the other hand, TM requirements of agricultural biogas systems 
operated with solid organic matter, such as energy crops, animal excreta, crop 
residues and the organic fraction of municipal solid wastes (OFMSW), are seldom 
reported in the literature, despite the exponentially-increased interest in biogas 
production from renewable sources [13]. 
Since industrial wastewaters and sludges contain elevated amounts of TM, most of 
the research activity has obviously been directed towards investigating the 
inhibitory and toxic effects of these elements on anaerobic wastewater treatment 
bioprocesses. During anaerobic conversion of energy crops, animal excreta, crop 
residues, OFMSW or any other type of organic wastes (e.g. food wastes) to biogas-
methane, the availability, or lack, of TM, such as Fe, Co, Ni, Zn, Mo, W and Se, 
plays a significant role in maintaining stable and efficient conversion processes. 
Recently, it has been shown that food waste appears deficient in some TM, such as 
Co and Se, required by the anaerobic digestion process when operating at high 
ammonia concentrations [14, 15]. Such findings have major implications for 
successful and expanded application of AD biotechnology. 
The area of TM bioavailability in AD systems calls for studies from several 
perspectives. Thus, efforts from a multitude of research fields are needed and the 
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area is, by necessity, interdisciplinary. TM research draws on: physics e.g. rheology, 
diffusion, adsorption; organic, inorganic, physical and analytical chemistry; 
microbial physiology, genetics and biotechnology (laboratory-, pilot- and full-scale 
systems); agronomy and forestry biofertilization, among others. This chapter 
presents current research on five areas covering the fate and roles of TM in 
anaerobic biotechnologies: TM speciation and bioavailability in AD environments; 
TM microbiology and microbial ecology; biotechnology; fate of TM in the 
environment; and mathematical modelling. 

2 Trace metals speciation, fractioning and bioavailability 

The total metal concentration, the conditions during digestion such as pH and redox 
potential, and the reaction kinetics of chemical processes occurring in bioreactor 
liquid phase (i.e. trace elements reduction, precipitation or complexation) and solid 
phases (i.e. trace elements sorption) play key roles influencing the chemical 
speciation of TM in AD bioreactors. For instance, increasing pH decreases 
solubility of cationic metals in the matrix. The precipitation of metals by sulfide (S2-

), carbonate (CO3
2-) and phosphate (PO4

3-), and their deposition in the bioreactor 
sludges/biofilms, plays an important role in nutrients, and TM, turnover [12, 16-
18].  
For instance, the presence of sulfide in biogas reactors affects the availability of TM 
needed for growth and metabolic activities of the microorganisms involved in AD. 
The solubility constants for complexes between most of the essential TM and 
sulfides are low and may lead to reduced bioavailability for these compounds [19]. 
High sulfide content in AD bioreactors may, therefore, result in suboptimal biogas 
production [20] and lead to a shift of micronutrients away from mobile forms toward 
more stable, and less reactive and bioavailable forms during AD [21]. However, due 
to its high corrosive properties, hydrogen sulfide affects biogas plant equipment and 
downstream biogas utilization devices, e.g. pipes and motors for converting the 
biogas to electricity and heat. Therefore, Fe may be dosed to biogas reactors to 
precipitate the sulfide formed and to avoid high concentration of hydrogen sulfide 
in the biogas [18, 20, 22] leading to a complete change of sulfur turnover in AD 
reactors (Figure 1) and also to a significant change of macro and micronutrient 
speciation. There is a strong interaction of added Fe and the micronutrients in the 
matrix: micronutrients may react with the Fe-sulfide releasing Fe2+. The resulting 
Fe2+ may form precipitates as phosphates (Fe3(PO4)2) or carbonates (FeCO3) [18]. 
Consequently, bioreactors have a considerable ability to sequester Fe2+-ions in the 
sludge. Simultaneously, nonalkali metals (e.g. Ca2+, Mg2+) form soluble ion pairs 
with a number of anions: HCO3

-, CO3
2-, OH-, SO4

2-, S2- [17]. 
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Figure 1. Sulfur turnover in biogas bioreactors and its influence on TM and nutrients 
speciation [modified from 17]. 
 
Furthermore, TM can interact with organic substances present in bioreactor, such 
as microbial cell wall (e.g. [23]), Extracellular Polymeric Substances (EPS) (e.g. 
[24]), Soluble Microbial Products (SMP) (e.g. [25]), organic substrates (e.g. yeast 
extract, [26]), organic sulfur compounds (e.g. organic thiol compounds (RS−), [22]), 
synthetic complexing agents, such as EDTA (e.g. [27, 28]) or organic acids (e.g. 
[25]). The main interactions between organic substances and TM occur due to the 
presence ionisable functional groups, such as carboxylic, phosphoric, amino, and 
hydroxylic groups [29]. Molecular-level characterization of dissolved organic 
matter in biogas bioreactors digesting different types of substrate by electrospray 
ionization Fourier transform ion cyclotron resonance mass spectrometry (ESI-FT-
ICR-MS) revealed that S-containing dissolved organic compounds including thiols 
may contribute up to 30% of dissolved organic molecules [30]. In addition, Li et al. 
[31] demonstrated that during anaerobic digestion chemical changes of dissolved 
organic matter during anaerobic digestion of dewatered sewage sludge using 
PARAllel FACtor analysis for decomposing fluorescence excitation emission 
matrices (EEM-PARAFAC) and two-dimensional FTIR correlation spectroscopy. 
Li et al. [31] showed that fluorescence intensities of the components relating to 
tyrosine-like, tryptophan-like and humic-like groups increased in Dissolved 
Organic Matter, implying that these groups were reluctant to biodegrade and could 
participate in TM complexation. It has been recently shown that trace elements may 
be significantly complexed by organic compounds harbouring thiol functional 
groups [22].  
Complexation reactions (in the liquid phase or the solid phase) play an important 
role in bioreactors making a particular TM either more or less bioavailable. The 
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level of soluble TM in the presence of CO3
2- and S2- may be increased by a factor 

of up to 104 by organic complexation, avoiding precipitation as carbonates or 
sulfides [19]. However, up to now little quantitative information has been published 
regarding the contribution of organic substances in TM complexation and its effect 
on TM bioavailability.  
Bioreactors where sulfide concentration is high and where iron dosing is needed to 
prevent corrosion problems constitute good models for studying TM bioavailability. 
The chemical forms and potential bioavailability of trace elements could be 
examined by sequential extraction, acid volatile sulfide extraction (AVS) and 
simultaneously extracted metals analysis [32]. Furthermore, knowing the 
importance of sulfur in trace elements bioavailability and speciation, sulfur 
speciation in solid phase could be examined by X-ray absorption near edge structure 
spectroscopy at Sulfur K-edge [18, 20, 22, 33]. For instance, Shakeri Yekta et al. 
[22] assessed major chemical reactions and chemical forms contributing to 
solubility and speciation of Fe, Co, and Ni during anaerobic digestion of sulfur (S)-
rich stillage in semi-continuous stirred tank biogas reactors (SCSTR). A particular 
focus was given to the study of the influence of reduced inorganic and organic S 
species on kinetics and thermodynamics of the metals and their partitioning between 
aqueous and solid phases were investigated. Solid phase S speciation was 
determined by use of X-ray absorption near-edge spectroscopy at S K-edge. By 
combining the quantitative sulfur speciation information with a thermodynamic 
equilibrium model including precipitation/dissolution of metal-sulfides and 
complex formation reactions involving inorganic sulfide and organic thiols as the 
major reactions controlling solubility and chemical speciation of the TM, Shakeri 
Yekta et al. [22] demonstrated that the solubility and speciation of supplemented Fe 
were controlled by precipitation of FeS(s) and formation of the aqueous complexes 
of Fe-sulfide and Fe-thiol. The relatively high solubility of Co (~20% of total Co 
content) was attributed to the formation of compounds other than Co-sulfide and 
Co-thiol, presumably of microbial origin. Ni had lower solubility than Co and its 
speciation was regulated by interactions with FeS(s) (e.g. co-precipitation, 
adsorption, and ion substitution) in addition to precipitation/dissolution of discrete 
NiS(s) phase and formation of aqueous Ni-sulfide complexes. Such analytical 
approaches could be successfully implemented provided that a good knowledge of 
the key players involved in TM speciation is achieved. Furthermore, development 
of analytical tools allowing to reach the TM speciation dynamics as defined by 
Pinheiro et al. [34] under conditions of bulk depletion is needed. In such particular 
conditions [19], the speciation and bioavailability of TM must be considered at two 
different time scales: (i) the time scale of the bio-uptake flux, as determined by 
diffusion of the bioactive free metal, dissociation of the bioinactive complex 
species, and the internalization rate; and (ii) the time scale of depletion of the bulk 
medium. Donnan Membrane Technique (DMT) [35] as well as Diffusive Gradient 
in Thin film (DGT) [36] could provide such type of information provided that the 
analytical approach allows to work at very low TM concentrations levels as well as 
in anaerobic conditions. Also a link between TM bioavailability and the microbial 
community response should be better understood [37].  
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3 Trace metal microbiology and microbial ecology  

Development and optimisation of AD requires better knowledge of the mechanisms 
occurring on a microscale, which should in turn be linked to the macroscale system 
performance and behaviour [38]. Despite this, the relationships between the 
dynamic behavior of microbial communities and environmental parameters in AD 
have hardly been studied [1, 39]. Indeed, there is a pressing need for more and better 
information on the biology, rates and limitations of microbially-mediated processes 
during AD. Thus, the weakest component of many AD bioreactor operations is the 
available information on the structure, dynamics and functions of the microbial 
community underpinning digestion and biogas production. This is certainly valid 
for the interactions between TM and the microorganisms. 
Several studies have reported on the effects of TM deprivation, or supplementation, 
on the performance of anaerobic bioreactors and on the temporal dynamics of 
microbial populations. The acidification of methanol-fed bioreactors induced by Co 
deprivation from the influent was investigated by Fermoso et al. [40] by coupling 
analysis of bioreactor performance indicators and the microbial ecology, and 
activity, of the bioreactor sludge. Under Co-limiting conditions in methanol-fed 
bioreactors, methanogenic activity of bioreactor sludge granules on methanol 
gradually decreased, leading to methanol accumulation and bioreactor acidi-fication 
due to acetogenic thermodynamic out-competition of methylothrophic 
methanogenesis. Methylotrophic, and acetoclastic, methanogenic activity was 
found to be lost within 10 days of reactor operation, coinciding with the 
disappearance of a Methanosarcina population. Using fluorescence in-situ 
hybridisations (FISH), along with activity assays, Fermoso et al. [40] concluded that 
reduced methanogenic activity on methanol, and shifts in population dynamics, 
could be used as accurate parameters to predict bioreactor acidification under Co-
limiting conditions. 
Zn-deprivation, and subsequent Zn-supplementation, was investigated in Upflow 
Anaerobic Sludge Bed (UASB) bioreactors by Fermoso et al. [41]. Significantly 
reduced methanogenic activity on methanol was observed under Zn-limited 
conditions, which could not be restored by resuming the continuous supply of the 
deprived metal. Moreover, FISH analysis indicated that the growth of 
Methanosarcina colonies was irreversibly inhibited by Zn-deprivation. Similarly, 
Gustavsson et al. [20] found that microbial community structure in bioreactors 
treating sulfur-rich feedstocks varied with the availability of Ni and Co. Acetate-
utilizing Methanosarcinales were dominant during periods of stable process 
performance, i.e. with Co and Ni supply, but the abundance of hydrogenotrophic 
Methanomicrobiales increased significantly, along with volatile fatty acids (VFA) 
concentrations, under Co or Ni deficiency. The increase was more pronounced at 
Co limitation. Such studies demonstrate the potential to improve bioreactor 
performance by managing microbial communities and by supplementation with 
TM. 
However, the impact of TM, and of changing TM concentrations in bioreactors, on 
biofilm development; microbial community structure; population dynamics; and the 
metabolism of individual trophic groups and the meta-community (i.e. the microbial 
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community, as a ‘meta-organism’, incorporating metabolites as well as cells) is still 
largely unknown. This is a reflection of the inherent, technical challenges facing 
microbiologists in understanding the reactions and interactions of complex, mixed-
species biofilms, as well as the slow shift from viewing dynamic, engineered 
systems as ‘black boxes’ without consideration for the active microbial 
communities present. Nonetheless, it is also related to the obvious focus on 
reactions and processes converting organic molecules at the expense of 
understanding the importance and roles of, and requirements for, TM in anaerobic 
bioreactors.  
Verstraete et al. [42] review the challenge of managing microbial resources in open 
and complex, mixed-species communities in the context of dynamic populations 
and chemical micro-environments. They defined the concept of ‘Microbial 
Resource Management’ (MRM), which is analogous to Human Resource 
Management, and the requirement to handle questions such as ‘who is there’, ‘who 
is doing what with whom’ and ‘how can one adjust, control and/or steer these mixed 
cultures and communities’? Just as with the grand challenges of MRM, as outlined 
by Verstraete et al. [42], such as controlling greenhouse gas emissions from natural 
environments, or managing the human gut microbiome, similarly provocative 
questions should be considered as to how the availability of TM impacts the 
management of microbial communities in anaerobic biotechnologies. The use of 
TM to manage microbial community structure in the AD context is given support 
by the study of Feng et al. [37] demonstrating microbial shifts in response to varying 
concentrations and combinations of TM. For example, they showed that a change 
of the TM profiles resulted in the occurrence of different strains on Methanoculleus. 
The abundance of these strains varied in relation to concentrations of 
nickel/molybdenum/boron and/or selenium/tungsten applied in the biogas reactors 
investigated. Information on the regulation of TM-responsive gene transcription in 
microbial species in AD biofilms is obviously also important in understanding and 
managing the impact of TM, and in optimizing TM application strategies in 
bioreactors. Kazakov et al. [43], for example, recently described a new family of 
tungstate-responsive transcriptional regulators in sulfate-reducing bacteria, which 
are – thermodynamically – important components of the microbial community in 
many AD bioreactors, where they can compete for substrates and energy with 
methanogens. However, the impact of responsive regulatory systems on the wider 
community should also be explored in order to assess the outlook for the 
performance of whole bioreactors. 
Systems biology allows an holistic understanding of the meta-community. Systems 
biology determines the DNA sequences; the collectively-transcribed RNA; the 
translated proteins; and the metabolites resulting from cellular processes. 
Metagenomics, metatranscriptomics, metaproteomics and metabolomics data can 
lead from the (i) functional potential of the ecosystem, to (ii) indications of 
microbial activity, through (iii) identification of active metabolic pathways and to 
(iv) identification of the intermediate- and end-products of cellular processes, 
respectively. However, none – or even pairs – of the ‘omics approaches alone can 
provide comprehensive information on ecosystem function. 
Siggins et al. [44] reviewed advances in metaproteomics and the need to combine 
this with metagenomics and metabolomics. The study of collective expression of all 
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proteins by the individuals in a microbial community, i.e. metaproteomics, can 
provide insights into microbial functionality. For example, the expression of 
proteins associated with methanogenic pathways under various states of TM 
deprivation and supplementation can provide valuable insights to the importance of 
specific TM for reactions under in-situ conditions. However, only collectively can 
these techniques capture the functional interactions occurring in an ecosystem and 
track down characteristics that could not be accessed by the study of isolated 
components.  
Successful systems biology strategies will likely be based on the application of 
polyomics – genomics, transcriptomics, metabolomics and fluxomics – and will 
benefit also from innovative integrations with techniques and approaches, such as 
microfluidic cell counting and sorting, and ecological modeling. The objective of 
systems microbiology in mixed-species communities should be to facilitate 
prediction of ecosystem characteristics, which, in the context of TM strategies in 
AD, would support process optimisation with reference to TM concentrations and 
availability, and the development of new applications. To maximise the impact of 
systems biology datasets with reference to TM in AD processes, the response and 
regulation of microbial uptake mechanisms in relation to the speciation of the TM 
complexes should be focused. Moreover, the impact that the regulatory response of 
individuals has on the global function of the entire community – and the ‘meta-
organism’ in bioreactors – should be investigated, since inter-dependencies 
underpin the functioning of diverse AD microbial communities. 
In addition, ecosystems biology models have potential for predicting, and hence 
supporting optimisation and management, of microbial community function in AD 
systems. Probabilistic models are required, which will incorporate the stochasticity 
necessary to reflect the environmental conditions in bioreactors that can be used to 
identify functionally-important groups of microbial individuals in AD systems, and 
the impact of TM on microorganisms.  
Since, ultimately, the goal is to control microbial communities for optimum rates of 
conversion and bioreactor performance, reliable means are also required of 
diagnosing problems at the level of the microbial community. This represents a 
reasonably straightforward and logical requirement once the important, and 
relevant, pathways and reactions affected by TM availability have been identified. 
For example, the phylogenetic markers (such as the 16S rRNA gene) or functional 
genes associated with the populations or processes affected by TM availability can 
be monitored by quantitative Polymerase Chain Reaction (qPCR) assays. Indeed, 
gene expression analysis by reverse-transcription quantitative PCR (RT-qPCR), 
which allows quantification of RNA (transcripts) rather than genes, has been a key 
enabling technology of the post-genome era. A comprehensive review of the origins 
and the future potential of qPCR is available from van Guilder et al. [45]. In the 
context, however, of quantifying DNA or RNA targets from complex microbial 
communities, and to develop reliable diagnostic tools to support optimized 
bioreactor operation, including, for example, TM dosing strategies, several 
additional considerations may apply. Nucleic acids extractions techniques may 
require optimisation [46] and PCR assays with environmental and bioengineered 
samples are often particularly challenging [47]. The sensitivity and specificity of 
qPCR assays, and of the Nucleic Acids diagnostic Tests (NATs) developed thereof, 
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are critical considerations [48]. The cost and reproducibility, as well as the ease-of-
use and robustness, of NATs for different samples is also important for optimal use 
of quantitative, molecular diagnostics tools to monitor the metals-related ‘health’ of 
functional groups in anaerobic biotechnologies.  
An opportunity to advance this field will be in integrating innovative experimental 
approaches to measure TM speciation and bioavailability, with community-level 
microbial ecology and ecophysiology. Furthermore, it is well-known that microbes 
are able to implement specific strategies to cope with metal deficiency (i.e. 
micronutrient starvation) or excess (i.e. intrinsic toxicity) by altering the chemical 
speciation of metals in their surrounding environment. When metals are available 
in low concentrations or in less bioavailable forms (e.g. under sulfidic condition and 
extensive metal-sulfide precipitation), microbes are able to excrete strong metal-
binding organic compounds to facilitate the uptake of essential metals. These 
extracellular organic compounds encompass strong metal binding properties and in 
many cases may result in enhanced solubility of metal-bearing minerals [49]. A 
well-studied example is microbial Fe acquisition by excretion of Fe-chelating 
siderophores and further uptake by cognate receptors [50]. Similar processes are 
believed to be responsible for the increase in Co and Ni solubility and bio-uptake 
under sulfidic conditions of the natural environments [51, 52]. Some 
microorganisms have developed metal efflux mechanisms, which pumps excess 
intracellular metals out of the cell as a strategy against metal toxicity when exposed 
to high concentrations of metals [53]. Although this topic is well studied in 
disciplines such as organic chemistry, biogeochemistry and medicine, only a few 
studies have targeted the effect of microbial stress response under metal 
deficiency/excess on metal speciation in biogas processes. The various uptake 
mechanism among the microorganisms active during AD should therefore be 
targeted as a part of the ecophysiological investigations referred to above aiming at 
the effects of the TM on the microbial community structure. 

4 Biotechnology 

The operational performance of an anaerobic bioreactor dictates the commercial 
viability of AD installations. A healthy anaerobic bioreactor converts organic waste 
material to biogas at the appropriate rate to accommodate the required organic 
loading and to produce biogas- and hence bioenergy - at a profitable level. It also 
demonstrates operational stability and resilience and produces digestate that 
complies with certification limits for farmland application. Figure 2 shows the 
different aspects of anaerobic digestion that must work cooperatively to yield 
methane from organic feedstock. The bioavailability of both macro- and micro-
elements (including TM) will have an impact on the microbial community and 
prevailing biochemical pathways in an anaerobic bioreactor, and hence ultimately 
on the methane produced by that bioreactor.  
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Figure 2. Depiction of how the physical, operational, chemical and microbiological 
aspects of anaerobic digestion combine to produce methane from organic waste. 

 
A poorly performing anaerobic bioreactor might be prone to accumulation of 
volatile fatty acids leading to souring and shutdown; or prolonged periods of 
foaming that make mixing and gas collection difficult and negatively affects the 
quality of the digestate end-product. For engineers it is important to understand the 
relationship between TM bioavailability and bioreactor design and operation in 
order to judge whether TM supplementation would be beneficial to biogas yield. 
When an anaerobic bioreactor is treating a defined industrial waste or effluent it is 
fairly straightforward to determine which TM are lacking in the feed; 
supplementation of the missing elements almost always results in improved biogas 
yield and operational stability [20, 54], including an interesting example of 
abatement of foaming in a slaughterhouse waste bioreactor supplemented with 
cobalt (Jörgen Ejlertsson, personal communication). 
What is more challenging is to decide whether an anaerobic bioreactor with a full 
complement of TM in reasonable quantities might in fact be TM deficient; perhaps 
due to the metals speciated in such a way that they are not bioavailable within the 
required timescale of digestion. Ishaq et al. [55] showed that sewage sludge 
bioreactor s with no obvious TM deficiencies (but recorded as under-performing 
with respect to electricity production) responded positively to TM supplementation, 
in particular cobalt supplementation, with increases in the rate of conversion of 
acetate to methane being recorded in the range of 9% to 50% in Biochemical 
Methane Potential (BMP) assays. 
Required TM supplements are hence determined by what is not present in the feed 
and/or what is not bioavailable in the feed. The microbial species and hence 
dominant biochemical pathways in that bioreactor will also determine which TM 
supplements are most appropriate. For example, Fermoso et al. [40] showed that 
UASB bioreactors treating methanol were strongly dependent on cobalt 
supplementation to maintain high biogas yield and bioreactor stability, whereas 
UASB bioreactors treating an acetate-based waste were less responsive to cobalt 
supplementation. So a TM supplement that suits one bioreactor will not necessarily 
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be as effective at another bioreactor site. This leads to the question of how the 
potential benefits of TM supplements can be evaluated at laboratory-scale? BMP 
batch assays are commonly used to evaluate the effect of TM supplements on the 
rate of conversion of feedstock to methane. The test is rapid (5 to 10 days depending 
on the feedstock) and relatively inexpensive to perform but it evaluates primarily 
the immediate response of the existing microbial community to TM supplements. 
The BMP test does not give an indication of how the community might evolve as 
the TM composition of the bioreactor changes.  
TM may have synergistic or even antagonistic effects depending on their relative 
concentrations in a supplement. It is important to understand which TM is critically 
limiting to be able to develop appropriate bespoke supplements for individual 
bioreactors if required to optimize biogas yield or stabilize a bioreactor [15]. TM 
supplementation in AD systems is a compromise between achieving the maximal 
biological activity of the biomass present in the reactor, while minimizing the costs 
of the supplied metal and the TM losses into the environment. The boundary 
conditions to keep a stable reactor operation vary between nutrient deficiencies due 
to lack of essential TM and toxicity due to their excess [56]. The TM addition 
strategy, for example, whether TM are added as metal chelates that are unlikely to 
precipitate or metal salts that are likely to precipitate, affects the TM losses and 
hence costs to achieve the optimal TM concentration inside the AD system. 
In completely mixed anaerobic reactors, precipitation of TM confers little 
advantage in terms of TM retention in the bioreactor; hence dosing of TM as soluble 
(chelated) complexes could be advantageous to improve their availability for rapid 
microbial uptake. Conversely, anaerobic reactors that decouple the biomass 
retention time from the hydraulic retention time, such as UASB and SBR 
(Sequencing Batch Reactor), are likely to benefit from being dosed with TM salts 
so that the metals will precipitate and accumulate within the biomass sludge 
fraction, from which they can be assimilated more slowly by the microorganisms as 
they are required [54, 57]. This is more cost effective than dosing chelated TM that 
are washed out of the reactor in a matter of hours, even if there is a trade-off in 
bioavailability.  
Depending on the type of substrate to be digested; bioreactor type; and the digestion 
procedure (mono or co-digestion) employed; TM requirements of anaerobic 
bioreactors could also theoretically be provided through mixing various feedstocks, 
such as by co-digesting with sewage sludge, OFMSW or animal excreta, or 
externally by using chemical additives [58, 59]. Agricultural biogas plants operating 
with energy crops, such as maize and grass as mono-substrates, can sometimes face 
suboptimal bioreactor performance without any obvious reason at first glance, but 
the VFA concentrations range between 3 and 5 kg m-3 (recently studied in Germany 
and Austria by Hinken et al., Pobeheim et al. and Lindorfer et al. [60-62]). Then, 
the lack or unavailability of micro-nutrients (i.e. trace metals) should be the first 
reason to be questioned [13].  
Anaerobic bioreactors rarely exist in isolation and are usually part of bigger 
installations with other operations upstream that will have an impact on the 
bioreactor, for example, sewage sludge anaerobic bioreactors treat the sludge 
generated through primary and secondary sewage treatment; agricultural anaerobic 
bioreactors treat manure generated by upstream processes such as milk production; 
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and industrial anaerobic bioreactors are vulnerable to upstream changes in the 
factory processes that then affect the wastewater composition. Any changes 
upstream can affect both the composition and bioavailability of TM in the anaerobic 
bioreactor feedstock and hence have unintended consequences on the methane yield 
of that bioreactor. A study by Carliell-Marquet et al. [63] showed that introducing 
iron dosing for chemical phosphorus removal at a sewage treatment works changed 
the way trace metals were fractionated. Iron shifted to less easily extractable 
fractions, indicating a potential decrease in bioavailability, whereas copper and zinc 
moved down the fractionation profiles to be recovered more readily, indicating a 
potential shift towards being more bioavailable. A key point for AD engineers is 
that upstream process decisions can also impact on TM composition in anaerobic 
bioreactor feedstock and hence also on methane yield.  

5. Fate of trace metals in the environment 

During AD of substrates such as sediments and organic materials, TM species are 
formed under reducing conditions. Microbial organic matter synthesis effectively 
reduces redox potential, and produces a range of organic TM complexes and stable 
inorganic precipitates. After anaerobic digestion, TM are released into the 
environment as soil or compost via different routes of entry (i.e. suspended / 
dissolved in effluents or in solid as excess biomass). Once outside the reducing 
conditions of AD fermenters, waste materials face aerobic conditions that may lead 
to chemical and physical oxidation and changes in availability of TM. Since 
legislation has become aware of the potential environmental risks involved (i.e., 
elevated exposure of (toxic) TM to humans, cattle and ecosystems), the application 
on land and other forms of re-use is in many EU countries restricted. Nevertheless, 
the possibilities to include bioavailability in site-specific risk assessment have been 
included in European guidelines as second-tier methods. This may offer 
opportunities to derive low-risk conditions and enable safe re-use of materials.  

 
Risk assessment of substrates on land 
Many authors have reported on oxidation mechanisms that occur when anaerobic 
materials become aerobic [64-67]. Redox sequences have been discussed 
extensively in terms of thermodynamic pathways, and there is sufficient agreement 
on the (bio)chemical mechanisms that occur upon reduction and oxidation. 
Numerical models were developed specifically to address the quantitative effects of 
redox sequence and TM speciation (e.g., [68, 69]) in terms of resulting pore water 
concentrations and emission of TM to the environment.   
Despite this general agreement on chemical and biochemical mechanisms, the final 
result of oxidation seldom follows generic rules and often remains uncertain. The 
final endpoint is the sum of intermediate reactions that occur during oxidation and 
is largely dictated by the solid phase composition of the substrate and its ability to 
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counteract adverse effects [70-73]. In Table 1, some of these reactions are 
summarized.  

 
Table 1. Oxidation reactions and their effects. 

Reaction 
 

Physical or chemical effect 

Organic metabolism 
CH2O + O2 > CO2 + H2O 
CO2 + H2O > HCO3

- + H+ 

Eh ↓; pH ↓; pCO2 ↑; 
Possible acidification; Release of 
sorbed TM; Increase of DOC. 

Sulfide/pyrite oxidation 
FeS(s) + 9/4O2 + 1.5H2O >FeOOH(s) + 2H+ 

+ SO4
2-  

pH ↓;  
Release of S-associated TM; 
Sorption of TM to iron(hydr)oxides; 
Possible eutrophication. 

Nitrification 
NH4

+ + 2O2 > NO3
- + 2H+ + H2O  

pH ↓; Possible eutrophication. 

 
  
Figure 3 shows an example of the oxidation of anaerobic sediment sludge that 

was brought on land. This case shows that a drop in pH occurred of almost two 
units. This is most probably the result of oxidation of relatively large quantities of 
sulfides, given the increase of SO4

2-. Sulfide-associated TM are released as a 
consequence. The effect may be superimposed by competition of H+ ions with TM 
for organic and inorganic sorption sites. 

 

 
Figure 3. Pore water concentrations of some TM after dumping of anaerobic sludge on land. 
Oxidation of stable sulfide precipitates releases TM and sulfate. When insufficiently 
buffered, acidification may give rise to significant release of TM to pore water and possible 
emission to the surrounding environment.   
 
Xiang et al. [67] used these chemical characteristics to actively release TM from 
anaerobically digested sludge. The inoculation of indigenous Fe-oxidizing bacteria 
and the addition of FeSO4 accelerated the solubilisation of Cr, Cu, Zn, Ni and Pb at 
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a pH that dropped to 2.5. Removal efficiencies were obtained that ranged from 16% 
(Pb) to 92% (Cu). It was reported that the residual TM content in the leached sludge 
was acceptable for unrestricted use for agriculture. 
However, release of H+ not necessarily has to lead to actual acidification. A 
substrate or the receiving environment may be capable of buffering the input of 
protons either by sorption (e.g., by organic components) or reaction with alkaline 
products (e.g., CaCO3). In cases of abundant iron, the formation of reactive iron-
oxyhydroxides may drastically increase sorption capacity of the substrate for TM 
and prevent their release. Using these properties, either intrinsic or by additions, 
may prove to be a cost-effective and environmentally safe option when compared 
to active removal processes. 
 
Risks assessment in aquatic environments 
For TM, environmental quality standards for sediments and surface waters have 
been developed to protect the ecosystem from adverse effects. These quality 
standards are generic, which means that they apply to all surface waters. The 
importance of explicitly considering bioavailability in the development of water and 
sediment quality criteria for TM has been recognized for some time [74]. Criteria 
that incorporate this concept were considered for regulatory implementation for 
some time [75-77].  
Biotic ligand models (BLM) were developed to incorporate local bioavailability in 
risk assessment procedures. The conceptual framework for the BLM is an 
adaptation of the gill surface interaction model, originally proposed by Pagenkopf 
[78, 79] and more recently utilized by many others (e.g., [80-84]), and the free ion 
activity model of toxicity, extensively reviewed by e.g., [85, 86]. The general 
framework is illustrated in Figure 4. The model is based on the hypothesis that 
toxicity (expressed as No-effect concentration; NOEC) is not simply related to total 
aqueous TM concentration but that both TM–ligand complexation and TM 
interaction with competing cations at the site of action of toxicity need to be 
considered [78, 87, 88]. Mortality occurs when the concentration of TM bound to 
the biotic ligand exceeds a threshold concentration. The BLM simply replaces the 
fish gill as the site of action with a more generally characterized site, the biotic 
ligand. The reason for this replacement is to emphasize that this model should be 
applicable to other aquatic organisms, like crustaceans, for which the site of action 
is not readily accessible to direct measurement. It is likely that these principles apply 
to any organism for which the site of action is directly in contact with the external 
aqueous environment. 
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Figure 4. The biotic ligand model for TM includes calculation of chemical speciation, binding 
to biota and a normalisation procedure to calculate site-specific quality standards. 
 

The role of TM complexation is critical because formation of organic and 
inorganic metal complexes renders a significant fraction of the total TM non-
bioavailable. In fact, this modeling framework defines bioavailability of TM. 
Dissolved TM exists in solution partially as free TM ion [89, 90]. This species is 
hypothesized to be the bioavailable species in more simplified versions of the free 
ion activity model of toxicity. The rest of the TM exists as non-bioavailable TM 
complexes that result from reactions of the TM with organic and inorganic ligands. 
Biotic ligand models were developed and validated for Cu, Ni and Zn. Efforts to 
develop BLMs for other TM (such as Co (e.g., [83]) and Cd (e.g., [91]) are 
undertaken and tested for uncertainty [92]. For Cd, a bioavailability correction 
factor based on water hardness has been suggested (e.g., [87]).   
Recently, Verschoor et al. [93] performed a geographical and temporal analysis of 
TM in surface waters, and concluded that “sensitive” and “robust” waters occur, 
based on their physic-chemical composition. By incorporating chemical speciation 
of TM in the assessment of ecotoxicological risks for aquatic species, site-specific 
variations are made visible that remain undetected when checked with generic 
quality standards. A long history of experiments has provided sufficient evidence 
for the importance of water chemistry on the adverse effects (toxicity) of heavy 
metals and other compounds to aquatic organisms.  

6 Mathematical modelling 

During recent decades, several researchers published a series of mathematical 
models to simulate the AD process [94-100]. These models are focused on different 
aspects of AD and have shown good performances in terms of simulation accuracy. 
The different approaches proposed by the different models, however, make it very 
difficult to either compare the results of, or to integrate, two or more models. 
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In 2002, the International Water Association (IWA) Task Group for Mathematical 
Modelling of Anaerobic Digestion Processes developed a comprehensive 
mathematical model known as ADM1-Anaerobic Digestion Model no. 1 [101], 
which was based on the collective knowledge of modelling and simulation of AD 
systems.  
The aim of the ADM1 approach is not to provide an overall model but to supply a 
unified basis for AD modelling; indeed the first version of ADM1 neglects certain 
processes involved in AD, such as sulfate reduction, acetate oxidation, 
homoacetogenesis, solids precipitation and inhibition due to sulfide, nitrate, long-
chain fatty acids (LCFAs), and weak acids and bases [102].  
Some of the neglected aspects have since been studied and modelled; for instance, 
two ADM1 extensions were published in 2003 concerning, respectively, sulfate 
reduction [103] and CaCO3 precipitation [104]. A further extension to remove the 
ADM1 discrepancies in both carbon and nitrogen balances was later published 
[105]. Lubken et al. [106] proposed a first modified version of the ADM1, able to 
take into account the co-digestion of different substrates. More precisely, in the 
model of Lubken et al. [106], the energy production by co-digesting cattle manure 
and energy crops was evaluated. Esposito et al. [107] modified the ADM1 to include 
the possibility to model the disintegration of two different input substrates. Their 
proposed model considers first-order kinetics for sewage sludge disintegration and 
surface-based kinetics to model OFMSW disintegration. This model has also since 
been upgraded [108] to simulate the effect of LCFA production in pH prediction 
and to include the possibility of separating each product of the disintegration 
process (i.e. carbohydrates, proteins and lipids) into two fractions, i.e. a readily 
biodegradable fraction and a slowly biodegradable fraction.  
Nevertheless there are several studies that demonstrated the significant effects of 
TM, and their speciation, in AD. Shakeri Yetka et al. [18] have suggested to 
combine available bio-uptake theories such as free ion activity and biotic ligand 
models with the chemical speciation modelling and their further incorporation into 
mechanistic models describing overall anaerobic digestion process such as ADM1. 
However, to the best of our knowledge, there are no dynamic mathematical models 
that could take into account these phenomena. In addition, the ADM1 model does 
not yet consider the phylogenetic complexity of microbial communities 
underpinning the AD process, or the dynamic nature of microbial community 
structure in response to changing environmental conditions. Therefore, a new 
theoretical model, based on the ADM1 approach, is needed to simulate the effect of 
TM and their speciation in anaerobic digestion systems. 
This mathematical model should include the following characteristics: 
1. Ordinary differential equations able to describe the speciation of the TM 

present in the simulated biological system. In particular these equations 
should provide the dynamic concentrations of each TM species. Proper 
description of the TM chemical speciation in a system where diverse 
organic molecules are present in high concentrations requires identification 
and inclusion of main metal-binding ligands in particular dissolved organic 
matter and their stability constants. 

2. Differential mass balance equations for substrates, products and bacterial 
groups involved in the process. These equations include biochemical 
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reactions of substrate conversion and microbial growth and decay kinetics, 
considering the effects of TM speciation (Table 2). In particular the kinetic 
equations reported in Table 2 consider the mechanisms of microbial uptake 
of TM (including their inhibitory and nutritious effects) which is the bridge 
for connecting TM speciation to microbial growth, decay, and maintenance 
activities. 

3. A module aimed at the determination of the redox potential that is needed 
to model the TM speciation. 

4. Ideally, the incorporation of data on the diversity and abundance, as well as 
responses to TM concentrations and availability, of the microbial 
populations in AD bioreactors. 

5. Differential parabolic equations capable to model the diffusivity 
phenomena in the biofilm in case of attached growth reactors. These 
equations will consider the different diffusivity constant of each TM 
species. 

6. A module to simulate the fate of trace metals in the environment and to 
assess the risks in soil and aquatic systems.  

 

Table 2. Inhibition forms, readapted for TM concentrations. KI = inhibition parameter; rj =r ate 
for process j; Sj = substrate for process j; MI = inhibitor concentration; Xj = biomass for process j; Km = 
Monod maximum specific uptake rate; Ks = half saturation value; Y = yield of biomass on substrate; Kq 

= first order decay rate; MLL and MUL = lower and upper limits where the group of organisms is 50% 
inhibited, respectively. 

Description Equation 

Uncompetitive inhibition 1
 

Competitive inhibition 1
 

Reduction in yield  

Increased biological 

decay rate 
 

Empirical upper and lower 

inhibition 

1 a
1

 

 

Outlook 
 
A challenging area of AD research remains largely unchartered with respect to 

understanding the role of TM in enhancing biogas production. Since performance 
dictates the commercial viability of AD, more attention to managing the TM needs 
of AD processes will improve the overall prospects for the technology. This major 



18  

knowledge gap and scientific challenge is a multifaceted problem involving TM 
chemistry, physical interactions of TM and solids, microbiology, microbial ecology 
and technology optimization. Moreover, the fate of TMs, and the chemical 
speciation, transport and ecological impact of TMs in environments - often 
agricultural lands - receiving discharge waters from AD is largely unknown or at 
least uncertain. This means that the fate of TM in AD biotechnologies has an 
inherent importance, which should be explored jointly by multi-disciplinary efforts 
to provide relevant, and reliable, information and tools for industry and to develop 
the role and use of TM to enhance biogas production in anaerobic biotechnologies. 
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