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Abstract 

This thesis evaluates a novel technique to increase the active biomass inside continuously 

stirred tank biogas reactors with possible benefits of shorter retention times, higher degree of 

degradation, higher methane yield and tolerance of higher organic loading rates. The 

technique includes addition of magnetic biomass carriers to the process which, after adhesion 

of active microorganisms, can be magnetically separated at reactor outflow and reintroduced 

to the process.  

 

The evaluation of magnetic biomass carriers included methods such as batch experiments, 

quantitative real-time polymerase chain reaction and continuous reactor experiments with 

different organic loading rates and addition of volatile fatty acids. The results show that 

reintroduction of magnetic biomass carriers does indeed work: an accumulated biomass of 

microorganisms is achieved inside the reactor during a continuous process. Magnetite was 

selected as the most promising biomass carrier, microbiological studies of the particles show 

that microbiological colonization of magnetite is present with preferential adhesion of 

hydrogenotrophic methanogens, important for the methanogenesis. The anaerobic digestion 

with magnetite as biomass carrier present increased process stability and elevated degrading 

potential of volatile fatty acids, as well as leading to higher methane content when subjected 

to increased organic load. Thus, the total gas production is increased in certain situations 

when using magnetic biomass carriers, why further studies of appropriate hydraulic retention 

times, organic loading rates and substrates are warranted. 
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1 Introduction 
The use of fossil fuels has severe negative effects on the environment and contributes to 

global warming. This has lead to the search for alternative and renewable energy sources. 

Biogas is a promising, renewable alternative, which is produced microbiologically during 

anaerobic digestion (AD) of organic material, and consists of 60-65% methane and 35-40% 

carbon dioxide. After upgrading of biogas to a methane content of 97%, the gas can be used 

as a vehicle fuel. 

 

Biogas is produced from many different organic wastes. This may be exemplified by the use 

of municipal waste, slaughterhouse waste, waste and by-products from ethanol, brewery and 

food industries in addition to sludge from wastewater treatment plants (WWTP) by the 

Svensk Biogas AB in Linköping, Sweden. As a result of the AD the volume of waste material 

decrease and the digested by-product of biogas production can be utilized as fertilizer for 

farming or at landfills (Davidsson, 2007).  

 

One limiting factor in AD is the relatively long generation time of some of the crucial 

microorganisms which oppose the desire of short retention times from the economic and 

feasibility aspects. Too short retention time leads to a “wash-out” of microorganisms (Lalov 

et al., 2001; Fernández et al., 2008). One possible way to overcome this problem is to use 

carrier materials that provide surface for microbial growth (biomass carrier), while at the 

same time providing a material that can be controlled and kept inside the anaerobic reactor. 

This thesis will evaluate an innovative method of using magnetic carriers to retain biomass 

inside a continuously stirred tank reactor (CSTR). These carriers may enhance the microbial 

synergic effects and increase the amount of methane-producing microorganisms inside the 

reactor. The study was performed with inoculum from the Nykvarn wastewater treatment 

plant in Linköping, using mixed sludge as substrate to simulate the biogas process at a 

Swedish WWTP.  

 

1.2 Aim and hypothesis 

The aim of this thesis was to evaluate the hypothesis that use of magnetic biomass carriers can 

increase the active biomass inside biogas reactors and thereby the biogas process efficiency 

and productivity. Therefore different magnetic carriers were evaluated to present a possible 

alternative for large scale application. 

 

Questions to be answered:  

 Which carriers are possible candidates? 

 Does biomass accumulate inside a continuous reactor by the presence of magnetic 

carriers? 

 Does addition of magnetic carriers result in increased biogas production? 

 Does addition of magnetic carriers contribute to process stability? 

 May the organic loading rate be increased with preserved process stability in reference 

to a control reactor? 

 Are syntrophic relationships improved? 

 Is there any specific adhesion of microorganisms, critical for the methanogenesis 

process, on the carriers?  
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2 Background 

2.1 Biogas 

In nature, biogas (methane and carbon dioxide) is produced in oxygen-depleted environments 

such as swamps, lake sediments etc., The gas is produced by microorganisms of different 

domains that contribute in successive steps to degrade organic compounds. Fermentative 

bacteria convert complex biopolymers to smaller molecules in several steps (see below). The 

final step of methane production, the methanogenesis, is performed by an obligate anaerobic 

group called methanogens, belonging to the domain of Archaea (Madigan et al. 2006).  

 

Biogas has traditionally been considered to be a by-product of anaerobic digestion of sewage 

sludge, treated for volume and odor reduction, at WWTPs. Thus, the biogas has typically 

either been burned off, when the energy released has been used for heating facilities, or used 

to generate electricity. Development of the utilization and collection of biogas has lead to 

more modern biogas productions plants and optimization of the biogas process to derive at the 

maximal amount of biogas possible for a certain substrate. Still a majority of the biogas plants 

in Sweden are connected to WWTP, but more substrates are constantly being evaluated to 

find new sources of biogas.  

 

The annual biogas production and the number of biogas plants have gradually increased in 

Sweden, making this renewable energy source available to the public as a vehicle fuel. The 

growth and development of the biogas industry has lead to the search for alternative organic 

substrates and to an increased focus on process development (Sara Hallin, personal 

communication, Svensk Biogas i Linköping AB).  

2.2 Wastewater treatment plants 

Nykvarn wastewater treatment plant in Linköping is a typical example of a Swedish WWTP, 

which utilize mechanical, biological and chemical waste water purification. Biogas is 

produced by AD of sludge from the chemical and biological treatment units. WWTPs 

commonly use AD with the aim to decrease the final amount of sludge volume for disposal, 

reduce pathogens and odour, while at the same time produce biogas (Davidsson, 2007). 

 

130.000 people are connected to the Nykvarn wastewater treatment plant, and with additional 

industrial contributions the annual amount of treated sewage water exceeds 15 million m
3
. 

The sewage that arrives at Nykvarn wastewater treatment plant is first treated in a mechanical 

purification step, large debris is separated, flocculation chemicals are added and sewage is 

allowed to settle. The sediment in this step comprises the primary sludge. A second source of 

sludge arrives from the activated sludge treatment. After dewatering of the excess sludge with 

polymers it is mixed with primary sludge and fed to one of three reactors for biogas 

production. The reactors have continuous interchange among them, with a total volume of 

6400 m
3
. The reactors are run at 38°C and the average retention time is about 20 days. The 

biogas produced in the reactors has about 60-65% methane content, which is upgraded to a > 

97% methane by Svensk Biogas AB and is primarily traded as a vehicle fuel in the region of 

Östergötland. The digested sludge is dewatered and used as fertilizer for energy crops or 

cover material at landfills (Tillståndsansökan Nykvarnverket, 2008).  

 

Most WWTP in Sweden use 1 to 3 reactors for biogas production, working in series or in 

parallel. The average hydraulic retention time is 21 days, which is considered long, and the 

average degree of degradation of volatile solids (VS) is 44%. The reactors are mostly operated 
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at mesophilic conditions and the sludge total solids (TS, see below) varies, e.g. different 

proportions of primary and excess sludge (Davidsson, 2007). The retention time inside the 

reactors may occasionally be too short, due to temporary increases in volumes to treat. This 

results in ineffective degradation. This is mostly overcome by an overdimensation of the 

reactors.  

 

For a continuously stirred tank reactor (CSTR), the HRT and solid retention time (SRT) are 

considered equal, thus, decreasing the HRT will mean a shorter SRT. SRT is the average time 

solids spend inside the reactor and a short SRT results in solids being removed from the 

reactor prematurely. When the solids, i.e. organic matter and biomass, are removed too early 

the organic matter will be less degraded and the reactor, thus, has a suboptimal biogas 

production, due to inefficient utilization of the substrate. 

2.3 The microbiology of anaerobic digestion 

The microbiological groups that perform anaerobic digestion (AD) with biogas as the final 

product are the primary fermentative bacteria, secondary fermentative syntrophs, archaeal 

acetoclastic methanogens and hydrogenotrophic methanogens (Schink, 1997). Furthermore 

the homoacetogens that reversibly produce CO2 and H2 from acetate (Schnürer et al. 1999, 

Schnürer and Nordberg 2008) have been shown to be essential for a stable process (Demirel 

and Scherer 2008). For an overview of the anaerobic degradation, see figure 1. 

 

The initial step of AD is the hydrolysis. Complex particulate biopolymers are cleaved into 

monomers or oligomers by extracellular enzymes excreted by fermentative bacteria. 

Examples of anaerobic bacteria that perform this step of AD are Bacterioides, Clostridium 

and Streptococcus (Liu et al., 2008). The extracellular hydrolytic enzymes are proteases, 

cellulases and lipases, which convert proteins to amino acids, polysaccharides to sugars and 

lipids to fatty acids (Demirel and Scherer, 2008; figure 1, step 1). This step may be the rate-

limiting step of the anaerobic process, when a substrate constitutes of large, complex and/or 

crystalline material (Appels et al., 2008). 

 

Primary fermentative bacteria convert the products of hydrolysis to carbon dioxide and 

hydrogen, acetate and intermediate fermentative products molecules i.e. volatile fatty acids 

(VFA), alcohols etc.. The production of fatty acids has given this step the name acidogenesis 

and follows two routes: formation of acetate, hydrogen and carbon dioxide that being 

accessible for methane producing Archaea, or the formation of fermentations products, which 

need to be converted to acetate, hydrogen and carbon dioxide for methane production (figure 

1, step 2). The methanogens can directly convert acetate or one mole of carbon dioxide and 

four moles of hydrogen to methane (de Bok et al., 2004). 

  

The conversion of the fermentation products to substrates for the methanogens described 

above is performed in the syntrophic reactions by the secondary fermentative bacteria 

producing acetate, hydrogen and carbon dioxide (or formate) prior to methanogenic 

conversion to methane (figure 1, step 3). Examples of syntrophs are Syntrophobacter wolinii 

that oxidizes propionate to acetate, carbon dioxide and hydrogen and Syntrophus gentianae 

that oxidizes benzoate to acetate, carbon dioxide and hydrogen (Madigan et.al, 2006). The 

accumulation of VFA may lead to product inhibition and/or lowering of the pH resulting in an 

inefficient and instable process (Nielsen et al., 2007). However, the VFA production will 

always be present to some extent since long chain fatty acids and amino acids always 

contribute to the production of VFA. 
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2.3.1 Methanogens and methanogenesis 

The final step of AD is the production of methane, the methanogenesis. Methanogenesis is 

performed by methanogens, a group of microorganisms belonging to the domain of archaea, 

which is placed in-between eukaryotes and bacteria in the phylogenetic three. Examples of 

natural habitats of methanogens are marshes, swamps, freshwater sediments, rumen of cattle 

and sheep, gastrointestinal tract of human and artificial habitats such as sewage sludge 

reactors. All methanogens have in common that they are obligate methane producers, they are 

obligate anaerobes, they have restricted types of substrates and they have unique sets of 

enzymatic pathways and coenzymes to perform their methanogenesis. (Madigan et al., 2006; 

Lange and Ahring 2001).  

 

Figure 1 Overview of anaerobic degradation: Step 1: Hydrolysis performed by extracellular enzymes. Step 

2: Acidogenesis performed by primary fermentative bacteria. Step 3: Acetogenesis performed by 

syntrophs. Step 41: Methanogenesis performed by acetotrophic Methanogens. Step 42: Methanogenesis 

performed by hydrogenotrophic Methanogens. Step 5: Reversible acetogenesis performed by 

homoacetogens. 
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Despite many common unique features the methanogens are phylogenetically and 

morphologically a diverse group. The group consist of five orders: Methanobacteriales 

(MBT), Methanococcales (MCC), Methanomicrobiales (MMB), Methanosarcinales (MSL) 

and Methanopyrales (MPL). These groups are different from each other in 16S rRNA 

sequence, but also morphologically in cell envelope structure, lipid constitution and the 

selectivity of substrate. Methanogens are commonly not divided into their orders but 

according to their utilization of substrates. The two major groups are acetoclastic 

methanogens and hydrogenotrophic methanogens. A third type of substrate is methyl-group 

containing substrates (Liu et al., 2008). 

 

Hydrogenotrophic methanogens utilize hydrogen as their energy source and reduce carbon 

dioxide to methane according to reaction 1. 

 
CO2+4H2 → CH4 + 2H2O (1) 

 

The hydrogenotrophic methanogens are of great importance for the syntrophic relationship 

(see below). Groups that utilize hydrogen and carbon dioxide are MBT, MCC, MMB and 

MPL. It is believed that approximately one third of the methane produced in an anaerobic 

reactor is produced by the hydrogenotrophic methanogens (Madigan et al., 2006). However, it 

is interesting to note that recent findings indicate that this is not always the case, especially 

when high ammonia levels are present (Scherer et al., 2009; Schnürer et.al., 1999). 

 

Acetoclastic methanogens produce methane by splitting acetate according to reaction 2. 

 
Acetate

- 
+ H2O → HCO

- 
3 + CH4 (2) 

 

 

Acetoclastic methanogens belong to the order Methanosarcinales (MSL). MSL may account 

for two thirds of the total methane production. There are two families Methanosaeta and 

Methanosarcina, the first has slow growth rates and high affinity for acetate and is therefore 

more common at the start-up phase of reactors while the latter, that is fast growing with a low 

affinity for acetate, are more common in substrate rich, running process (Liu et al., 2008).  

 

Methanogens successfully compete with other microorganisms for the utilization of carbon 

dioxide in anaerobic environments, if no alternative electron acceptors such as e.g. iron or 

sulfate are present. The main competitors in such conditions are the homoacetogens ( figure 

1). Homoacetogens are bacteria that reduce carbon dioxide with hydrogen to acetate. The 

reaction is thermodynamically unfavourable in comparison to methanogenesis and is mostly 

outcompeted by methanogens. Anaerobic sulfate reducing bacteria (SRB) produce H2S as 

their end product if sulfate is present. Sulphate reduction with hydrogen as electron donor is a 

major problem in AD processes, when sulfate is present in the substrate, since it competes 

with methanogens for hydrogen and contaminates the produced gas with hydrogen sulphide 

(Liu et al., 2008; Madigan et al., 2006). 

2.4 Syntrophy 

Syntrophy (literally meaning “eating together”) takes place, when two species share a 

substrate, where both are dependent on the activity of the other. If one or the other is not 

present, the substance cannot be utilized and neither one of the syntrophic organisms survive. 

Especially the hydrogenotrophic methanogens are partners in syntrophic cooperation with 

acetotrophic bacteria (Madigan et al., 2006). In fact, theories propose that these methanogens 
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are the ancestors of the mitochondria through syntrophy that evolved to endosymbiosis 

(  pe - arc a et al., 1999).      

 

 

 

Methanogenesis are, as described above, dependent on the activity of fermentative bacteria to 

get access to carbon dioxide and hydrogen or acetate for their growth. But the reactions 

syntrophs perform typically exhibit unfavourable free energies (endergonic), when the 

hydrogen partial pressure (PH2) is higher than 100 Pa (Schink, 1997). The activity of 

hydrogenotrophic methanogens, which consume hydrogen, can however reduce the partial 

pressure of hydrogen in the environment and the syntrophic reactions become favourable 

(exergonic, table 1; (Sousa et al., 2009).  

 

The syntrophic dependence of hydrogen pressure can be explained by the free energy of the 

reactions performed by the syntrophic group, see reaction 3.  
 

∆G =∆G° + RT lnQ (3) 

 

A negative ∆  means that the reaction is favourable (exergonic) and may provide energy to 

the syntrophic bacteria performing the reaction. Q is the reaction quotient and depends on the 

concentrations of products and reactants. If the concentration, i.e. partial pressure, of the 

product (hydrogen) is decreased, the equilibrium will shift to support an increasing negative 

contribution of the logarithmic part of the equation, when Q becomes < 1 (Halliday et.al 

2005).  

 

The conversion of propionate to methane is used to illustrate this dependence of the hydrogen 

pressure. Two reactions are required for propionate to be totally converted to methane: first 

the acetogenic reaction producing acetate, hydrogen and carbon dioxide and secondly a 

methanogenic reaction. The combined free energy of the total reaction is different depending 

on the hydrogen pressure (reactions 4 and 5). Reaction 4 is calculated for standard conditions, 

whilst reaction 5 is calculated according to an environment with low hydrogen pressure.  

 
+76.2 + -31 = +45.2 (kJ/mol, ∆G     (4) 

 
-5.5 + -24.7 = -30.2  (kJ/mol, ∆G  (5) 

 

Propionate and corresponding VFAs are evidently more favourable for growth under 

syntrophic conditions, when PH2 is low. 

Substrate Reaction ∆G°’(kJ/mol) ∆G(kJ/mol) 

Syntrophic reactions   

Glucose Glucose+4H2O→2acetate
-
+ 2HCO

-
3+4H2+4H

+
 -207 -319 

Ethanol Ethanol+H2O→acetate
-
+2H2+H

+
 +19.4 -37 

Propionate Propionate
-
+3H2O→acetate

-
+ HCO

-
3+3H2+H

+
 +76.2 -5.5 

Butyrate Butyrate+2H2O→2acetate
-
+2H2+H

+
 +48.1           -17.6 

Oleate Oleate
-
+16H2O→9acetate

-
+16H2+8H

+
 +338          -177 

Methanogenic reactions   

Hydrogen and CO2 2HCO3
-
+4H2+H

+
→CH4+3H2O -136 -3.2 

Acetate Acetate
-
+H2O→HCO

-
3 +CH4+H

+
 -31 -24.7 

Table 1 Reactions performed by syntrophs and methanogens. Free energy under standard condition 

(∆G°’) and with low pH2 (∆G) (Sousa et al., 2009; Madigan et al., 2006) 
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2.4.1 Syntrophy and energy  

The energy of thermodynamically favourable reactions is used to produce adenosine 

triphosphate (ATP), the currency of energy for cells. The conversion of intermediate 

molecules such as alcohols and VFA may require the involvement of three different types of 

microorganism, syntrophs, hydrogenotrophic methanogens and acetoclastic methanogens. The 

three groups are included in the catabolism of VFA, since syntrophic bacteria degrade the 

intermediate molecules to a combination of both hydrogen and acetate. This acetate may 

either be split by acetoclastic methanogens to methane and carbon dioxide in low ammonia 

systems or be degraded by syntrophic acetate oxidizing bacteria (SAOB) and 

hydrogenotrophic methanogens in high ammonia systems to methane and carbon dioxide. But 

since the syntrophic cooperation is generally present in high ammonia level systems this is not 

the case for most WWTP in Sweden. Therefore, these three groups of organisms are required 

to cooperate in an intricate system (de Bok et al., 2004; Schnürer et.al., 1999). 

 

Table 2 Standard free energy (∆G°’), depending on syntrophic cooperation or not. Data is based on 

Schink, 1997. 

Substrate Syntrophs reaction alone (kJ/mol) Coupled reaction (kJ/mol) 

Ethanol +9.6 -56.0 

Propionate +94.9 -62.3 

Butyrate +48.1 -88.5 

 

To produce one mole ATP in cells, approximately 60 kJ is required, this amount is calculated 

based on normal conditions of living cells and also includes heat loss (Schink, 1997). The 

resulting energy of the cooperative conversion of one mole VFA, is showed in table 2,  is 

generally not enough to supply sufficiently energy enough for supporting growth of the three 

different species in part of  the reaction to produce one mole ATP each. This suggests that the 

three species involved in the reaction only yields one third of an ATP unit per catabolised 

VFA, which they need to share (de Bok et al., 2004).  

 

Yet another metabolically defined group, the primary fermentatives, are influenced by 

methanogens. Fermentation patterns of the primary fermentatives can shift to produce more 

acetate, hydrogen and carbon dioxide and avoid production of long chain VFA if the PH2 is 

kept low (under 10 Pa) (Conrad, 1999; Schink, 1997).   

 

A failing syntrophic cooperation between methanogens and syntrophs will result in an 

accumulation of VFA. Since high hydrogen pressure limits the VFA-converting activity of 

syntrophs. A consequence of VFA accumulation is decreasing alkalinity and in worse case 

decreasing pH, inevitably inhibiting the rather sensitive methanogens. This is one of the 

reasons why elevated concentration of VFA is used as an indicator of process imbalance 

(Nielsen et al., 2007). Obviously, syntrophy is of immense importance for the 

methanogenesis. Metabolic characteristics of one group affect others in the AD of organic 

matter and this interdependence needs to be considered in the search for ways to optimize the 

biogas production.  

2.5 Biomass carriers and Syntrophy 

Hydrogen or formate functions as an interspecies electron carrier between syntrophs and 

methanogens (a.k.a. inter-species hydrogen transfer, IHT) and a rapid removal of the 

hydrogen produced by syntrophs is necessary, since an accumulation of hydrogen near the 

syntrophs can be harmful for their function (Chauhan et al., 2005).  
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The removal of hydrogen is regulated by the surface area of the producing bacteria, the 

diffusion constant of hydrogen in the specific material, the concentration gradient of hydrogen 

and the distance between the different species (de Bok et al., 2004). This suggest that the 

distance between the microorganisms have to be kept short and the activity of the 

hydrogenotrophic methanogens need to be high to create good conditions for inter-species 

hydrogen or formate transfer (to generate a large concentration gradient). To ensure effective 

removal of hydrogen, the optimum diffusion distance between the microorganisms is less than 

1 µm (Chauhan et al., 2005).  

 

Addition of biomass carriers supports adhesion of both syntrophs and methanogens to the 

particle surface. Almost any added surface to a biogas reactor will result in more or less 

adhered consortia (Hulshoff Pol et al., 2004). This will consequently result in a close 

proximity between the organisms and will support an effective interspecies transport of 

hydrogen or formate (de Bok et al., 2004). An effective removal of hydrogen trough 

syntrophic cooperation on the carrier surface makes the anaerobic digestion more effective 

since the VFA degradation will not be rate limited by the diffusion rate of hydrogen and thus 

support the syntrophic cooperation (Chauhan et al., 2005).  

 

When microorganisms colonize surfaces they generate a biofilm. A biofilm is a matrix-

enclosed microbial layer of different species adhered on a surface. There are several 

advantages of creating biofilms for microorganisms besides the advantage of close proximity 

between species of different metabolic groups. The enclosed layer of microorganisms is 

protected against harsh environmental factors such as mechanical stress and extreme 

temperatures, surfaces are also attractive to nutrients that are concentrated at interfaces (Hall-

Stoodley et al., 2004).  

2.5.1 Biomass carriers and biomass retention  

There are several types of so-called high rate reactors or biofilm reactors that are used to 

optimize AD. These reactor designs take advantage of the microbial tendency to create 

biofilms on surfaces, to accumulate (or retain) the active cells inside the reactor. The 

formation of biofilm on biomass carrier surface enhance the conversion rates of the AD and 

protect the cells against environmental and substrate variations (Hall-Stoodley et al., 2004; 

Singh et al., 2009). Keeping microorganisms inside the reactor and minimizing the biomass 

wash-out is favourable for biogas production since, the methanogenesis is carried out at low 

growth rates (Lalov et al., 2001; Fernández et al., 2008). Furthermore, since the 

methanogenesis is a microbial process, the biogas production is limited by the amount of cells 

inside the reactor if substrates are in excess (Fernández et al., 2008; Nicolella et al., 2000b).  

 

Packed bed or fixed bed reactors are biofilm reactors filled with fixed matrices of carrier 

material. Thin layers of biofilm cover the carriers and microorganisms are retained inside the 

reactor. Fixed bed reactors commonly have smaller reactor chambers and use high throughput 

rates with short HRT and the organic loading rate can be elevated relative to reactor designs 

without carriers (Singh et al., 2009).  

 

Fluidized bed reactors are biofilm reactors with small colonized carrier particles. The particles 

are suspended in fluid by up-flow of the influent and the flow rate is related to the settling 

velocity of the particles to keep the particle bed suspended. Carriers are retained inside the 

reactor and wash-out is avoided by controlling the height of the actual fluidized bed. The 

height is determined by influent flow rate and the settling velocity, a settling section can be 
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used with a larger reactor diameter to enable quick and controlled settlement, whereas the up-

flow ensures good and gentle mixing and allow high throughput (Nicolella et al., 2000b).  

 

Upflow anaerobic sludge blanket (UASB) reactors and expanded granular sludge blanket 

(EGSB) are reactors dependent on natural granulation of microbial consortia. The granules 

formed can be separated from the liquid effluent by settling and thereby enabling biomass 

retention. Since the granules stay suspended in the fluid by up-flow of the influent wash-out is 

avoided which allows for much higher throughput than an ordinary CSTR, and no mechanical 

mixing is needed. EGSB use a three phase separator, which separates granules, biogas and 

effluent at the top of the reactor and allow shorter throughput times than UASB (Nicolella et 

al., 2000b).  

 

These high rate and biofilm reactor designs are mainly appropriate for substrates with 

dissolved and dilute organic contents such as industrial wastewater and substrates with low 

amount of contaminating particles that could damage carrier matrices. The biofilm carriers are 

necessary in reactors with diluted substrate to keep a sufficient concentration of biomass 

inside the reactor for complete AD (Nicolella et al., 2000a). These reactor configurations are 

designed to separate the HRT from the SRT (Yang et al., 2004; Muñoz et al., 1997). The main 

advantage with separating these two parameters is that the retention of biomass increases 

SRT, while the HRT is unaffected or may be decreased. A short HRT is desired for a high 

throughput, while a long SRT ensures complete degradation of the solids. This means that a 

shorter HRT can be applied with equal degree of degradation of the organic material and, 

thus, with a larger biogas production as a consequence of the resulting higher organic loading 

rate (Yang et al., 2004; Sasaki et al., 2007). Another advantage of high conversion rates is the 

possibility to use small reactor chamber volumes with the same throughput.  

 

Most reactors in Sweden make use of the CSTR design, where the HRT and SRT are not 

separated and traditionally no carriers are used. The reason for excluding carriers is the wash-

out of theese with the reactor outflow, which would possibly mean a high wash-out of active 

cells adhering to the carriers resulting in low biogas production (Hulshoff Pol et al., 2004).  

 

The use of carriers in biofilm reactors is evidently a possible way to enhance the methane 

production in AD. The biogas process could become even more efficient if the carrier 

colonization would be specific to methanogens or at least to microbial groups responsible for 

metabolic bottlenecks of a substrate in AD. A specific accumulation of these microorganisms 

inside a biofilm reactor would definitely increase the potential degradation of organic material 

and increase the potential biogas production. If a carrier material is selected that show specific 

adhesion of for example methanogens, this specific retention would be an attainable technique 

to increase the biogas production. Several studies have been made that evaluate different 

carrier materials. Silva et al. (2006) showed that the choice of support material influence 

which types of microorganisms that colonize the surface and that alumina-based ceramics 

presented the best adhesion of methanogenic consortia (Silva et al., 2006). The clay 

montmorillonite showed best adhesion results in an evaluation of several carrier materials 

(Chauhan et al., 2005). Additional studies of carrier evaluation for methanogens are: Picanco 

et al., 2001; Yang et,al., 2004; Muñoz et al., 1997 and Lalov et al., 2001. 

2.6 Adherence and carriers 

The mechanism of adherence should be studied to be able to choose an appropriate material 

for biomass carriers in biogas production. Bacterial adhesion to chemically inert material 

depends on the properties of the carriers. Bacterial adherence to surfaces has been thoroughly 
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studied e.g. in the contexts bacterial capability do adhere to surfaces of medical implants, ship 

hulls, catheter surfaces, teeth and to production systems in food industry. 

 

The generation of biofilm on surfaces is dependent on the initial attachment and subsequent 

adhesion of microorganisms (Hall-Stoodley et al., 2004). Adhesion can be studied from a 

physiochemical or biological perspective. Bacterial adhesion to surfaces consists of four 

phases. The first phase is the transportation to surface, which can be accomplished by 

diffusive transport, liquid flow or biological active movement (Loosdrecht et al., 1990).  

2.6.1 Initial adherence as a physicochemical process 

The second phase is the initial adhesion, considered to be a physiochemical process that can 

be described with theoretical arguments. The DLVO (Derjaguin-Laudau-Verwey-Overbeek) 

theory considers attractive van der Waals interaction and double layer interaction in the initial 

adherence. The double layer interaction is a consequence of coulomb forces and the formation 

of layers of oppositely charged ions at charged surfaces in aqueous liquids. This ion layer is 

denoted the Stern layer and contribute to an osmotic, most often repelling, force between two 

surfaces in liquid since most materials and bacteria have negatively charged surfaces 

(Hermansson, 1999).  

 

Another way of describing the ability of initial adhesion is the thermodynamic approach. Free 

energy of the interfaces is evaluated for microorganisms in planktonic state in response to 

microorganisms adhered to surface. When the free energy is lower in the latter, adhesion will 

be favorable. The free energies to be evaluated when calculating the free energy of adherence 

are the alternative interfaces, γsl= surface/liquid, γbl = microorganisms/liquid and γbs = 

microorganisms/surface. The Gibbs free energy of adhesion (∆Gadh) is calculated according to 

equation 6, and when the sum is negative the adhesion is thermodynamically favorable 

(Hermansson, 1999). These free energies are, however, difficult to empirically determine, the 

possible difference between various microbial species is particularly troublesome (Bok et al., 

1999). 

 

∆Gadh = γbs - γsl - γbl (6) 

 

The physicochemical adhesion of microorganisms to surfaces is obviously a complex 

mechanism that in addition to these theories is influenced by hydrophobic effects and surface 

roughness. This has lead to the development of an extended DLVO theory presented by van 

Oss that includes hydrophobic effects and osmotic forces (Hermansson, 1999). Thus, the 

extended DLVO includes Lifshitz-van der Waals, Lewis acid-base interaction, Brownian 

motion and electrostatic attraction-repulsion (Zhao et al., 2007). The attachment according to 

DLVO and thermodynamics comprise of a two stage attachment, a primarily reversible 

binding in a secondary energy minima followed by a possible irreversible binding in the 

primary energy minima (Loosdrecht et al., 1990). 

 

When applying physicochemical theories, cell-specific surface structures can only contribute 

to attachment in a non-biological manner. Appendages of microorganisms constitute smaller 

surface areas than a complete cell, so the repelling forces that are area-dependent in the 

thermodynamic theory and the repulsive forces in DLVO can be avoided by cells with 

appendages. But the theories do not include any consideration to specific surface binding 

proteins or expression of extracellular polymeric substances (EPS) that may increase 

attachment (Hermansson, 1999). This is described in the third phase of adhesion, the 

irreversible attachment. 
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2.6.2 Biological factors in irreversible attachment 

According to physicochemical theories, the microorganisms ought to enter the primary 

energy-minima to accomplish attachment. The microorganism can in this state and proximity 

conduct a firm anchorage through specific biological interaction with the surface. This third 

phase is accomplished by cell surface structures that mediate the firm anchorage, the so called 

adhesins.  Examples of adhesins are surface proteins, fibrils, pili, EPS and other appendages 

(Hulshoff Pol et al., 2004). Proteins in the surface layer (S-layer) of methanogenic archaea are 

most likely responsible for adhesion to surfaces. These proteins are expressed on the surface 

of the cell and are in addition to surface attachment also involved in cell-cell association (Jing 

et al., 2002). 

 

The fourth phase of adhesion is the colonization of the surface and starts with attachment of 

single cells followed by generation of micro colonies and biofilm (Hall-Stoodley et al., 2004). 

The first cells attached to the surface produce extra-cellular polymeric substances (EPS) to 

alter the surface. This surface alteration makes the surface more attractable for other cells with 

specific receptors for EPS. Daughter cells and other cells attracted by EPS form micro 

colonies and consequently a biofilm is formed. Specific proteins on the microbial cell walls, 

binding to EPS are an important factor in biofilm formation, indicating that an initial 

attachment with subsequent production of EPS will attract more cells to the surface. Extra-

cellular polysaccharides are instrumental molecules required for biofilm formation. Their 

production results in transformed surfaces with more attractable characteristics for attachment 

and growth (Hermansson, 1999).  

 

The different biological factors that influence adhesion explain why the presence of specific 

microbial strains is more abundant and sometimes required for biofilm generation. Different 

species are responsible for diverse biological methods to establish irreversible adhesion and 

overcoming the repulsive forces. This variation is attributed to the strain-specific surface 

structures. Methanosaeta spp. is for example known to be responsible for initial adhesion to 

surfaces, Methanosarcinales are frequently found in aggregates and in inner layers of biofilm 

on carriers (Schmidt and Ahring, 1999; Zeikus, 1977; Sasaki et al., 2007). These initially 

adhered microorganisms will subsequently attract other methanogenic microorganisms by 

means of EPS production to create a biofilm around the carrier (Hulshoff Pol et al., 2004). 

 

There are numerous examples of biological factors that are needed or specific for attachment 

and biofilm formation e.g. alginate EPS gene expression that is specific for Pseudomonas 

aeruginosa cells in biofilms (Hermansson, 1999) and the activation of a similar gene for 

polysaccharide generation is required for Staphyloccus aureus to create biofilm (Dalton and 

March, 1998). Increased production of EPS of several attached bacterial strains was observed 

when the strains were isolated from sand columns (Vandevivere and Krichman, 1993) and the 

M protein of Streptococci is required for irreversible adhesion to surfaces (Dalton and March, 

1998). Another evidence of the importance of EPS is the necessity of Campylobacter jejuni to 

express fibronectin (Fn)-binding proteins to form biofilm (Dalton and March, 1998). Greene 

et al.. (1995) showed that both types of Fn-binding proteins were needed for attachment to a 

surface with EPS layer and thereby necessary for biofilm formation for Staphyloccus aureus. 

2.6.3 Desired properties of carriers  

Several properties of carriers should be considered when choosing a carrier to function as a 

mediator for bacterial adhesion. A promising carrier material should support the initial, 

reversible adherence, but also present an attractable surface for the irreversible, biological 

adherence. Several studies have showed the influence of material choice on adhesion patterns 
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(Yang et al., 2004; Picanco et al., 2002). It may moreover be desirable for carriers to 

demonstrate selective adhesion of microorganisms, e.g. a specific adhesion of methanogens 

would lead to an accumulation of methanogenic microorganisms inside a biogas reactor. 

 

Surface roughness is supposed to minimize the thermodynamically calculated free energy of 

initial adhesion (Li and Logan, 2004). However, different opinions exist about this and Bos et 

al. (1999) have stated that surface roughness is of minor importance for initial adhesion, but 

may influence biofilm formation. In two separate studies the bacterial adhesion on stainless 

steel was examined with different surface roughness. In both cases no effect of surface 

roughness on initial adhesion could be seen (Hilbert et al., 2003; Boulagé-Petermann et al., 

1997). 

 

Particle porosity is of importance, since porous particles contribute with large surface area per 

particle.  Under the prerequisite that the pores are large enough to accommodate 

microorganisms, a larger surface area will display additional adhesion sites for 

microorganisms. A porous carrier will thereby automatically allow more microorganism to 

adhere per particle than a less porous particle.  

 

A hydrophobic surface contributes to adherence according to the extended DLVO theory. 

Syntrophs and methanogens have partly hydrophobic surfaces and it is therefore possible that 

a carrier with more hydrophobic surface will have better initial microbial adhesion 

characteristics than a carrier with a hydrophilic surface (Chauhan et al., 2005). Several studies 

have reported elevated adhesion of methanogenic consortia to both porous and hydrophobic 

carriers (Chauhan et al., 2005; Picanco et al., 2001; Yang et al., 2004). 

 

Surface charge also influence adhesion according to the DLVO theory described above, a 

carrier with more positively charged surface in aqueous liquid will provide enhanced adhesion 

potential by decreasing the repulsion of the double layer interaction. Microbial surface charge 

is principally negative and a material with positive surface charge contributes to a less 

repulsive force (Sheng et al., 2008). The importance of surface charge of carriers have been 

evaluated in fluidized-bed reactors, where it was shown that the configuration using carriers 

with negatively charged surface had the least efficiency (Kida et al., 1992). 

 

 

It is important to keep in mind that physiochemical interactions arise at much larger distances 

than the reach of biological surface interactions and the choice of material does primarily 

affect the initial physiochemical and reversible part of the adhesion (Bos et al., 1999).  

 

Materials with good adhesion properties for methanogenic consortia are e.g. clay and 

polymeric materials (Muñoz et al., 1997; Lalov et al., 2001), while iron oxide and stainless 

steel have been shown to have good adhesion capacity among metal carriers (Zhao et al., 

2006; Sheng et al., 2008; Li et al., 2004).  

2.6.4 Magnetic biomass carriers 

The use of magnetic carriers would sidestep problems with wash-out of carriers and adhered 

biomass in CSTRs, since a magnetic separation would make it possible to obtain an 

accumulation of microorganisms inside the CSTR, when the magnetic carriers are coated with 

adhered biomass. By the magnetic retention of biomass in the reactor, wash-out of biomass is 

prevented and subsequenly increase the SRT. Thus, such an application will separate HRT 
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from SRT in the CSTR and, hence, allow for a shorter HRT with equal degradation or, 

identical SRT with the possibility to use a smaller reactor volume.  

 

The use of magnetic carriers has recently been successfully employed in lab-scale during 

ethanol fermentation with a magnetically stabilized fluidized bed reactor. By applying an 

external magnetic field an increased fluid velocity and elimination of solid mixing could be 

achieved due to the magnetic forces affecting immobilized yeast on ferrite and an improved 

ethanol production was as a consequence attained (Liu, 2009). This design, with an external 

magnetic field, would be difficult to utilize for large scale production of biogas in CSTRs. 

However, since the major purpose with the use of magnetic biomass carriers in biogas 

production is the retention of biomass, a magnetic separation and reintroduction of magnetic 

material to the reactor from the outlet stream would be sufficient. Magnetic carriers are 

presently used in several different applications of cell and enzyme immobilization, bio-

separation, immunoassays and biosensors in food, fermentation and pharmaceutical 

industries. The ability to selectively manipulate the carriers and the adhered material provide 

additional benefits such as enhanced recovery and inexpensive separation techniques.  

 

A simple approach in the search for suitable magnetic carriers is to use metal particles. A 

German research group reported in a recent press release that they had accomplished good 

results with ferrite as carrier in biogas production (Leibniz Institut für Agartechnik, 2007). 

They developed a process based on magnetic retention that could accumulate biomass inside a 

reactor due to flocculation around the magnetic particles. This led to a 50% decrease in HRT 

compared to the case without magnetic carriers. However, to this date, no further publications 

of the results have been presented (Leibniz Institut für Agartechnik, 2007).  

 

For large scale applications the particles used as biomass carriers must be available at a 

reasonable cost. Iron (ferrite) particles, which are both fairly inexpensive as well as produced 

in Scandinavia, have hydrophilic surfaces and are porous particles with great surface 

roughness and are therefore a good choice in Sweden. Magnetite is another possible candidate 

which consists of magnetic iron oxide and is the major ore-type in Kiruna, Sweden. In a 

comparison of different metal oxides coatings, iron oxide showed the highest adhesion values 

for several microbial strains. This favourable adhesion characteristic was attributed to the 

relatively hydrophobic and high surface roughness of iron oxide (Li and Logan, 2004). The 

surface of magnetite comprises of layers of different iron-oxides, thick layer of oxides provide 

greater positive charge and thereby enables greater electrostatic attraction of negatively 

charged microorganisms (Sheng et al., 2008).   

 

A more expensive possibility is to use magnitized hydrophobic micro carriers, used in the 

pharmaceutical industry and designed for cellular attachment. There are several types made 

from silica or polystyrene, with incorporated iron or magnetite to obtain appropriate magnetic 

characteristics. These are mainly used in downstream separations requiring high purity and 

low contamination levels. Micro carriers are therefore quite expensive compared to iron or 

magnetite particles but may possibly generate greater adhered biomass.  

 

Another attractive possibility would be to use magnetize zeolites, which are hydrophilic, 

hydrated aluminumsilicates consisting of a porous framework structure (Bourlinos et al., 

2003; Wook Nah et al., 2007). Zeolites have been used in laboratory scale reactors to enhance 

the biogas process performance by different means. For example, zeolites function as cation 

exchangers binding ammonium ions and, thus, lowering the free concentration of ammonia in 

sludge. There is also evidence that zeolites are good microbial carriers in anaerobic reactors 
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and it has been shown that both the surface and the interior porous structures are colonized by 

bacteria and methanogens (Fernández et al., 2007). Thus, higher organic loading rates and 

lower ammonia concentration are obtained in the presence of zeolites, which results in higher 

methane production. Also, zeolites have been used in laboratory scale reactors with fluidized-

bed configuration to increase the retention of biomass (Fernández et al., 2007; Milán et al., 

2001; Tada et al., 2001). The combined effect of the zeolites themselves together with the 

magnetic modification make them strong candidates for biomass retention in biogas reactors. 

2.7 Measuring retained and adhered biomass  

Biomass or rather the number of viable cells is a crucial parameter in most biotechnological 

production processes. The biomass retained inside the reactor limits the total amount of gas 

produced in AD, if the organic substrate remains in excess (Präve et al., 1987). There is an 

array of methods to estimate microbial biomass. However, the genetically based methodology 

available today presents the best alternative for this study, since they are relatively simple and 

fast for measurements on a regular basis. 

 

2.7.1 Genetic methods 

The greatest advantage of genetic methods is the selectivity in detecting microorganisms. The 

design of the probes enables detection that ranges from species specific to microbial groups or 

domains. Genetic analysis of microbiological communites commonly uses genes coding for 

16S rRNA, which is optimal for identifying groups of related microorganisms, since it have 

highly conserved regions as well as more variable regions (Amann et.al 2008; Scragg, 2005). 

Anaerobic culturing condition is not required for treatment of genetic material and genetic 

methods are therefore cultivation independent. Some of these methods are appropriate to 

study the composition of microbial populations and may also be used to compare the 

concentration of biomass inside a reactor or at carrier surfaces (tables 3 and 4). 

 

The main disadvantage with the methods is the extreme sensitiveness of the analysis that may 

result in false positive or exaggerated results of minor microbial populations. Contamination, 

non-target and probe-probe hybridization are the main sources of false results. 

2.7.1.1 Quantitative Real-Time PCR 

Quantitative Real-Time Polymerase Chain Reaction (QRT-PCR) can be used to analyze and 

quantify populations of different species or domains in microbiological communities. Several 

studies have used QRT-PCR to evaluate methanogenic communities in both the carrier 

biofilm and reactor sludge (tables 3 and 4). Compositions of microbial domains, families and 

species have successfully been determined by this method. The culture independence and 

quickness of the technique makes it well suited for microbial analyses of methanogenic 

environments (Ueno et.al 2008; Sawayama et.al 2006; Suzuki et.al 2000; Klocke et.al 2008; 

O’Reilley et.al 2009). 

 

QRT-PCR commonly is used with the Taqman
TM

 assay, which is slightly different from 

traditional PCR. Taqman
TM

 use three different oligonucleotides that hybridize to one target 

DNA sequence, a forward primer and a reverse primer are used as in regular PCR to select the 

target sequence. The third, additional fluorescent probe is used to obtain the quantifying 

ability and hybridizes downstream of the forward primer on the target sequence. The 

requirement of three separate hybridisations of oligonucleotides to the target sequence makes 

TaqMan
TM

 QRT-PCR highly specific and sensitive and also decreases the possibility of false 

positives (Yu et.al 2004). The fluorescent probe contains a reporter fluorophore at its 5’-end 
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that emit fluorescent light, this light is  quenched by another fluorophore at the 3’-end of the 

probe. The Taq polymerase used in the Taqman
TM

 assay initiate the extension of primers and 

perform amplification of the selected sequence, when it reaches the fluorescent probe it utilise 

its 5’-nuclease activity resulting in a separation of reporter and quencher. The light from the 

reporter can thereby be detected, resulting in increasing fluorescence as more copies are 

produced, which allows for real-time surveillance of the amplification by increasing 

fluorescence intensity. Real-time observation reveals the kinetics of the amplification, which 

in turn can be used to quantify the target sequence (Bustin, 2000). 

 

It is important that the fluorescent probe has higher melting temperature (Tm) than the 

primers. This is needed since amplification with Taqman™ polymerase is initiated 

immediately after annealing of primers and the probe therefore need to be in place before 

extension begins to ensure the cleavage and separation of reporter and quencher. Tm is 

determined by the length and base composition of the oligonucleotide, the G-C content 

elevate Tm due to firmer binding in relation to A-T binding force. Forward and reverse 

primers should ideally have identical Tm values or at least not differ with more than 2°C 

(Bustin, 2000).  

 

 

Figure 2 The Sigmoid shape of amplification curves. This figure illustrates different concentrations of 

rchaea in a typical sample of anaerobic digester material. 

Amplification of target sequence and separation of the reporter and the quencher will be 

detected and generate a sigmoid curve. This curve can be used to calculate the original 

absolute number of target sequence by comparison with a standard curve from standard 

concentrations of the target sequence. The sigmoid curve consists of three phases. The 

number of cycles required to reach a certain threshold value (CT) of fluorescence is 

proportional to the amount of target sequence in the sample. The threshold value is 

determined as the level of fluorescent intensity where the sigmoid curve can be distinguished 

from the noise background in the linear phase.  The threshold obligatory belongs to the linear 

phase, where the intensity is correlated with product amplification.  Equation 7 shows the 

relationship between CT and the number of target sequence in the sample (N0): 

 

N0 = 10(C
T
-b)/m

 (7) 

 

The parameters m and b are estimated by a standard curve and correspond to the 

proportionality factor between signal intensity and PCR product and to the amplification 

efficiency, respectively. Therefore, it is necessary to create a standard curve that originates 
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from known concentrations of the target sequence to enable target sequence quantification by 

QRT-PCR (Wilhelm, 2003).  

 

Table 3 Methods to evaluate adhered communities on carriers or surfaces 

Method Description References 

RT-PCR Gene copy, comparison 

between biofilm and sludge 

Ueno et.al 2008, Sawayama et.al 2006, Klocke et.al 2008. O’Reilley 

et.al 2009 

PCR 

phylogenetic 
No quantification Chauhan et.al 2005, Yang et.al 2004,  

Pereira et.al 2002 (and DGGE, no carriers), Yang et.al 2008  

Microscopic DAPI Schopf et.al 2008  

FISH Analyzing the composition Tay et.al 2001, Sasaki et.al 2007 (in comb. with Dot blot),  

Silva et.al 2006, Pereira et.al 2002 (no carriers)  

ELISA Antibody  Schmidt and Ahring 1999 (antibodies against M.concili, M.mazeii) 

 

Table 4 Method to evaluate retained biomass inside reactors 

Method Description References 

Stepwise 

increased ORL  
In reference to 

COD, VFA or 

CH4 levels 

Andersson et.al 2002, Parawira et.al 2006, Borja et.al 2001 (OLR and COD),  

Show et.al 1999, Ueno et.al 2008 (calculation of biomass/area carrier) 

Methane 

production 
Measured Muñoz et.al 1997 (CH4/ml sludge, Yang et.al 2004 

Weight Calculated or 

measured 

Silva et.al 2006 (TVS/mg support),  

Fernandez et.al 2008 (SRT= VSS in reactor/ VSS outflow) 

Protein Biuret’s method Chauhan et.al 2005 
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3 Materials and methods 
To be able to answer the hypothesis and its sub-questions two types of experiments were 

performed.  

 

Batch experiments were carried out to compare four alternative carriers with the aim to select 

one carrier based on an evaluation of gas production and quantification of magnetic 

separation. The magnetic separate was further analysed by quantitative Real-Time PCR to 

study the microbial population retained. The possible effect of carrier addition on gas 

production was also monitored.  

 

A lab.-scale CSTR experiment was performed with the most promising carrier from the batch 

experiment in relation to control. This experiment included studies of accumulation of 

microorganisms inside the reactor and the influence on total gas production, methane content, 

syntrophic cooperation and process stability in a continuous process. Different OLR and 

addition of VFA were used to further evaluate the effects of magnetic biomass carriers on gas 

production and process stability. 

3.1 Batch experiment 

3.1.1 Experimental design 

A first batch experiment (hereafter denoted experiment A) was done to determine appropriate 

carrier concentrations and timing for DNA extraction before a second (hereafter denoted 

experiment B), in which the alternative carriers were compared. Thus, experiment B included 

both gas production measurements and a subsequent microbial population analysis with 

quantitative Real-Time PCR of the carriers.  

 

Both batch experiments (A and B) were performed in two stages and the microorganisms 

were enriched once in an anaerobic culture medium to dilute effects of the pre-existing 

substrate (WWTP sludge) and to obtain accurate QRT-PCR measurement before testing the 

magnetic materials. When the first enrichment stage was at the end of exponential growth, as 

judged by the gas production, material was extracted and used as the inoculum of the second 

batch experiment. DNA extraction was done at the end of the exponential growth phase of the 

second culture (see figure 3 for a schematic illustration of the culturing procedure). 

 

Bottles (544 ml) were each supplied with 60 ml of inoculum and 240 ml culture medium (see 

below). The organic substrate comprised of cellulose (filter paper, Munktell, Sweden) and 

amino acids (Peptone C, Merck, Germany). 0.75 g of each were added per batch flask 

yielding 2.5 g VS/L of each and a total of 5 g VS/L.  
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Figure 3 Schematic illustration of the culture procedure. Two culture steps were used to obtain clean 

samples for genetic analysis. 

 

3.1.2 Experiment A - determination of appropriate carrier concentration 

To test the influence of particle concentrations, iron was chosen using at an amount of 0.1 g 

carriers/g VS as a starting point, in accordancewith  another research group (Leibniz Institut 

für Agartechnik, 2007). Since the amount of VS used in all batch experiments was 5 g /L, i.e. 

1.5 g /flask. Particles concentrations of 0.03, 0.5 (corresponding to 0.1 g/g VS) and 3.3 g/L 

were evaluated. The result from this experiment was used to establish the amount to be used 

in the carrier evaluation experiment below. 

 

3.1.3 Experiment B - carrier evaluation 

The four carriers were added in the second stage of experiment B, yielding three batch series 

in triplicates, one batch series in duplicates and one reference series in triplicates. At the end 

of this batch experiment, the carriers with adhered biomass were separated from the batch 

material with a magnetic field and both the remaining non-magnetic slurry and the particles 

were analysed by Real-Time PCR.  

 

A comparison of the relative populations of bacteria, archaea and methanogenic groups was 

performed between the carriers and the corresponding non-separated material. The results 

between different carriers were compared with each other to evaluate which of the carriers 

displayed the most promising results. 

 

A comparison between washed (with phosphate buffered saline) and un-washed carriers was 

performed with iron and magnetite particles to study which microbiological group that 

adhered to the actual surface and thereby was responsible for initial adhesion. 

CULTURE MEDIUM 
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3.1.4 Culture medium 

The anaerobe medium consisted of a phosphate buffer, trace elements, vitamins, carbonate 

buffer and sulphide mixture with Rezasurin as redox indicator: KH2PO4 (3 mM), Na2HPO4 (3 

mM), NH4Cl (5.6 mM), NaCl (5.1 mM), CaCl2·2H2O, (0.8 mM), MgCl2·6H2O (0.5 mM), 

NaHCO3 (48 mM), Na2S·9H2O (1mM), Resazurin (2.1 µM), Na2SeO3·5H2O (0.1 µM), 

NaWO4·5H2O (2.1 µM) and trace elements [FeCl2·4H2O (10µM), H3BO3 (0,8 µM), ZnCl2 

(0.4 µM), CuCl2·2H2O (0.2 µM), MnCl2·2H2O (0.3 µM), (NH4)6Mo7O24·4H2O (0.3 µM), 

AlCl3 (0.4 µM), CoCl2·6H2O (0.2 µM), NiCl2·6H2O (0.2 µM), EDTA (1.3 µM)] and vitamins 

[Pyridoxamine (1.04 µM), Nicotinic acid (0,81µM), Nicotinamide (0,82µM), DL-

panthothemic acid (0.21 µM), Vitamin B12 (0.04 µM), p-aminobenzoic acid (0.36µM), 

Pyridoxine·HCl (0.49µM), D Biotin (0.08µM), Thioctic acid (0.24µM), Folic acid (0.05µM), 

Riboflavin (0.13µM), Thiamine·HCl (0.30µM)]. Gas phase was 100% N2. 

3.1.5 Magnetic carriers 

The particles used included magnetite (Electronic standard powder, Höganäs AB,  Sweden), 

ferric iron (NC100.24, Höganäs AB, Sweden), polystyrene with 20% incorporated magnetite 

(Sigma-Aldrich, Germany) and zeolite (Clinoptilolite, Zeosand AB, Sweden). The properties 

of the particles are given in table 5. 
 

Table 5 Properties of the carriers 

 Iron Magnetite Polystyrene Zeolite 

Approx. size 80 µm 50 µm 10 µm >1 mm 

Porosity Medium Low Low High 

Hydrophobicity Hydrophilic More hydrophobic than Iron Hydrophobic Hydrophilic 

Surface charge - Positive - - 

Surface roughness High Medium Low High 

3.2 CSTR experiment 

3.2.1 Experimental design 

A start-up period was applied to ensure that the two reactors were stable and identical prior to 

the addition of carriers. A period of adaptation for the microbiological population is always 

expected, when transferring reactor material from a large scale production plant to an 

experimental laboratory scale reactor.  

 

When the reactors were working equally and stable, magnetic carriers, selected as based on 

the result from the carrier evaluation were added to one of them. VFA, alkalinity, pH, biogas 

production, methane production, TS and VS (also calculating degree of degradation and 

specific gas production), NH4N-Nitrogen, Kjeldahl-N-Nitrogen and iron levels were analyzed 

and compared to study the effect of adding and reintroducing magnetic biomass carriers with 

attached biofilm. 

 

In additional experiments, the organic loading rate was transiently increased to observe 

differences in reactor stability and production performance. These OLR-pulses were 

established by firstly double addition of mixed sludge (OLR pulse 1 ) and secondly by double 

addition of mixed sludge and 30 g glycerol, corresponding to a extra OLR of 1,7 kg VS 

(m
3
*d)

-1
 .When these organic loading-pulses were applied, VFA were measured daily and gas 

production kinetics were evaluated. See table 6 for information about OLR-pulses Long term 

variations in reactor stability and gas production were studied by increasing the OLR by a 
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factor 1.5 during one HRT in an independent experiment. Furthermore, in another experiment 

VFA were deliberately added to the process to provoke instability and to study efficiency in 

VFA degradation. 30 ml of propionic acid (Baker, Holland) yielding a concentration of 45 

mM was added to both reactors together with 4 ml of butyric acid (Alfa Aesar GmbH & Co, 

Germany), yielding a concentration of 5 mM. In order to separate the addition of VFA from 

other parameters and to simplify the analysis, no other substrate was added to the reactor 

during the sampling period. Samples for VFA analysis were taken 4, 24, 48, 72 and 96 hours 

after the VFA addition.  

Table 6 Description of pulses of increased organic load applied. 

Days after addition of 

particles 

Organic loading rate (kg 

VS/m3*d) 

Duration Duration of VFA 

observation 

20 3.7 mixed sludge (790 g) 1 day 5 days 

41 5.4 mixed sludge and glycerol  

(780 g mixed sludge, 30 g Glycerol) 

1 day 

 

5 days 

48 2.7 mixed sludge (580 g) 18 days - 

 

3.2.2 Materials and equipment 

Two identical, specially constructed, laboratory scale reactors out of polycarbonate were used 

with the working volume of 9 L each, figure 3.  

 

Inlets and outlets were designed to be able to feed the reactor, to take samples, to adjust the 

working volume, to evacuate gas and to measure the produced gas. Online sensors were used 

to measure the total gas production by a milligas counter (Ritter, Germany) and the proportion 

of methane in the outflow by an IR-sensor (Bluesense Gas sensor GmbH, Germany). 

 

Methane Tedlar balloons (Tedlar
®
 material, SKC, USA) were used to avoid inflow of oxygen 

during feeding and volume adjustment, gas was pushed into the balloon from headspace 

during feeding and flowed back during volume adjustment, ensuring an equal methane 

concentration. Balloons were connected to the headspace and a vent was opened to these 

during feeding and volume adjustment. 

 

3.2.3 Design of device for magnetic retention 

A small container with four strong neodym magnets (Ø 23mm, Clas Olsson, Sweden) was 

designed to stop the magnetic material in the outflow stream. This device was applied to the 

outlet for volume adjustment whenever a withdrawal of reactor sludge was made, in such way 

that the outflow of sludge from the reactor flowed into this container. By attracting and 

retaining the magnetic carriers (with adhered biomass) inside the container through a strong 

magnetic field, the resulting outflow of the device was absent of magnetic particles ( figure 4). 

When a withdrawal was completed, the retained magnetic material inside the container was 

reintroduced to the reactor.  

3.2.4 Inoculum 

Sludge from Nykvarn wastewater treatment plant in Linköping was used as the inoculum.  

3.2.5 Substrate and loading rate 

Mixed sludge (Nykvarn wastewater treatment plant) was used as substrate, total solids (TS) = 

6%, volatile solids (VS) =70%, volatile solids is the organic fraction of TS. In order to avoid 
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variation of sludge over time, a batch of mixed sludge of sufficient for the whole time of the 

experiment was sampled and stored frozen. The feeding was performed every day following 

adjustment of reactor volume. 395 g of mixed sludge was added daily, resulting in a retention 

time of 20 days and a loading rate of 184 kg VS/(m
3
*d). Other loading rates were used if an 

experiment required this due to deliberate OLR changes. 

3.2.6 Parameters studied  

Accumulation of microorganisms inside the reactor was determined as TS and VS. Additional 

parameters used are listed in table 7. The particle concentration was controlled by 

measurement of iron concentration. The two trace elements cobalt and nickel were also 

measured. Both are paramagnetic and may accumulate inside the reactor when applying 

magnetic retention. However, this may actually prove beneficial since nickel is needed for 

most hydrogenanses and is important for the methanogen-specific Coenzyme F430 and cobalt 

is for example essential for Vitamin B12 (Madigan et.al, 2006).  

 

Table 7: Important parameters studied. 

Parameter Description (Periodicity) 

Gas production To detect more effective degradation. (Daily, both total gas volume and methane conc.) 

Degree of degradation To detect increased anaerobic degradation. (Two times per week, calculated by VS 

measurement) 

TS and VS Accumulation of biomass increase TS and VS. (Two times per week) 

Microbial community To detect specific accumulation.  

Iron To control the iron particle concentration, to detect and compensate for particle leakage. 

(Once per month) 

VFA To monitor process stability, combined with different OLR. At the end of experiment 

Trace metals (Co, Ni) Paramagnetic trace elements that may accumulate with magnetic retention. (Once per 

month) 

 

3.2.7 Sampling 

Approximately 50 ml of reactor material was withdrawn five days per week.    

3.3 Analyses 

3.3.1 Methane 

The methane gas content of the batch experiment was measured with FID gas 

chromatography, HP GC-5880A (Hewlett-Packard, USA), Columm Poraplot T, 2.5 m. The 

injector temperature was 150
o
C, detector temperature 150

o
C and oven temperature was 80

o
C. 

The carrier gas was N2, 30 ml/min. The detector gas was air (250 ml/min) and H2 (30 

ml/min). A gas sample was taken after measurement of the pressure in each bottle (Testo 312-

3, Germany). 

3.3.2 Genetic analysis 

During experiment B samples of adhered microorganisms were separated from the batch 

solutions by magnetic force. Particles, with attached biomass, were attracted with neodym 

magnets (see above) and poured into a sample tube. Zeolite particles were extracted by 

sedimentation. 

 

Reference slurry was analyzed after concentration of biomass by sedimentation of 15 ml batch 

material in the first attempt (DNA-extraction 1) of DNA isolation and quantitative QRT-PCR.  
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DNA-extraction 1 of experiment B yielded high enough DNA concentration for magnetite 

and iron samples. A second DNA extraction (DNA-extraction 2) of experiment B with a 

modified sample preparation was done to ensure enough DNA also for the other particles. 

Sample preparation for DNA-extraction 2 was as follows: The non-magnetic residual slurry 

was concentrated by centrifugation (3 * 15 ml, 5000 rpm, 5 min). The non-magnetic particle 

samples (zeolites) were centrifuged at 5000 rpm for 5 min. The centrifugation concentrated 

the DNA by a factor of 45 for slurry samples, the weight of the magnetic material was not 

measured after concentration, but was estimated to jncrease by a factor of 2. This value is 

used in in all calculations and graphs in this work. 

  

An additional washing step was used for iron and magnetite particles in DNA-extraction 2 by 

a single centrifugation (5000 rpm, 5 min) and the pellets were re-suspended in 2 ml of PBS 

buffer (pH 7.4) and the particles with adhered biomass were magnetically separated with 

neodym magnets and excessive buffer were discarded. 

 

3.3.2.1 Quantitative Real-Time PCR of batch experiment 

The amplified sequences were selected to discriminate between the different domains of 

prokaryotes, i.e. bacteria and archaea, and between hydrogenotrophic and acetoclastic 

methanogens, respectively, why the relative presence of these domains and subgroups could 

be calculated. The ratio of the distribution of microorganisms present in the solution and 

adhered to the particles was calculated to elucidate any differences in the microbial 

community composition e.g. when comparing samples with different carriers. 

 

FastDNA
®
 SPIN Kit for Soil (MP Biomedicals, Solon, USA) was used for DNA extraction of 

the samples. A quantitative measure of the total DNA concentration was performed prior to 

QRT-PCR analysis using Qubit fluorometer (Invitrogen, USA) with dsDNA HS assay kit that 

utilize hybridization of fluorescent dye to DNA. This concentration was used for total DNA 

quantification and to evaluate an appropriate dilution of the sample to ensure a loading 

amount of 300 ng DNA per sample-well according to LightCycler 480 Probes Master protocol 

to ensure comparable results, an alternative loading was used with a dilution of 1:100.  

 

Quantitative Real-Time PCR was performed with LightCycler 480 System (Roche 

Diagnostics, USA) and diluted samples were prepared with LightCycler 480 Probe Master 

(Roche Diagnostics, USA). LightCycler 480 Probes Master includes the use of FastStart Taq 

DNA Polymerase, which allows hot start PCR that minimize nonspecific amplification. 

Primer and probe sets used were ARC, BAC, MBT and MSL according to (Yu et al., 2004; 

see table 8). Fluorophores used was 6-FAM (Sigma, USA) as reporter and Black Hole 

Quencher as quencher (Sigma, USA). The amplification was performed under the following 

conditions: 10 min 94°C hot start pre-incubation, 45 cycles with denaturation at 94°C for 10 s, 

simultaneous annealing and extension at 60°C for 30 s with a ramp rate of 2.2°C/s. 

 

Pure culture with standardized concentrations was used as external standards. For example, 

Methanocullelus bourgensis was used as ARC standard with five different concentrations of 

DNA (10000 ρg/µl, 2000 ρg/µl, 100 ρg/µl, 1 ρg/µl) and Escherichia coli was used as BAC 

standard with four different concentrations (22200 ρg/µl, 10000 ρg/µl, 2000 ρg/µl, 100 ρg/µl). 

 

Parameters for software analysis with the LightCycler 480 system used were adjusted to 

obtain the most accurate results for each individual probe set and are demonstrated in table 9 
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below. See appendix, section Batch experiment- Example of a Real-time PCR analysis, for an 

example of the software calculation of the target sequence concentration. 
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Table 8: Primers used for QRT-PCR (Yu et al.,  2004). 

 

Table 9: Parameters for software analysis and resulting standard curve values. 

RT-PCR  of DNA-extraction 1   

Software analysis parameters Standard curve parameters 

Probe set Threshold Noise limit  

(15 STD) 

Cycles (n) Efficiency 

(Ideal=2) 

Error  

(Ideal 0.2) 

BAC 0.52 0.44 35 2.0 0.02 

ARC 0.52 0.16 35 2.0 0.09 

MBT 0.52 0.29 35 1.7 0.09 

MSL 0.52 0.31 35 1.9 0.02 

RT-PCR of DNA-extraction 2  

Software analysis parameters Obtained standard curve parameters 

Probe set Threshold Noise limit  

(15 STD) 

Cycles (n) Efficiency 

(Ideal=2) 

Error 

(Ideal <0.2) 

BAC 0.52 0.42 35 1.7 0.09 

ARC 0.52 0.14 35 1.8 0.07 

MBT 0.52 0.27 35 1.8 0.03 

MSL 0.52 0.25 35 1.3 0.07 

3.3.3 Sludge analyses 

pH 

pH was measuremed with a potentiometric pH-meter (WTW Inolab, USA), at 25°C with a 

Hamilton electrode (Switzerland) according to Swedish Standard method: SS 028122:2. 

Alkalinity 

Alkalinity is a measure of the buffer capacity of a sample. Samples were analyzed by titration 

to pH=5.4 as monitored with a pH-meter and with simultaneous removal of carbon dioxide by 

flushing with nitrogen gas. The equipment used was Titrando 809 (Metrohm, Switzerland). 

Method SS-EN ISO 0063 part 2. 

Set Name Function Target Sequence Amplicon size  

ARC   Archaea  273 bp 

 ARC787F Forward primer  ATTAG ATACC CSBGT 

AGTCC 

 

 ARC915F Taqman probe  AGGAA TTGGC GGGGG 

AGCAC 

 

 ARC1059R Reverse primer  GCCAT GCACC WCCTC T  

BAC   Bacteria  468 bp 

 BAC338F Forward primer  ACTCC TACGG GAGGC AG  

 BAC516F Taqman probe  TGCCA GCAGC CGCGG 

TAATA C 

 

 BAC805R Reverse primer  GACTA CCAGG GTATC 

TAATC C 

 

MBT   Methanobacteriales  343 bp 

 MBT857F Forward primer  CGWAG GGAAG CTGTT 

AAGT 

 

 MBT929F Taqman probe  AGCAC CACAA CGCGT GGA  

 MBT1196R Reverse primer  TACCG TCGTC CACTC CTT  

MSL   Methanosarcinales  354 bp 

 MSL812F Forward primer  GTAAA CGATR YTCGC 

TAGGT 

 

 MSL860F Taqman probe  AGGGA AGCCG TGAAG 

CGARC C 

 

 MSL1159R Reverse primer  GGTCC CCACA GWGTA CC  
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VFA 

Presence of volatile fatty acids is an important indication of process stability or instability for 

AD. Samples from the CSTR experiment were analyzed twice a week with gas 

chromatography to monitor the process regularly. The analysis was performed according to 

Jonsson et.al. (2002) with the exception that acrylic acid was used as internal standard. The 

gas chromatograph used was Perkin Elmer Clarus 550 Gas Chromatograph (Perkin Elmer, 

USA) with a packed Elite-FFAP column 30 m for acidic compounds. Carrier gas was Helium 

(1.9 ml/min), detector gases were air (300ml/min) and H2 (30 ml/min). The sample volume 

was 1 µl and injector temperature 200
o
C, detector temperature 250

o
C, oven temperature 

ranged between 80
o
C and 200

o
C. 

TS and VS 

TS and VS was measured and calculated according to Swedish Standard method: SS 02 81 

13: 1 1981-05-20.  

TS = the total solids is the remining fraction left after drying at 105°C for 3 h.  

VS= the volatile solids is the fraction of TS that have evaporated after 3 h at 550°C. 

Nitrogen 

The amount of free ammonium in the sample was analyzed according to FOSS Tecators method 

for Kjeltec (Sub note 3502). Equipment used was Kjeltec 2200 (Foss tecator, Denmark). 
 

The Kjeldahl method was performed with Kjeltec 2200 to determine the organically bound 

nitrogen according to Tecator’s method for Kjeltec AN 300 Sv 1999-04-09 version 2.  The 

method includes fractionalization of the organic content and conversion of the organic 

nitrogen to ammonium, which in turn is converted to ammonia in alkaline medium, distilled 

and collected in a solution of boric acid. The amount of ammonia is determined by titration 

with pH-meter (Metrohm LL Aquatrode Plus Pt 1000, Switzerland) with hydrochloric acid. 

Iron, Nickel and Cobalt 

Iron, nickel and cobalt were analyzed with Inductively Coupled Plasma- Atomic Emission 

Spectroscopy (ICP-AES), (Horiba Jobin Yvon 2000, USA). The sample extraction and 

measurement was performed according to Swedish Standars SS 02 8150-2 and SS-EN ISO 

11885:2009 edition 2. 
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4. Results 
 

The following abbreviations are used in this section: 

MP1: Continuous reactor with magnetic biomass carriers 

MP2: Continuous control reactor without magnetic biomass carriers 

 

M or M1: Batch reactor, separated magnetic biomass with magnetite carriers  

I or I1: Batch reactor, separated magnetic biomass with iron carriers  

P: Batch reactor, separated magnetic biomass with polystyrene carriers  

Z: Batch reactor, separated biomass with zeolite carriers  

MR: Batch reactor, separated non-magnetic slurry for magnetite 

IR: Batch reactor, separated non-magnetic slurry for iron 

PR: Batch reactor, separated non-magnetic slurry for polystyrene 

ZR: Batch reactor, separated non-magnetic slurry for zeolites 

 

ARC: Archaea target sequence 

BAC: Bacteria target sequence 

MBT: Methanobacteriales target sequence 

MSL: Methanosarcinales target sequence 

4.1 Batch experiments 

4.1.1 Experiment A - determination of appropriate carrier concentration  

All amounts of carrier were considered to generate enough biomass and DNA for the QRT-

PCR analysis (Table 8). The amount corresponding to the concentration used in other studies 

(0,5 g/L;  (Leibniz Institut für Agartechnik, 2007) was regarded as feasible and subsequently 

used in all batch and CSTR experiments unless otherwise stated. 

Table 8: Amount of added iron carrier and the corresponding separated biomass with magnetic force and 

the amount of DNA extracted. 

Carrier [g/L] Carrier [g/flask] Separated biomass  

[ml] 

Amount of DNA [µg/ml] 

0,033 0.01 0.5 228 

0,500 0.15 5 740 

3,333 1 12 878 

 

4.1.2 Experiment B – Evaluation of carrier efficiency 

4.1.2.1 Gas production 

The duration of stage 2 of the batch experiment was 14 days for one flask of each series and 

21 days for the remaining two replicates.  

 

Figure 4 shows the methane accumulation in batch experiments with carriers in comparison 

with the inoculum control. No differences were observed among the carriers or compared to 

the control. See appendix, figure 26, for gas production of each sample. 
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Figure 4 Accumulated methane in incubations of the carriers and the inoculum control. Bars show 

standard deviation. 

 

4.1.2.2 Magnetic separation 

Amounts of magnetically extracted biomass from day 14 of stage 2 are given in table 9. 

Table 9: The wet weight of the magnetically separated biomass for each alternative carrier. 

Carrier Separated biomass (g) 

Iron 2.03 

Magnetite 3.86 

Polystyrene 1.05 

Zeolite 0.00 

 

A complete separation of suspended magnetite and iron was accomplished, while not for the 

paramagnetic polystyrene particles. Likely the magnetic force could not overcome the force of 

fluid flow. Figure 5 illustrates the separation performed with magnetite.  

 

 

Figure 5 Series of photos showing the magnetic separation of magnetite with adhered biomass in the  

batch experiment. The right picture illustrates the strong magnetic force, holding the biomass and sample 

tube in the air. 
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Figure 6 Picture showing two empty batch reactors at the end of the incubation. The left reactor contained 

magnetite, while the right contained iron particles. 

 

Figure 6 illustrates that an amount of iron carriers was firmly attached to the glass bottle 

bottom. These particles were not suspended in the culture medium and could not be used as 

carriers by the microorganisms. It was also observed that iron particles in contact with air 

immediately were oxidized and rust was found at flask caps. This was not the case with the 

magnetite particles. 

4.1.2.3 Quantitative Real-Time PCR analysis of DNA extraction 1 

DNA extraction 1 yielded sufficient DNA concentrations only for two of the particles: iron 

and magnetite.  

 

The concentrations presented in figure 7 are adjusted for the amount of reactor material used 

for the DNA extraction. The non-magnetic slurry was concentrated by a factor of 15. Figure 8 

illustrates the amounts of target sequences for the different microbial groups.  
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Figure 7 DNA concentrationnormalized to the amount of reactor materials used for DNA isolation. M - 

batch reactor, separated magnetic biomass with magnetite carriers, MR - batch reactor, separated non-

magnetic slurry for magnetite, I - batch reactor, separated magnetic biomass with iron carriers, IR - batch 

reactor, separated non-magnetic slurry for iron, Z - batch reactor, separated zeolite biomass with 

carriers, ZR - batch reactor, separated non-magnetic slurry for zeolites, P - batch reactor, separated 

magnetic biomass with polystyrene carriers and PR - batch reactor, separated non-magnetic slurry for 

polystyrene.  

 

 

Figure 8 The amounts of target sequence DNA per gram isolated material. Reference slurry was 

concentrated by a factor 15, while the particles were not concentrated. M1 – magnetically separated 

magnetite material, MR – nonmagnetic material from magnetite reactor, I1 – magnetically separated iron 

material and IR – nonmagnetic material from iron reactor. Observe the logarithmic scale of the y-axis. 

Bars show standard deviation. 
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A higher absolute concentration of acetoclastic methanogens of the Methanosarcinales 

domain (MSL) and, in particular, hydrogenotrophic methanogens (MBT) accumulated on 

magnetite compared to iron (figure 8). Both types of particles showed accumulation of 

hydrogenotrophic Methanobacteriales (MBT) as compared to the concentration in the non-

magnetic residual slurry. The non-magnetic residual slurry was used for comparison with the 

separated slurry. Noteworthy the overall DNA concentration for magnetite was substantially 

higher than the DNA concentration for iron or the other particles (figure 7; for raw data see 

table 12 and 13 in appendix). 

 

4.1.2.4 Quantitative Real-Time PCR analysis of DNA extraction 2 

 

The particles had higher DNA and target sequence concentrations than the non-magnetic 

residual slurry when adjusted for the amount of material used for the extraction (figure 9). 

Magnetite showed a higher fraction of Methanomicrobiales (MBT) when comparing the 

proportion of each microbiological group on particles and non-magnetic residual slurry. The 

magnetite particles also had a slightly higher relative proportion fraction of archaea relative to 

bacteria. Except for magnetite, all proportions were similar for each particle and non-

magnetic residual slurry (figure 10).  

 

Figure 9 DNA concentrations obtained after centrifugation of particles and reference slurry when 

normalized for amount of reactor material used for DNA isolation. M - batch reactor, separated magnetic 

biomass with magnetite carriers, MR - batch reactor, separated non-magnetic slurry for magnetite, I - 

batch reactor, separated magnetic biomass with iron carriers, IR - batch reactor, separated non-magnetic 

slurry for iron, Z - batch reactor, separated zeolite biomass with carriers, ZR - batch reactor, separated 

non-magnetic slurry for zeolites, P - batch reactor, separated magnetic biomass with polystyrene carriers 

and PR - batch reactor, separated non-magnetic slurry for polystyrene. 
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Figure 10 Comparison of target sequences for the particles when normalized for amount of reactor 

material used for DNA isolation. M - batch reactor, separated magnetic biomass with magnetite carriers, 

MR - batch reactor, separated non-magnetic slurry for magnetite, I - batch reactor, separated magnetic 

biomass with iron carriers, IR - batch reactor, separated non-magnetic slurry for iron, Z - batch reactor, 

separated zeolite biomass with carriers, ZR - batch reactor, separated non-magnetic slurry for zeolites, P - 

batch reactor, separated magnetic biomass with polystyrene carriers and PR - batch reactor, separated 

non-magnetic slurry for polystyrene. Bars show standard deviation. 

   

 

4.1.2.4.1 Comparison of washed and un-washed magnetite and iron 

A comparison of washed and un-washed particles was made to elucidate if there was 

differences in the strength of microbial adhesion. A firmer adhesion to the actual particle 

surface indicates the ability to form initial adhesion and population of the inner layers of the 

biofilm. The DNA concentration was higher for washed particles for both magnetite and iron. 

A higher proportion of MSL (28%) on magnetite occurred after washing as compared to the 

other archaeal groups (figure 11). 
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Figure 7 Comparison or target sequence of washed and un-washed particles. M-Washed – washed 

magnetite particles, M – un-washed magnetite, I-Washed – washed iron particles and I – un-washed iron 

particles. Observe the logarithmic scale of the Y-axis. 

 

Figure 8 Comparison of DNA-concentration of washed and un-washed particles. M-Washed – washed 

magnetite particles, M – un-washed magnetite, I-Washed – washed iron particles and I – un-washed iron 

particles. Bars show standard deviation. 

The relative DNA concentration of the washed particles was higher than of the un-washed 

particles, (figure 12). This is probably due to a rinsing of the particles from EPS and other 

organic materials material.  
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4.1.2.4.3 Effects of dilution of samples 

Two different dilutions were used during the QRT-PCR, either by loading each PCR plate 

well with a total of 300 ng of DNA (60 µg/ml, according to protocol) or by diluting the 

material by a factor 100. The MSL concentration increased when using the dilution procedure 

indicating an even higher true MSL concentration than observed. The underestimation of 

MSL is likely due to the dilution of compounds inhibiting the PCR reaction (figure 13). 

 

 

Figure 9 Effects of alternative dilutions and target sequence concentrations. P and M are diluted to a 

concentration of 60 µg/ml, while P-diluted and M-diluted are diluted 100 times. M - batch reactor, 

separated magnetic biomass with magnetite carriers and P - batch reactor, separated magnetic biomass 

with polystyrene carriers. Bars show standard deviation.  

The relatively high concentration MSL in relation to the concentration of the ARC probe 

occurred for most samples. However, the ARC probe level should be greater than for the MSL 

sub group and all other archaeal sub groups together, why these results should be used with 

caution. For raw data see table 16 in appendix. 

4.2 CSTR experiment 

4.2.1 Comparison of continuous reactors 

The addition of magnetic biomass carriers did not affect the total gas production and methane 

production, specific gas production (m
3
 methane/kg VS*d), methane content or degree of 

degradation during standard operation. However the TS increased as a consequence of the 

magnetite particles (figures 14-16). 
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Figure 10 Total biogas production (A) and total methane production (B) of the two reactors after the first 

addition of magnetic biomass carriers. Events during the experiment are graphically illustrated. 
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Figure 11 Methane content (A) and specific gas production (B) of the two reactors after the first addition 

of magnetic biomass carriers. 

A 

B 
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Figure 12  Degree of degradation (A) and total solids (B) during the whole experiment of the two reactors. 

 

A 

B 
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4.2.3 Second addition of magnetic carriers 

 

 

Figure 13 Accumulated methane gas and total biogas (A) and methane content (B) of the two reactors 

after the second addition of magnetic biomass carriers until increased OLR was applied. 

After the second addition of magnetic biomass carriers, still no differences occurred between 

the reactors (figure 17). 

   

A 

B 
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4.2.4 Magnetic separation 

The average amount of biomass separated after the second addition of magnetic particles was 

68 g from an average total amount of 481 g material withdrawn each day. Thus, about 14% of 

the magnetic material was reintroduced at each volume adjustment, i.e. between 15 and 23% 

TS, while VS of TS were between 24 and 49.  

4.2.5 Metal levels 

Table 10: Levels of metals during the CSTR- experiment  

Metal (mg/L) Iron  Cobalt  Nickel  

Reactor MP1 MP2 MP1 MP2 MP1 MP2 

Before 

addition of MP 

1650 2430 0.15 0.20 - - 

0,1g MP/g VS 1510 1600 0.11 - 0.37 - 

1 g MP/g VS 3180 1780 - - - - 

End of study 2700 - 0.23 0.14 - - 

 

The iron concentration was higher in MP1 than in MP2 as a consequence of the magnetite 

addition. This concentration could be used to assess the amount of magnetite inside the 

reactor and also as an indication when supplementary particles should be added. 

4.2.6 OLR-Pulse 1 

Figures 18 and 19 illustrate the gas production during a week after one double feeding (2* 1.8 

kg VS/m
3
*d) on day. The reactor without particles generally produced more gas, but the 

methane content was higher for the reactor with particles. The difference in methane content 

became more prominent directly after feeding. VFA were mainly low with only acetic acid 

present in detectable levels. The methane Tedlar balloon of MP2 was unfortunately leaking 

initially, resulting in an underestimation of lower methane content.  

 

 

Figure 14 Amount gas produced during a week after a pulse of double organic loading rate. The periodic 

increasing gas production is due to the daily feeding.  
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Figure 15 Methane content during a week after a pulse of double organic loading rate.  

 

4.2.7 OLR-Pulse 2 

ORL-pulse 2 was performed with double dose mixed sludge and one part glycerol (5.44 kg 

VS/m
3
*d, of which 3,64 of mixed sludge and 1.8 of glycerol, (corresponding to 780 g mixed 

sludge and 30 g glycerol) to provoke a larger reactor instability and, thus, a larger VFA 

accumulation. A balloon did, however, leak and caused a drop of methane content for MP2 

during the first day, .  

 

VFA levels and gas production was back to normal after about 72 hours for both reactors, 

indicating stable processes as judged from the gas production (figures 20 and 21) and VFA 

values (figure 22 and 23).  
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Figure 16 Amount gas producedduring a week after a pulse of triple organic loading rate, feeding at hour 

0. The periodic increasing gas production is due to the daily feeding. Green and purple lines are methane 

gas.  

 

 

Figure 17 Methane content during a week after a pulse of triple organic loading rate. The rapid, initial 

decrease of methane for MP 1 is due to methane Tedlar balloon failure. 
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Figure 18 Total VFA concentration after OLR-pulse 2. 

 

 

Figure 19 VFA concentration of acetic acid and propionate after OLR-pulse 2. 

4.2.8 Deliberate addition of VFA 

The addition of butyric- and propionic acids resulted in a higher gas production and methane 

content of the reactor with particles, MP1 (figures 24 and 25). The production rate of gas 

decreased when the acids were totally degraded, i.e. about 10 hours earlier in MP1 than in 

MP2 (figures 26 and 27). Thus, a more efficient degradation of VFA took place in the MP1 

reactor. 



47 

 

 

Figure 20 Amount gas producedafter addition of 5 mM butyric acid and 45 mM propionic acid, no 

measurement was done between hour 8 and 23 due to electrical failure, production during this period was 

estimated by linear regression. 

 

 

Figure 21 Methane content after addition of 50 mM VFA, no measurement was done between hour 8 and 

23 due to electrical failure.  
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Figure 22 Total VFA concentration after addition of VFA. 

 

 

Figure 23 Concentration of acetic acid, propionic acid and remaining acids after addition of VFA. 

 

4.2.10 Short economic analysis 

A rough economic analysis of the technique for application at Nykvarn WWTP shows that 

even a small increase in gas production would economically motivate the use of magnetic 

retention. Both payback- and net present value-analysis were used to assess the economical 

value of an increased annual gas production while accounting for the investments needed for 

magnetic separation in full scale production. Factors included in the analysis were 

investments required for full scale magnetic separation and the cost of magnetic particles 

during the period included in the analysis and also the benefits of higher gas production. 

However, no additional personal costs were accounted for and an installation cost due to 

special requirements present at Nykvarn should be added. 

  

For net present value analysis to break even:  
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0.5 g biomass carrier/g VS in reactors require the annual raw gas production to increase by 

0.7 %  

1 g biomass carrier/g VS in reactors require the annual raw gas production to increase by 1.1 

%  

 

For payback analysis to obtain a payoff time of five years: 

0.5 g biomass carrier/g VS in reactors require the annual raw gas production to increase by 

1.7 %  

1 g biomass carrier/g VS in reactors require the annual raw gas production to increase by 2.5 

% 
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5. Discussion 

5.1 Batch experiment 

The total gas and methane production as well as the rates over time were essentially equal 

among the carriers and the inoculum reference. Thus, the magnetic carriers did not affect the 

microorganisms in the cultures and was therefore all included in the experiment.  

5.1.1 Magnetic separation 

The results showed that the technique for separation of biomass with magnetite biomass 

carriers works. Thus, a large proportion of the biomass was separated by a magnetic field with 

magnetite particles. The iron particles attached to the bottle surface and were oxidized when 

in short contact with air. Both these characteristics need to be avoided in large scale biogas 

production, since they would be harmful to the equipment. Therefore the iron particles were 

excluded during the rest of the investigation. Polystyrene particles with incorporated 

magnetite were not enough efficiently separated by the magnetic field and gave a too small 

amount of separated biomass.  

5.1.2 Quantitative Real-Time PCR analysis 

The DNA concentration was higher in the magnetically separated material than in the non-

magnetic residual material (internal standard). Compared to the controls a significantly higher 

amount of hydrogenotrophic Methanobacteriales (MBT) adhered to both iron and magnetite 

particles. The high DNA concentration at the magnetic material indicates that the material 

adhering to a great extent consists of microorganisms. Accordingly, the colonization of 

magnetetye resulted in a 34 times larger DNA concentration compared to the non-magnetic 

internal standard (figure 7). . A reintroduction of this magnetically separated material during a 

continuous process would therefore result in an accumulation of microbial biomass inside the 

reactor. The selective adhesion of MBT could affect the syntrophic consortia, since an 

increase may lower the partial pressure of hydrogen inside the digester. This would be 

beneficial in a system where this step of the anaerobic degradation is under stress.  

Specifically an increase of hydrogenotrophic methanogens may enable higher OLR as a result 

of tolerance of higher hydrogen production from the fermentative steps of anaerobic 

digestion.. But it can also be motivated that an increased population of hydrogenotrophic 

methanogens inside the reactor only would lead to a general lack of substrate and therefore 

starvation of hydrogen consuming microorganisms. 

5.1.3 Comparison of washed and un-washed particles 

The concentration of MSL was higher on washed particles. This is likely a result of that 

adhered microorganisms stick to the carrier surface, while some organic compounds such as 

EPS and material emanating from the substrate are washed. The microbial population 

structure was compared before and after washing, which revealed that Methanosarcinales 

(MSL) were less affected by the washing procedure than the other microbial groups by the 

washing. The results of the DNA concentration and PCR analyses are contradictory in that the 

total DNA concentration increased after washing, while the DNA concentration of all 

microbiological groups decreases.  However, MSL decreased to a lower extent upon washing, 

indicating that MSL may adhere first and/or more firmly to the surface. This observation is in 

agreement with other studies showing that MSL colonize the inner layers of biofilms and is 
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responsible for the initial adhesion of surfaces (Schmidt and Ahring, 1999; Zeikus, 1977; 

Sasaki et al., 2007).  

5.2 CSTR experiment 

The experiment with continuous reactors was performed with magnetite as biomass carrier to 

evaluate the technique of magnetic retention in a continuous process. Generally the addition 

of magnetic biomass carriers had no effect on the total gas production although the reactor 

without magnetic carriers produced about 4% more biogas and methane gas.  The fraction of 

total solids (TS) increased in the reactor with carriers as a consequence of accumulated 

biomass and added magnetite. The magnetic separate consisted of 15-23% TS, of which 24-

49% was VS. The volatile solids (VS) separated most likely consisted of microorganisms and 

organic compounds representing 4-11% of the magnetic separate. 

 

5.2.1 OLR 

 

Despite that the accumulation of biomass and the concomitant increase in total solids TS, the 

effect of magnetic particles and biomass retention on gas production was limited. This is 

likely due to the slow turn-over of the substrate, the low OLR used and the long HRT, which 

gave a low load on the system. Thus, although the biomass in the reactor likely increased this 

could not be observed to affect gas production or VFA turn-over rates, because the system 

was already able to manage that load. Therefore, test were started to provoke the digesters by 

increased OLR, addition of VFA or lowered HRT.  

5.2.1.1 OLR-pulse 1 

 

The methane content naturally decrease after addition of substrate as the degradation of the 

organic material results in an initial peak in hydrogen and carbon dioxide concentration 

immediately after feeding, which is lost via the gas outlet. The re-introduction of biomass on 

the magnitite particles seemed to contribute to a lower loss of hydrogen due to a more 

efficient methane production being ca 7% during the first 24 hours and an accumulated 

difference of 4% after four days. This especially benefits the hydrogenotrophic methanogens 

introduced that can take advantage of this window of excess hydrogen.  

5.2.1.2 OLR-pulse 2 

This experiment was performed to further study if accumulation of biomass and the 

apparently relatively biased accumulation of MBT could contribute to a higher gas production 

and increased process stability. The OLR was high enough to provoke an accumulation of 

VFA and to disturb the syntrophic cooperation between syntrophs and methanogens. This 

supported by the observed descendence in methane content (60 to 50%) during the first 15 

hours (figure 21). A parallel increase of the total VFA concentration took place in both 

reactors. Peaks of 14 mM and 16 mM occurred in the reactors with and without magnetic 

biomass carriers, respectively (figure 22). The reactors had recovered after about 70 hours, i.e. 

both processes were back with low VFA concentrations. The total gas production was now 

marginally higher for the reactor without carriers (1,6 %). 

‘ 

The second OLR pulse included mix of glycerol and sludge. Glycerol is a hydrolysis product 

from the anaerobic degradation of fat and is degraded via syntrophy. Therefore a direct effect 

of the particle-born biomas retentionon the syntrophic relations in the reactors would be 
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possible to study. The difference in time lag (ca 1 h) for the decrease of the methane content 

for the two reactors, indicates that the presence of the particles may abate the decrease. One 

hour may seem a small difference, but nevertheless an indication on that the magnetic 

biomass carriers contributed to sustain a low PH2 and to the lower production of VFA that was 

observed.  

5.2.1.3 Deliberate addition of VFA 

The addition of VFA was used to further evaluate at which metabolic stage the magnetic 

particles may influence the AD. Since VFAs are degraded by syntrophs during acetogenesis 

their activity is completely dependent on the methanogenesis in AD and in particular the 

hydrogenotrophic activity to keep the PH2 low. As in the case with glycerol above, the 

degradation of the added VFA makes it possible to study the effects of the magnetic particles 

on the syntrophic activity. A more efficient cooperation would be demonstrated by a faster 

degradation of VFA, which in turn would increase the resistance towards process instability 

inflicted by the VFA addition and also result in an higher methane content. 

 

Indeed the process with magnetic biomass carriers managed the addition of VFA better: the 

VFA were degraded faster, the methane content was consistently higher and the total biogas 

production larger (figures 24 and figure 25). The process with magnetic biomass carriers had 

degraded all VFA approximately 10 hours before the reference reactor (figure 24). The 

differences in methane content and VFA degradation observed during the experiment are, 

thus, likely direct effects of an enhanced syntrophic cooperation carried on by biomass on the 

carriers. The increased degradation of VFA is an effect of  the higher amount of 

microorganisms that can utilize the hydrogen produced during acetogenesis at the magnetic 

particles, both general accumulation of methanogens and preferential adhesion of 

hydrogenotrophic MBT as revealed by the QRT-PCR analysis. The hydrogen consumption 

contributes to make the reactions performed by syntrophs more favorable and product 

inhibition is avoided (Schink, 1997). A vicious circle is thus avoided that could result in 

increasing VFA concentration, product inhibition and process instability.  

 

Carrier effects may also contribute to a more efficient cooperation. The biofilm on particles 

results in shorter interspecies distances and in turn a faster removal of hydrogen and transport 

of metabolites, which would enhance the effect as described above (de Bok et al., 2004). 

Biofilm also functions as a protective environment for adhered microorganisms and makes the 

process less sensitive in an alternative environment which could be a process stabilizing 

motivator for the use of magnetic carriers (Hall-Stoodley et al., 2004; Singh et al., 2009). 

 

5.2.1.4 Increased OLR 

The aim with this experiment was to examine if the selective accumulation of MBT and other 

microbial biomass would enhance the response to an increase in OLR by 50%. But no 

improvement was observed. The reactor without particles produced more biogas (4.5%) and 

the difference in methane production was 5.2%. Since hydrolysis is the limiting step of AD of 

sludge (Appels et.al., 2008), this experimental design is inadequate to study the syntrophic 

cooperation. It is possible that an alternative substrate with higher turn-over rate could be used 

to give a better answer to this hypothesis. At the same time, this supports the posed hypothesis 

that an increase of hydrogenotrophic methanogens may lead to starvation for the 

methanogens. 
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6. Conclusion 
The technique of reintroducing magnetic biomass carriers does indeed function with 

satisfactory results.  An accumulated biomass of microorganisms was achieved inside the 

reactor during a continuous process when applying this technique. Magnetite was the most 

appropriate carrier of the particles evaluated and functions as a good biomass carrier without 

harmful effects on the equipment. Magnetite is also relatively cheap and available, why 

magnetic separation and reintroduction can be achieved to a relatively low cost in large scale 

production.  

 

An extensive colonization of magnetite took place by a preferential adhesion of 

hydrogenotrophic Methanobacteriales. The AD with magnetic biomass carriers gave rise to 

an elevated degrading potential of VFA, indication of an increase in process stability and 

higher methane content in the biogas, when subjected to increased organic loading. These 

characteristics can at least in part be ascribed to an enhanced syntrophic cooperation between 

methanogens and syntrophs and the increased population of vital microorganisms in the 

reactor. The effects on the anaerobic degradation could possibly  have been more favorable if 

bacteria responsible for the hydrolytic steps had been retained, But since these organisms 

were not included in this work it is impossible to confirm if such a retention was present or 

not. As different materials obviously are appropriate for different groups of microorganisms, a 

search for magnetic materials to which fermentative bacteria adhere to is motivated. 

 

14% of the outtake volume from the reactor each day was separated and reintroduced to the 

reactor. A stepwise decrease in HRT would therefore be a method to evaluate the effect of 

magnetic retention, since SRT is separated from the HRT by using magnetic biomass carriers. 

This effect ought to be similar to the retention of biomass accomplished with membrane 

bioreactors (MBR) or fluidized bed reactors that typically utilize short HRT. The advantage, 

with the present technique, is that it can be used for more complex substrates and with CSTR 

designs. CSTR is widely used and the SRT and HRT are normally said to be inseparable with 

this design. Therefore magnetic separation and reintroduction of biomass could represent a 

great potential to increase the biogas production of these reactors with an appropriate 

substrate. Furthermore, the economical analysis shows that a small increase of gas production 

could motivate the use of magnetic separation, much due to the low cost of the magnetite 

particles. 
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Appendix 

Graphs and Tables 

Experiment B 

 

Figure 24 Gas production of each replicate of experiment B.
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Table 11: Gas production for each carrier. Values in milliliters of gas after 21 days, values in parenthesis 

after 14 days. 

Carrier Accumulated methane gas Methane accumulation 

compared to reference 

Total gas 

accumulation 

Total gas accumulation 

compared to reference 

Reference 502 (475) - 830 (804)  - 

Iron 517 (473) +15 (-2) 791 (752) -38 (-52) 

Magnetite 506 (472) +4 (-2) 811 (769) -19 (-35) 

Zeolite 497 (472) -5 (-3) 791 (771) -39 (-32) 

Polystyrene 510 (485) +8 (+10) 789 (748) -41 (-56) 

 

Quantitative Real-Time PCR analysis of DNA extraction 1 

 

Table 12: Target sequence concentration for magnetite and iron carriers. 

Sample ARC 

(pg/µl) 

ARC 

(pg/g) 

BAC 

(pg/µl) 

BAC 

(pg/g) 

MBT 

(pg/µl) 

MBT 

(pg/g) 

MSL 

(pg/µl) 

MSL 

(pg/g) 

M 5.24E+04 5.24E+04 5.71E+08 5.71E+08 9.71E+03 9.71E+03 6.60E+04 6.60E+04 

MR 1.42E+05 9.46E+03 1.30E+09 8.69E+07 2.37E+03 1.58E+02 2.40E+05 1.60E+04 

I 3.98E+04 3.98E+04 7.57E+08 7.57E+08 2.86E+03 2.86E+03 4.88E+04 4.88E+04 

IR 1.98E+05 1.32E+04 1.29E+09 8.61E+07 1.49E+03 9.92E+01 2.06E+05 1.37E+04 

 

Table 13: The total DNA concentration of isolated DNA for the particles and respective non-magnetic 

residual slurry. 

Sample DNA (µg/ml) 

Magnetite carriers 1600 

Separated non-magnetic slurry for magnetite 712 

Iron carriers 472 

Separated non-magnetic slurry for iron 206 

Zeolite carriers 94 

Separated non-magnetic slurry for zeolites 58 

Polystyrene carriers 40 

Separated non-magnetic slurry for polystyrene 36 
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Quantitative Real-Time PCR analysis of DNA extraction 2 

 

Table 14: Raw data for the Real-Time PCR of DNA extraction 2 

Sample  DNA 

(µg/g) 
Dilution (1:x) MSL 

(pg/µl) 
MBT (pg/µl) BAC 

(pg/µl) 
ARC 

(pg/µl) 

P 1198 20.0 471476 1705 3.36E+08 121132 

PR 1295 21.6 392918 1766 3.69E+08 176705 

Z 1306 21.8 561867 2171 4.34E+08 178723 

ZR 1580 26.3 682033 1857 4.16E+08 172088 

M-Washed 1353 22.6 428556 2000 4.26E+08 77591 

MR 1020 17.0 495833 1808 2.56E+08 129795 

I-Washed 704 11.7 209051 1582 1.98E+08 46273 

IR 746 12.4 360474 2107 3.63E+08 177956 

M 960 16.0 906667 16240 1.07E+09 682400 

MR 434 7.2 406513 2911 5.46E+08 270527 

I 510 8.5 221856 2377 2.75E+08 69678 

IR 452 7.5 395500 2934 5.16E+08 227130 

 

Table 15: Raw data for Real-Time PCR of DNA extraction 2, normalized for amount of reactor material 

used (2 g for magnetic carriers and 45 g for non-magnetic slurry).  

Sample MSL (pg/µl) MBT (pg/µl) BAC (pg/µl) ARC (pg/µl) 

P 235738 853 1.68E+08 60566 

PR 8732 39 8203778 3927 

Z 280933 1086 2.17E+08 89361 

ZR 15156 41 9245926 3824 

M-Washed 214278 1000 2.13E+08 38796 

MR 11019 40 5691852 2884 

I-Washed 104526 791 99240556 23137 

IR 8011 47 8065844 3955 

M 453333 8120 5.36E+08 341200 

MR 9034 65 12125210 6012 

I 110928 1189 1.37E+08 34839 

IR 8789 65 11467407 5047 
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Table 16: Raw data for the Real-Time PCR of DNA extraction 2, for diluted samples (1:100). 

ID DNA (µg/g) MSL (pg/µl) MBT (pg/µl) BAC (pg/µl) ARC (pg/µl) 

P-diluted 1199 550000 795 1.72E+08 67750 

PR-diluted 1295 28444 65 9577778 4678 

Z-diluted 1307 595000 1215 2.95E+08 82000 

ZR-diluted 1580 28333 44 10022222 3878 

M-diluted 960 1210000 10800 8.3E+08 287000 

MR-diluted 434 34667 65 13955556 4822 

I-diluted 511 349250 1055 1.65E+08 39725 

IR-diluted 452 30778 57 15877778 5133 
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Example of an Real-time PCR analysis 

This is how the results of the PCR analyses were studied and presentment with the Light 

Cycler 480 system. The example includes the ARC-probe set for the complementary PCR 

run: 

 

Figure 25 This figure show the amplification curve for each well in the complementary analysis.  

 

 

Figure 26 This figure schematically illustrate how the quantification analysis was performed. Nocie level 

eliminate low values, the threshold value is illustrated by the horizontal line. 3 fit points (+) at each curve 

are used for linear regression to calculate at what cycle the amplification curve and threshold line 

intersect. 
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Continuous experiment – Test of gas meters 

 

Figure 31 Test run of gas meters. The gas meters were connected to a pump in series with consistent gas 

flow, the measurement was evaluated after 20 hours. 

 

 

Figure 32 Test run of gas meters. The gas meters were connected in series to the same reactor for 20 

hours. MP2 show approximately 0,3 units of higher methane proportion (0,00519 higher).  

The gas meters were considered very accurate, why small differences in gas production could 

be identified during experiments.  


