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A B S T R A C T   

Fish waste (FW) contains large amounts of protein and is a challenging feedstock for biogas production due to 
possible H₂S and ammonia generation. Adding FeCl3 to an anaerobic digester can precipitate H₂S. Mackinawite 
and greigite are conductive and magnetic substances formed from H₂S precipitation. Direct interspecies electron 
transfer (DIET) can be stimulated by developing these conductive materials and by applying an external mag-
netic force. In this study, FW was digested in batch reactors and exposed to magnets magnetic fields from 3 to 
115 mT. The results showed that the use of magnetic fields could increase the biomethane yield by up to 36 %. 
XRD analyses showed that mackinawite and greigite were accumulating in the solid phase in digesters added 
FeCl3. Genetic analysis of the microbial community suggested that applying a magnetic field not only increased 
the relative abundance of protein-hydrolyzing bacteria but also potentially improved methane production 
through DIET.   

1. Introduction 

The fishery industry plays an essential role in many economies, 
including China, India, Spain, the USA, Canada, and Norway (Ahuja 
et al., 2020). According to The Food and Agriculture Organization of the 
United Nations (FAO) report in 2020, global fish production (aquacul-
ture and wild fish) increased from 166 million tonnes in 2016 to 178.5 
million tonnes in 2018. From that, around 2.5 million tonnes were 
produced in Norway (Organization of the United Nations (FAO), 2020). 
Raw fish is processed by employing various techniques to enable human 
consumption. Using these techniques leads to the generation of a vast 
amount of residues, including head, skin, intestines, bones, eggs, blood, 
and skin that account for approximately 27 % of fish weight (Sarker, 
2020; Stevens et al., 2018). In addition, the by-products of fish pro-
duction, including fish sludge (i.e., mainly from remaining fish feed, 
dead or slaughtered fish), are a large portion of aquaculture fish waste 
(Aas, 2016). Even though a significant portion of this waste has high 
nutritional value, it is disposed of as landfill or incinerated, polluting 
water or emitting toxic gases (Sarker, 2020). To mitigate the environ-
mental effects created by fish waste landfills or incineration, several 
alternatives for fish waste management have been proposed in which 
fish waste is consumed as the primary source for energy production. 

Fish waste is rich in organic materials, including proteins and fats, 
making it suitable to be converted to biogas (i.e., mainly CH4 and CO2) 
through a biological process called anaerobic digestion (AD) (Solli et al., 
2018). AD refers to a complex biochemical process that is carried out by 
a consortium of microorganisms (B. Hashemi et al., 2021). AD includes 
four main steps, 1) hydrolysis, 2) acidogenesis, 3) acetogenesis, and 4) 
methanogenesis (Metcalf et al., 2014). The first three steps refer to 
biological and chemical reactions where particles are dissolved, and 
biopolymers are converted to volatile fatty acids (VFAs), simple alcohols 
(e.g., ethanol and methanol), and acetate (B. Hashemi et al., 2021). 
Methanogenesis is a biological process for production of methane from 
different intermediates in the AD process; 1) acetoclastic (where acetate 
is converted to methane and carbon dioxide), 2) hydrogenotrophic 
(where molecular hydrogen and carbon dioxide are converted to 
methane and water), 3) methylotrophic (where methanethiol or 
methylamine are converted to methane and CO2, and 4) recently 
discovered direct interspecies electron transfer (DIET) where electrons 
are obtained from a direct partnership with bacteria and used to convert 
CO2 to methane (Dubé and Guiot, 2015; Feng et al., 2022; S. Hashemi 
et al., 2021). The reaction mechanisms of the different types of meth-
anogenesis pathways are summarized in Table 1. 

Among all the microbes involved in AD, methanogenic archaea play 
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an essential role since they are the only group of microbes that can form 
methane (Cai et al., 2021). In the acetoclastic pathway, methane and 
carbon dioxide are generated, and the reaction yields − 31 kJ/mol for 
cell maintenance and reproduction. In the hydrogenotrophic pathway, 
H2 acts as an electron donor and combines with CO2 to generate 
methane that yields − 135.6 kJ/mol (Kadota et al., 2019). According to 
the mechanisms of these two pathways, in acetoclastic methanogenesis, 
1 mol of CO2 is released per 1 mol of acetate consumed. In contrast, in 
hydrogenotrophic methanogenesis, 1 mol of CO2 is consumed with 4 
mol of molecular H2 to produce methane and water (Sikora et al., 2017). 
Therefore, while acetoclastic methanogenesis produces CO2, hydro-
genotrophic methanogenesis can reduce net CO2 in the system. 

Methanogenesis from acetate follows two pathways, acetate, and 
syntrophic acetate oxidation (SAO) (Frank et al., 2016). In the acetate 
pathway, acetate will be converted to methane and CO2 (Table 1). The 
two-step SAO pathway includes acetate oxidation (CH3COOH + 4H2O 
→ 2CO2 + 4H2, ΔG0 = +104.6 kJ/mol) to H2 and CO2 followed by 
hydrogenotrophic methanogenesis (Dyksma et al., 2020). 

The SAO pathway is thermodynamically unfavorable under standard 
conditions; however, this reaction can be favorable if hydrogenotrophic 
methanogenesis reduces the hydrogen pressure through interspecies 
hydrogen transfer (IHT) (Sikora et al., 2017). Hydrogen and formate 
transfer are two possible mechanisms for IHT (Kumar et al., 2021). 
Formate transfer is more likely when SAO bacteria and hydrogenotrophs 
are not in close contact. Hydrogen transfer is more favorable when the 
distances are shorter (Lv et al., 2020; Wang and Lee, 2021). Thus, the 
overall reaction for SAO becomes exergonic, with similar stoichiometry 
to the acetate reaction (Dubé and Guiot, 2015). The acetoclastic 
pathway is mainly carried out with Methanothrix and Methanosarcina 
spp. (Jin et al., 2019). In comparison, SAO is performed by the close 
relationship between bacteria belonging to Firmicutes phylum (e.g., 
Clostridium, Syntrophaceticus, Tepidanaerobacter, Thermacetogenium, 
Thermotoga, and strain AOR) and hydrogenotrophic methanogens (e.g., 
Methanomicrobiales spp., Methanobacteriales spp., Methanococcales spp., 
Methanosarcinaceae spp., Methanoculleus and under certain conditions 
also Methanosarcina) (Fotidis et al., 2013). Elevated ammonia level 
(from 1.7 to 14 g/L) inhibits the function of acetoclastic methanogens by 
a change in intracellular pH, increase in energy requirement, and 
depletion of intracellular potassium (Fotidis et al., 2013). 

In DIET, the c-type cytochromes and pili in the outer membranes are 
involved in cell-to-cell electron transfer. Methanosarcina and Methano-
thrix (formerly Methanosaeta), well-known DIET partners, do not possess 
outer surface c-type cytochromes or e-pili; therefore, their outer-surface 
contact for DIET is not clear (Wagner et al., 2017; Yan and Ferry, 2018). 
It is proposed that a specific concentration of Methanophenazine (i.e., a 
redox-active metallic ion capable of electron transfer in some metha-
nogens) in the membrane of some species belonging to Methanosarcina 
can convert them to electrically conductive materials that may reduce 
the requirements for active redox proteins (Holmes et al., 2018; Wagner 
et al., 2017). For the first step of CO2 reduction to methane, Meth-
anosarcina needs to produce reduced ferredoxin (Holmes et al., 2018). It 
is suggested that the oxidation of reduced ferredoxin is essential not only 
for electron transfer via the membrane in Methanosarcina but also to 
increase the concentration of crucial enzymes (e.g., acetyl-CoA) for 
degradation of the non-gaseous products of acidogenesis (Buckel and 
Thauer, 2018; Sikora et al., 2017). 

Under typical AD conditions (using simple organic materials as 

substrate), the hydrogenotrophic methanogenesis are responsible for 
about one-third of total methane production (S. Hashemi et al., 2021). In 
contrast, harsh operating conditions such as using high ammonia con-
taining fish waste as substrate yields a process where methanation is 
typically dominated by the hydrogenotrophic route rather than the 
acetoclastic one (Wang et al., 2020). This has conventionally been 
interpreted to mean that the hydrogen concentration in the reactor will 
be crucial for reactor productivity. If it is too high, then the reactor will 
turn sour due to fatty acids accumulation, inhibiting further methano-
genic activity. If it is too low, then the methanogens will starve and stop 
multiplying, and then end up being washed out of the reactor (Stams and 
Plugge, 2009; Z. Wang et al., 2021). 

Lately, it has been recognized that the hydrogenotrophic route does 
not necessarily involve explicit hydrogen transfer among bacteria and 
archaea. In the so-called DIET transfer process, electrons are exchanged 
instead of hydrogen molecules (Z. Wang et al., 2021). This is kinetically 
a much faster process (electrons move rapidly compared to the larger 
hydrogen molecules), and it is also thermodynamically more efficient 
(inevitable energy losses associated with the production and consump-
tion of intermediate hydrogen molecules are avoided) (Sikora et al., 
2017). In some AD processes, DIET can naturally occur through bio-
logically produced pili and outer membrane cytochromes (Lamb et al., 
2014; Lamb and Hohmann-Marriott, 2017). It is, however, of interest to 
investigate the potential of DIET through engineered methods such as 
transfer via a conducting surface from an electron donor bacterium to an 
electron recipient archaea. Many recent studies have reported stimula-
tion of the DIET process by adding conductive material surfaces such as 
active carbon, carbon cloth, carbon nanotubes, charcoal, magnetite, and 
other conductive materials (Baek et al., 2019; Barua and Dhar, 2017; 
Dubé and Guiot, 2015; Kumar et al., 2021; Li et al., 2019). 

It is often overlooked that sulfur containing substrates, such as pro-
teins, may generate their own conductive surfaces (Gramp et al., 2010). 
When the sulfur contents of proteins are digested, hydrogen sulfide 
(H₂S) is released, which is highly toxic to humans, and detrimental to the 
activity of many microorganisms. Sulfur-reducing-bacteria compete 
with hydrogenotrophic archaea on hydrogen. Iron chloride is often 
added to precipitate the hydrogen sulfide as solid iron sulfides. These 
sulfides may be formed in many different ways, but a typical reaction 
scheme may be the following (Picard et al., 2018; Su et al., 2015): 

H₂S+ FeCl3→mackinawite (FeS)→greigite (Fe3S4)→pyrite (FeS2).

Pyrite is thermodynamically the most stable form of iron sulfide, but 
pyrite formation during AD is very limited (Su et al., 2015). The main 
sulfide formation during AD will be a mixture of mackinawite and 
greigite, which are both electron conducting solids (Skyllberg et al., 
2021). Furthermore, greigite (Fe3S4) is the sulfur analogue of magnetite 
(Fe3O4), which both are materials exhibiting pronounced ferrimagne-
tism (Roldan et al., 2013). Recognizing that electron transfer (i.e., mo-
tion of charged particles) and emergence of magnetic fields are two sides 
of the same coin, it should therefore be anticipated that the presence of 
ferrimagnetic materials could impact the DIET process (L. Li et al., 2022; 
Martins et al., 2018). Stimulation of this process could be considered in 
different ways, including application of external magnetic fields, as well 
as magnetic separation and recycling of magnetic material together with 
the associated electron-transferring microorganisms. The efficiency of 
the circulation of conductive elements such as greigite and mackinawite 
with external magnetic force depends on the size and concentration of 
these materials. The magnetic field may aid development and accumu-
lation of the magnetic elements in AD. 

Iron sulfides have hydrophilic surfaces and are porous, making them 
suitable for growing biofilms (i.e., a thin layer of a self-produced matrix 
of syntrophic microorganisms that adhere to each other and a surface). 
The surface of materials exhibiting pronounced ferrimagnetism provides 
large positive charges that attract negatively charged microorganisms 
(Hellman et al., 2010). In addition, an external magnetic force may 
concentrate the elements formed in the reaction mentioned above and 

Table 1 
Mechanisms of different methanogenesis pathways.  

Pathway Reaction equation 

Hydrogenotrophic methanogenesis 4H2 + CO2 → CH4 + 2H2O 
Acetoclastic methanogenesis CH3COO− + H+ → CH4 + CO2 

Methylotrophic pathway (amine) 4CH3NH2 + 2H2O → 3CH4 + CO2 + 4NH3 

DIET pathway 9H+ + 8e− + CO2 → CH4 + 2H2O  
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provide larger nanocrystals with an expanded surface for biofilm ag-
gregation and growth, potentially resulting in an improved DIET 
process. 

Electrotrophic methanogens can accept electrons directly from other 
species (Lovley, 2022). On the other hand, Geobacter species actively 
participate in DIET. These bacteria can form a biological bridge to 
transfer electrons to methanogens by making microbial nanowires (also 
known as electrically conductive pili or e-pili) (Holmes et al., 2018). The 
addition of conductive non-biological materials as electroactive media 
(e.g., char, activated carbon, iron nanoparticles, and magnetic crystals) 
can stimulate DIET in a wide range of syntrophic bacteria that cannot 
build microbial nanowires like Geobacter species. Syntrophic partners 
within Firmicutes and Proteobacteria can attach to the surface of the 
electroactive media and employ them as electrical conduits for electron 
transfer (Park et al., 2018). This approach is metabolically more favor-
able since microbes invest less energy than they would for generating 
conductive pili. In this way, methanogens have more energy to dedicate 
to cell growth, resulting in greater methanogens abundance and higher 
methane production potential (Park et al., 2018). The syntrophic bac-
terial partners may include Proteobacteria, Firmicutes, and Cop-
rothermobacteraeota phyla members. This includes microorganisms 
belonging to Geobacter, Shewrnelia, Desulfovibrio, and Clostridium. On the 
other hand, methanogenic archaea known to be part of DIET belong to 
the families Methanobacteriaceae, Methanomassiliicoccaceae, Methano-
thrix, Methanosarcinaceae, and Methanothermobacteraceae. Different 
studies have previously assessed the effect of adding magnetic elements 
(magnetite) and applying an external magnetic field on microbial 
community dynamic and biomethane yield (Chen et al., 2019; Kato 
et al., 2012; Masood, 2017; D. Wang et al., 2018). The effect of applying 
an external magnetic field on the microbial community in a system with 
mackinawite and greigite as the electroactive media for DIET in AD is 
not fully understood. In this study, protein-rich fish waste (FW) was 
utilized as the AD system’s primary substrate and the main sulfide 
source. The hypothesis was that the magnetic and/or conductive sub-
stances (i.e., greigite and mackinawite) could be developed in the di-
gesters when adding FeCl3. Moreover, possible improvements in 
biomethane yield due to potential establishment of DIET were investi-
gated. Additionally, this study investigated if applied magnetic fields 
could create/concentrate larger conductive and magnetic crystals of 
mackinawite and greigite that microorganisms can use as the electro-
active media promotes the DIET metabolism. 

2. Material & methods 

2.1. Substrate 

Protein- and fat-rich fish waste (FW) was employed as the main 
feedstock in this study. The substrate was collected from a biogas pro-
duction plant at the west of Norway. As a result of the pre-treatment, the 
substrate had a pH of 4.2, and was a homogeneous liquid. Before adding 
fish waste to the reactors as feedstock, FW was diluted with distilled 
water to reduce the volatile solids (VS) content to 15 ± 1 %. 

2.2. Inoculum 

The inoculum needed for AD start-up was collected from a com-
mercial biogas plant in the west of Norway. The operational temperature 
of the reactor was 40 ◦C, and FW served as the main substrate for the 

reactor. The inoculum was stored at 40 ◦C for 20 days to minimize 
endogenous biogas production. The pH of the inoculum before AD was 
8.1. The physical and chemical properties of the start-up inoculum are 
summarized in Table 2, which also includes the properties of the 
feedstock. 

2.3. Reactor design for anaerobic digestion 

2.3.1. Biomethane potential test 
Batch AD was conducted based on a modified protocol, ISO 11734 

(1995), according to Møller et al., to investigate possible improvement 
of biogas production as a consequence of applying a magnetic field 
(Møller et al., 2004). All the parameters, including substrate and inoc-
ulum load, temperature, and mixing condition, were similar in all di-
gesters. Briefly, a half-liter glass bottle was used as an anaerobic 
digester. Permanent magnets were installed on the outer surface of the 
bottles to provide the magnetic field as described in the following sub- 
section. 200 g of inoculum was added to the bottles, and the substrate 
was added to reach a substrate to inoculum ratio (S:I) of 0.5. The 
headspace of the reactors was flushed with pure nitrogen to ensure an 
anaerobic environment, and then the bottles were sealed by air-tight 
caps. Reactors were fed twice over 65 days. After 30 days of adapta-
tion of the reactors, in the second feeding step, 0.01 mM FeCl3 was 
added to the substrate to facilitate H₂S precipitation. The reactors were 
continuously mixed at 100 rpm in an Infors Minitron shaking incubator 
(Infors, Bottmingen, Switzerland) and kept at 40 ◦C. Each experiment 
was conducted in triplicate. 

2.3.2. Magnetic field 
Magnetic fields were applied using permanent magnet discs provided 

by SuperMagneter AS (Kristiansand, Norway). Three different neo-
dymium magnets (N38) were used, as indicated in the Fig. 1. Magnets 
were named weak (FW_WM, Ø4 × 4 mm), moderate (FW_MM, Ø7 × 3 
mm), and strong (FW_LM, Ø10 × 4 mm), corresponding to their 
maximum magnetic force (i.e., 5.5, 10 and 21 N, respectively). The 
magnetic fields in the reactors were estimated using an online magnet 
field calculator provided by Integrated Magnetics (CA, USA). To simplify 
flux density calculations, it is assumed that two magnet fields face each 
other in an attractive position. The reactors were divided into four 
zones, each with a 1 cm thickness, as illustrated in Fig. 1. The maximum 
and minimum magnetic flux densities (milli-Tesla, mT) were calculated 
in each zone for different magnets and stated in Fig. 1. Three reactors 
were used as controls without magnets to draw a baseline for the biogas 
production. The design parameters utilized for the experimental setup 
are given in Table 3. 

2.4. X-ray diffraction 

After finishing the BMP tests, the content of each bottle was centri-
fuged, and a solid digestate was collected for crystal analysis. The aim 
was to investigate the greigite and mackinawite content of the solid 
digestate. 

2.4.1. Sample preparation 
To avoid any change in the structure of components, the solid 

digestate was snap-frozen using liquid nitrogen. The content was then 
freeze-dried using a Labconco FreeZone 2.5-liter freeze-dryer (MO, 
USA). The freeze-dried samples were pulverized using a millstone and 

Table 2 
Physical and chemical characteristics of fish waste.   

Total solid (TS) % Volatile solids (VS) % Carbohydrates 
% TS 

Proteins 
% TS 

Fats 
% TS 

NH4-N 
g/kg 

S 
g/kg 

pH 

Fish waste  64.4  61.9  13.1  11.3  59.9  1.2  4.2  4.2 
Inoculum  4.43  3.7  5.3  1.61  24.2  0.6  3.7  8.1  
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stored in vacuum bottles with self-sealing silicone caps at room tem-
perature before further analysis. 

2.4.2. X-ray diffraction analysis 
Powder X-ray diffraction (XRD) was performed using a Bruker D8 

A25 DaVinci X-ray Diffractometer with CuKα radiation and LynxEye™ 
SuperSpeed Detector equipped with a 90-position sample changer. 
Samples were packed into a zero-background sample holder and step- 
scanned from 10 to 90◦ 2θ using a step size of 0.02◦ 2θ for 120 min. 
Two different databases were used to search and match for mackinawite 
and greigite. First, a COD database or Crystallography Open Database 
(http://www.crystallography.net/cod/) was employed to search for el-
ements resulting in the identification of mackinawite at 13.02◦ 2θ. 
Finally, the other Theta points dedicated to greigite and mackinawite 
were identified using a PDF (Powder Diffraction File) by a licensed 
ICDD-4 database (https://www.icdd.com/pdf-4/). 

2.5. Genetic analysis of microbial culture 

Genetic analysis of the initial and final time points of each experi-
ment were conducted to track changes in the microbial community. 

2.5.1. DNA extraction and quantification 
10 mL of the liquid samples were taken from each digester on the first 

day and day 65 to assess microbial culture changes due to applying a 
magnetic field. The liquid samples were snap-frozen using liquid nitro-
gen and stored at − 80UNIT before the genetic analysis. Microbial 
community analysis was carried out by DNASense ApS (Aalborg Øst, 
Denmark). DNA extraction was conducted using the standard protocol 
for FastDNA spin kit for soil (MP Biomedicals, USA), described by 
Albertsen et al. (2015). The ultimate DNA purification was determined 
by Gel electrophoresis using Tapestation 2200 and D1000/High sensi-
tivity D1000 screencaps (Agilent, USA). The DNA concentration was 
also measured by a Qubit dsDNA HS/BR Assay kit (Thermo Fisher Sci-
entific, USA). 

2.5.2. 16s RNA gene amplicon sequencing 
Region 4 abV4-C amplificon library was prepared for the bacteria/ 

archaea 16S RNA gene, based on the illumine protocol (illumine 2015). 
Ten ng extracted DNA was used as a template. The PCR (polymerase 
chain reaction) amplification was conducted with tailed primers ac-
cording to Illumina, and contained primers targeting the bacteria/ 
archaeal 16S rRNA gene variable region 4 (abV4-C): [515FB] GTGY-
CAGCMGCCGCGGTAA and [806RB] GGACTACNVGGGTWTCTAAT 
(Apprill et al., 2015). After extracting the sequencing libraries from PCR, 

a) b)

32.4-7.43 mT

7.43-3 mT

3-7.4 mT

7.4-32.8 mT

N38/ Ø4*4mm
70-18 mT

18-73 mT

7.3-18.1 mT

18.1-70.8 mT

N38/ Ø7*3mm
115.5-39 mT

39-18.1 mT

18.1-39.1 mT

39.1-117.8 mT

N38/ Ø10*4mm

Fig. 1. Position of each magnet and zones of different magnetic fluxes (a), and the calculated magnetic flux inside each reactor based on magnet strength (b). WM: 
N38/Ø4 * 4 mm; MM: N38/Ø7 * 3 mm; SM: N38/Ø10 * 4 mm. Magnets were located on the batch reactors’ surface to provide a homogenized magnet field in the 
entire working volume. Seventeen magnet discs (WM, MM, and SM) were installed for each reactor. Apart from the central magnet installed precisely on the center of 
the bottom surface (outside of the reactor), the rest were arranged in two rows, one at the height of 2 cm and the other at 4 cm from the bottom. The magnets’ 
distance is considered to have the least neutralizing effect. To simplify the calculations, the glass thickness gap between magnet and liquid (2 mm) was considered air 
instead of glass. 

Table 3 
Experimental set-up. Four different experiments were prepared in triplicate with fish waste (FW) as substrate; one experiment without applying a magnetic field (FW), 
one using a weak magnet field (FW_WM), one with a moderate magnet (FW_MM), and one with a strong magnet (FW_SM), In the first run, FeCl3 was not employed in 
the reactors. In contrast, the second run FeCl3 solution was added to the reactors. The substrate to inoculum ratio (S:I) in all the samples was approximately 0.5. Flux 
density was calculated via online calculators as described before. Three samples with only inoculum prepared, and the biogas produced from these samples was 
subtracted from all other experiments.  

Sample ID Experiments Flux density 
mT 

First run Second run 

Inoculum 
gr VS 

Substrate 
gr VS 

S:I Inoculum 
gr VS 

Substrate 
gr VS 

S:I FeCl3 

mM 

Ino. Only inoculum 0 8 – – 8 – – – 
FW No magnet 0 8 ± 0.3 4 ± 0.05 0.5 8 ± 0.1 4 0.5 0.1 
FW_WM Weak magnet 7.4–43 8 ± 0.2 4 ± 0.05 0.5 8 ± 0.1 4 0.5 0.1 
FW_MM Moderate magnet 7.3–70.8 8 ± 0.2 4 ± 0.02 0.5 8 ± 0.2 4 0.5 0.1 
FW_SM Strong magnet 18.4–118 8 ± 0.1 4 ± 0.03 0.5 8 ± 0.1 4 0.5 0.1  
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the results were quantified and purified. The purified amplicons were 
pooled in equimolar concentration and diluted to 2 nM, and then paired- 
end sequenced (2 × 300 bp) on a illumine MiSeq platform (Illumina, San 
Diego, USA) following the standard guidelines for preparation and 
loading samples on MiSeq. 

2.6. Analysis 

Daily biogas production was measured using a GMH 3161 pressure 
meter (Greisinger electronic, Regenstauf, Germany). 20 mL of biogas 
was collected in a gastight syringe and injected in a GA2000 Landfill Gas 
Analyzer (Geotechnical Instruments Ltd., UK) for biogas composition 
analysis (vol% of CO2 and CH4). The pH of the reactor was measured at 
the end of each week by taking a 2 mL sample and using pH test strips 
(Micro Essential Laboratory, NY, USA). The substrate and inoculum’s 
total solids and volatile solids content were determined according to the 
standard protocols International and European Organizations for Stan-
dardization (ISO 10390: 2005; ISO 11465: 1993). For ammonium (NH4) 
concentration analysis, 2 mL of liquid sample was taken from the bottles 
after 30 days. The samples were centrifuged at 15000 rpm for 10 min. 
The liquid supernatant was separated and diluted ten times before 
analysis. The NH4 concentration was measured using a photometric 
5.2–103 mg/L cell test (Merck group, Germany) and a Spectroquant® 
Prove 100 spectrophotometer. Volatile fatty acids (VFA) were analyzed 
using high-performance liquid chromatography (HPLC) (Phenomenex, 
Torrance, Ca, USA) equipped with a 3000RC column. The HPLC oper-
ated at 85 ◦C and UV detection at 210 nm (Dionex, Sunnyvale, CA, USA). 

The samples’ hydrogen sulfide (H₂S) was determined by collecting gas 
samples in a Kitagawa AP-20 portable sampling pump equipped with 
Kitagawa gas detector tube 120-SB (Kanagawa, Japan). Other properties 
including carbohydrates, proteins and fats were evaluated by Eurofins 
AS (Trondheim, Norway). 

3. Results and discussion 

3.1. Anaerobic digestion 

Results regarding biogas production rate and H₂S reduction because 
of the FeCl3 addition are provided in this section. 

3.1.1. Biomethane production rate 
AD of the FW was conducted in two main steps. In the first step, the 

aim was to adapt the microbial community to the magnetic fields. It is 
worth noting that the original inoculum might include some magnetic 
crystals (e.g., greigite and magnetic pyrite) due to the use of FeCl3 in the 
biogas plant for H₂S management. In the second run, the aim was to 
assess the response of the microbial community to addition of FeCl3 and 
to investigate possible improvements of biogas production rate. 

Except for the reactors with strong magnets (SM), the methane 
produced in each rector in the first run was like the control reactors 
(Fig. 2a). At the end of the first period, a jump in methane production 
occurred in the SM reactors. The biomethane production increased from 
458.8 mL/g VS in control samples to around 534 mL/gVS, resulting in a 
16.4 % increase in methane production. After adding FeCl3 to the 
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Fig. 2. The accumulative methane production yield in two feeding steps (a), and biogas production rate within two AD periods (b).  
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reactors in the second feeding, the final accumulative methane pro-
duction was higher for all the experiments using magnets. The experi-
ments with SM increased the methane yield from 501 mL/g VS to 683 
mL/gVS (36 % increase). Experiments with the weak magnet (WM) and 
moderate magnet (MM) also showed improvements in methane pro-
duction, increasing by 20.5 and 18 % (604 and 591 mL/g VS), respec-
tively. The theoretical methane production of the FW was calculated 
using values of 415, 496, and 1014 mL/g for carbohydrates, proteins, 
and lipids, respectively (Møller et al., 2004). Based on data in Table 2, 
the maximum theoretical methane production from FW was estimated to 
718 mL/g using data provided by (Møller et al., 2004). The maximum 
methane produced in experiments with SM reached 95 % of FW’s 
theoretical methane production yield. The value for the control reactor 
was around 70 %. 

Biogas production rate is an essential factor to consider in designing 
AD processes. Fig. 2b shows the samples’ biogas production rate during 
the two feeding steps. All the samples had a similar production rate in 
the first feeding phase. The biogas production rate in the samples with 
magnets was reduced in the second feeding phase, where FeCl3 solution 
was added together with the FW to the system. The accumulated biogas 
production on day 35 for the samples without magnets was 551 mL/g 
VS, while the value for samples with weak, moderate, and strong mag-
nets was 378.8, 393, and 248 mL/g VS, respectively. This initial lower 
biogas production may be linked to the initial adaptation of microor-
ganisms due to exposure to magnetic fields and FeCl3. In contrast, in the 
second half of the experiment, the maximum daily biogas production in 
samples with magnets reached 152, 156, and 161 mL/g VS/Day for WM, 
MM, and SM, respectively. These values are much higher than the 
maximum biogas production yield of samples without magnets (88.3 
mL/g VS/Day). 

3.2. Hydrogen sulfide concentration 

The H₂S content of different biogas samples are provided in Fig. 3. In 
the first digestion trials without FeCl3 added, the hydrogen sulfide was 
above 65 ppm in the first week, dropping to around 50 ppm and staying 
almost unchanged in all the samples except for FW_SM, which dropped 
to 40 ppm. The H₂S concentration in digesters containing magnets was 
higher than in digesters without magnets on day 33. This may explain 
the lower biogas production rate of the magnet digesters at the begin-
ning of the second batch test. On day 33, the maximum H₂S concen-
tration for WM, MM, and SM was 69, 71, and 72 ppm, and these values 
were reduced to below 10 ppm in all the samples at the end of the 

experiment. H₂S concentration of samples without a magnet in the 
second round of experiments was 60 ppm and dropped to 27 ppm at the 
end of the investigation. The positive effect of FeCl3 on reducing H₂S 
concentration in produced biogas is well documented in previous 
research, and our results are in line with the literature data (Choong 
et al., 2016; Erdirencelebi and Kucukhemek, 2018; Luo et al., 2022) 
However, the H₂S reduction in experiments with magnet was clearly 
higher than experiments without magnet. 

3.3. XRD analysis of solid content 

It is assumed that the magnetic field in AD reactors can improve the 
concentration and/or development of conductive and magnetic surfaces 
such as mackinawite and greigite in an anoxic environment. The mag-
netic field may also create currents in the crystals and thus improve 
DIET. These hypotheses were assessed during AD of FW by Magnetic 
discs. After AD, the solid content of each reactor was collected by 
centrifugation and snap-frozen using liquid nitrogen. After freeze-drying 
the samples, the solid materials were milled to make samples more 
homogenous to reduce the background noises in XRD results. Fig. 4 
shows the XRD analysis of samples from the AD of FW and FeCl3 with/ 
without a magnetic field applied. Presence of mackinawite and greigite 
were targeted using a Diffraction EVA (V6.0.0.6) search and match 
software. The results were in line with literature data (Chang et al., 
2008, 2011; Gallegos et al., 2007; Jeong et al., 2008; Mullet et al., 2002; 
Roberts et al., 2006; van Dongen et al., 2007). Different samples had 
different content of mackinawite and greigite. In the experiments 
without magnetic fields, mackinawite is the most abundant component 
in the system. In comparison, in some specific 2Theta ranges for MM and 
SM, the concentration of mackinawite decreased. At the same time, the 
number of greigite atoms increased. Therefore, greigite is the major 
constituent of the samples with MM and SM, but mackinawite is also 
abundant. This conversion of mackinawite to greigite was more pro-
nounced as the magnetic field strength increased. In AD, greigite can be 
produced through a complex reaction from mackinawite, which is a 
time-dependent reaction. Picard et al. showed that in pure anoxic cul-
ture and the in presence of appropriate microorganisms (sulfate- 
reducing bacteria, SRB), it takes five months to observe greigite in the 
system (Picard et al., 2018). Mackinawite structure consists of 
micrometre-sized irregular aggregates composed of many flake-like 
nanoparticles (Ning et al., 2013; Ohfuji and Rickard, 2006). In 
contrast, greigite has a more well-defined crystal structure which is 
thermodynamically metastable (Vasiliev et al., 2008; Wang and Chen, 

Fig. 3. Concentration of hydrogen sulfide in the produced biogas collected at different time points.  
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2022). Moreover, compared to mackinawite, greigite is more magnetic 
(Lan and Butler, 2014). An increase in greigite crystal in the solid con-
tent of the reactors with magnets can have two possible explanations; 
first, the magnets may concentrate the iron sulfides (especially greigite) 
in the solid portion, and second, applying a magnetic field may reduce 
the kinetic resistance (speeds up the transformation) in the 
mackinawite-greigite transformation. The second possible phenomenon 
becomes even more critical considering the slow transformation of 
mackinawite to greigite (Duverger et al., 2020; Hunger and Benning, 
2007; Picard et al., 2018). The presence and development of the 
conductive and magnetic elements in the system, as indicated in XRD 

analysis of the solid samples, may suggest that more nano-conductive 
elements are available to be used by different organisms for initiating 
DIET. However, the role of magnetic field and the surface characters are 
not clear and need to be investigated further. 

3.4. Genetic analysis of microbial culture 

DNA extraction and sequencing library preparation was successful 
for all the samples and yielded between 21,039 and 42,845 DNA reads 
after quality control of extracted DNA and bioinformatic processing 
(Fig. 5). As presented in Fig. 5 in all the samples, bacteria genes 
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represented around 69.9–81.7 % of all the filter reads, and archaea 
represented 20.3–30.1 % of the filter reads. 

3.4.1. Relative abundance analysis of Archaea and bacteria 
Samples from the reactors were taken at the beginning (first day) and 

the end of the experiment (day 65) to investigate the variation of the 
microbial community due to applying magnetic fields. Relative 
sequence fractions of the 14 most abundant bacteria phyla (>0.1 %) 
within the digesters with/without magnet and initial inoculum libraries 
produced from Illumina MiSeq sequencing have been provided in 
Table 4. Table 4 also contains information regarding the most abundant 
methane-producing genus in the experiments. Firmicutes (71.7 %), 
Synergistota (9.7 %), Proteobacteria (4.6 %), Bacteroidota (7.23 %), and 
Caldatribacteriota (2.5 %) constituent over 95 % of the bacteria in the 
initial inoculum. After 60 days of experiments and applying a magnetic 
field, the bacterial community gradually changed. Since this work aimed 
to investigate the effect of magnetic fields on the microbial community, 
the focus is here on the samples with magnets. In experiments with WM, 
MM, and SM, relative abundance (RA) of the Firmicutes increased from 
71.7 % to 83.8, 84.8, and 78.11 %, respectively. Cloacimonadota species 
had a similar trend after applying a magnetic field. RA of Cloacimonadota 
increased in WM, MM, and SM to 2.58, 3.86, and 8.97 %, respectively. 
At the same time, RA of Synergistota, Bacteroidota, and Proteobacteria was 
reduced as a function of an increase in magnetic field strength. The 
methanogenesis archaea genus in initial samples belonged to Meth-
anobacterium (91.3 %), Methanoculleus (7.9 %), Methanosarcina (0.7 %), 
and Methanobrevibacter (0.1 %). The magnetic field increased the RA of 
Methanosarcina (8.5 %), and a substantial decrease in the RA of Meth-
anobacterium (87.2 %) in the samples was observed. 

3.4.2. Effect of magnetic field on the composition of methane producing 
archaea 

Hydrogenotrophic methanogens were the most dominant genus in 
the initial inoculum, with 99.3 % of the total Archaea community; 
however, increasing the magnetic field, the RA of Methanosarcina (ace-
toclastic methanogens that can also consume hydrogen or electrons in 
DIET) increased by up to 12-fold. The high RA of hydrogenotrophic 
methanogens indicates acetate oxidation, CO2 oxidation with hydrogen 
and/or electron and hydrogen conversion to methane were the most 

likely pathway to generate methane in the initial inoculum. Protein-rich 
substrates can increase the free nitrogen concentration in the system 
(Yenigün and Demirel, 2013). Acetoclastic methanogens have lover 
specific methanogenic activity in elevated ammonia concentration than 
hydrogenotrophic methanogens (Jiang et al., 2019). Some of the ace-
toclastic methanogens (e.g., Methanosaetaceae) are very sensitive to the 
ammonia concentration. They cannot tolerate the ammonia nitrogen 
concentration of over 1 g/L blocking the acetoclastic methanogenesis 
pathway (Jiang et al., 2019). A lower RA of acetoclastic methanogens in 
the initial inoculum may suggest that a high total ammonia nitrogen 
concentration in the samples (2.3 ± 0.2 g/L) could shift the methane 
production pathway toward hydrogenotrophic methanogenesis rather 
than acetoclastic. In the samples with magnetic fields, the RA of archaea 
significantly changed. In experiments with SM, the RA of Methanosarcina 
(8.5 %) increased. At the same time, the RA of Methanobacterium (87.2 
%) and Methanoculleus (4.3 %) reduced. Methanoculleus is a hydro-
genotrophic organism that can be a partner of syntrophic acetate- 
oxidizing bacteria (Mosbæk et al., 2016); however, it should be noted 
that the abundance of Methanoculleus and Methanobacterium was 
reduced while the abundance of Methanosarcina in the experiments 
including magnets was raised. Methanosarcina are multifunction mi-
croorganisms that can consume either hydrogen or acetate to produce 
methane (Zhang et al., 2019). It is also well-known that the Meth-
anosarcina class is capable of transferring electron in a DIET metabolism 
in AD (Holmes et al., 2021). Methanosarcina in the presence of syntro-
phic partner can potentially take over the role of the Methanoculleus and 
produce methane from hydrogen or electrons (Mosbæk et al., 2016). An 
increase in the population of Methanosarcina sp. as a function of an in-
crease in the magnetic field and methane production yield in high 
ammonia concentration can be potentially linked to stimulation of DIET 
between syntrophic microorganisms; however, DIET among syntrophic 
partners deserves further pure coculture investigations. 

3.4.3. Variations in bacterial community structure and possible DIET 
pathways 

RA of different families in the bacterial community with the highest 
fluctuation is presented in Table 5. Since the bacterial community in 
most of the samples was relatively stable, the most fluctuating families 
within bacteria are of interest. A specific focus is given to those families 
with an upward trend increase in RA as a function of growth in the 
magnetic field. RA of different family members of several species, 
including Firmicutes, Chloroflexi, Proteobacteria, Cloacimonadota and 
Desulfobacterota, showed an increase with the magnet field strength. RA 
of Sedimentibacteraceae, Erysipelatoclostridiaceae, Anaerolineaceae and 
Pseudomonadaceae showed the highest increase by up to 100-, 16-, 9.4, 
and 9.05-fold after increasing the magnetic field to over 180 T. The RA 
of W27, Lactobacillaceae, Guggenheimella, Lutispora, Proteiniboraceae, 
Desulfomicrobiaceae, Dethiobacteraceae, and Syntrophomonadaceae were 
increased by over 2-fold. 

Some members of Sedimentibacteraceae are capable of reducing iron 
(Zhao et al., 2021). Zhao et al. have shown that family members of 
Sedimentibacteraceae contain genera for pilA making them potential 
candidates for direct electron transfer to electrophic methanogens (e.g., 
Methanothrix and Methanosarcina) (Feng et al., 2022; Zhao et al., 2020). 
Genera belonging to Erysipelatoclostridiaceae families are anaerobic fer-
menters, degrading carbohydrates to generate lactose, hydrogen, ace-
tate, butyrate and propionate (Palomo-Briones et al., 2022; Treu et al., 
2019; Yutin and Galperin, 2013). Anaerolineaceae, as a family within 
Chloroflexi phylum, are widespread in AD reactors utilizing the carbo-
hydrates and proteinaceous carbons under AD (McIlroy et al., 2017). 
Nakasaki et al. and Yamada et al. have reported that the Anaerolineaceae 
are dominant in lipid-rich ADs, which is relevant to the nature of the 
substrate used in this study (Nakasaki et al., 2019; Yamada et al., 2006). 
It is reported in previous research studies that Anaerolineaceae are syn-
trophic partners of methanogens for methane productions (Azman et al., 
2017; De Vrieze et al., 2015). It is also reported by Wang et al. that the 

Table 4 
Relative sequence fraction of the 14 most abundant bacteria phyla and 4 most 
abundant archaea genes (>0.01 %) within the digesters with/without magnet 
and initial inoculum libraries produced from Illumina MiSeq sequencing of 
Bacteria and Archaea 16S rRNA gene amplicons. The red colors represent the 
data bars for each species.   

Initial ino. FW FW_WM FW_MM FW_SM 

Bacteria phylum 
Actinobacteriota  0.39  0.25  0.27  0.21  0.20 
Bacteroidota  7.23  4.50  2.91  2.33  3.44 
Caldatribacteriota  2.53  2.92  2.57  2.88  2.21 
Chloroflexi  0.06  0.29  0.20  0.28  0.45 
Cloacimonadota  1.72  3.51  2.58  3.86  8.97 
Desulfobacterota  0.04  0.06  0.06  0.08  0.06 
Firmicutes  71.71  81.42  83.80  84.79  78.11 
Planctomycetota  0.00  0.04  0.02  0.03  0.04 
Proteobacteria  4.60  2.36  2.64  2.12  3.06 
Spirochaetota  0.01  0.03  0.01  0.00  0.02 
Synergistota  9.73  3.42  3.92  2.52  2.78 
Verrucomicrobiota  0.32  0.14  0.08  0.15  0.06 
WPS-2  0.10  0.20  0.12  0.13  0.07 
Uncultured  1.56  0.84  0.82  0.63  0.54  

Archaea genes 
Methanobacterium  91.3  93.1  94.8  93.4  87.2 
Methanobrevibacter  0.1  0.0  0.0  0.0  0.0 
Methanoculleus  7.9  5.6  3.8  2.7  4.3 
Methanosarcina  0.7  1.3  1.4  3.8  8.5  
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Table 5 
Heat map of the 34 most abundance bacterial families (>0.01 %). Relative abundance (RA) of the 35 most fluctuating families within the bacteria 
(heat map) and the normalized values of RA of the families in different samples-per RA of corresponding families in the initial inoculum (right). 
Families are listed from the largest reduction to largest growth in R. A. ratio of FE_SM experiments. 

Phylum Family
Initial

Ino.
FW

FW

_WM

FW

_MM

FW

_SM

(R. A. of Families) samples / 

(R. A. of Families) Initial Ino.

FW

_WM

FW

_MM

FW

_SM

Blank 2.44 0.79 0.82 0.65 0.46 0.34 0.27 0.19

Firmicutes Limnochordaceae 0.10 0.07 0.05 0.01 0.02 0.50 0.10 0.20

Firmicutes Tepidanaerobacter 0.14 0.02 0.04 0.03 0.04 0.29 0.21 0.29

Firmicutes Peptostreptococcaceae 0.21 0.06 0.03 0.03 0.07 0.14 0.14 0.33

Proteobacteria Alcaligenaceae 4.23 2.21 2.21 1.37 1.39 0.52 0.32 0.33

Proteobacteria Xanthobacteraceae 0.04 0.00 0.00 0.01 0.02 0.00 0.25 0.50

Synergistota Synergistaceae 9.73 3.42 3.92 2.52 3.57 0.40 0.26 0.37

Bacteroidota Lentimicrobiaceae 4.61 2.71 1.30 1.16 1.83 0.28 0.25 0.40

Firmicutes midas_f 34.25 30.87 31.35 29.00 15.53 0.92 0.85 0.45

Bacteroidota Dysgonomonadaceae 2.17 1.42 1.26 0.85 1.26 0.58 0.39 0.58

Proteobacteria Rhodobacteraceae 0.03 0.03 0.00 0.00 0.02 0.00 0.00 0.67

WPS-2 midas_f_1770 0.10 0.20 0.12 0.12 0.08 1.20 1.20 0.80

Bacteroidota Marinilabiliaceae 0.04 0.03 0.06 0.05 0.03 1.50 1.25 0.75

Desulfobacterota Desulfobulbus 0.01 0.01 0.02 0.03 0.01 2.00 3.00 1.00

Firmicutes Caldicoprobacteraceae 0.20 0.10 0.10 0.04 0.17 0.50 0.20 0.85

Firmicutes Christensenellaceae 0.80 0.82 0.33 0.47 0.68 0.41 0.59 0.85

Caldatribacteriota Caldatribacteriaceae 2.53 2.92 2.57 2.88 2.34 1.02 1.14 0.92

Firmicutes Anaerovoracaceae 0.07 0.24 0.35 0.35 0.30 1.30 1.30 1.11

Actinobacteriota Corynebacteriaceae 0.16 0.22 0.22 0.16 0.18 1.38 1.00 1.13

Bacteroidota Rikenellaceae 0.34 0.26 0.21 0.20 0.39 0.62 0.59 1.15

Firmicutes Hungateiclostridiaceae 9.82 13.23 13.44 15.68 15.49 1.37 1.60 1.58

Firmicutes Family_XI 6.93 9.66 9.96 10.18 11.06 1.44 1.47 1.60

Firmicutes Syntrophomonadaceae 1.79 1.68 2.50 2.67 3.58 1.40 1.49 2.00

Firmicutes Dethiobacteraceae 6.26 5.97 8.49 9.73 12.88 1.36 1.55 2.06

Desulfobacterota Desulfomicrobiaceae 0.02 0.02 0.04 0.04 0.05 2.00 2.00 2.50

Firmicutes Proteiniboraceae 1.99 3.55 1.84 1.41 5.23 0.92 0.71 2.63

Firmicutes Lutispora 0.08 0.18 0.27 0.18 0.24 3.38 2.25 3.00

Firmicutes Guggenheimella 3.97 5.13 11.42 11.82 12.59 2.88 2.98 3.17

Firmicutes Lactobacillaceae 0.63 2.10 2.04 1.95 2.36 3.24 3.10 3.75

Cloacimonadota W27 1.72 3.37 2.59 4.02 7.05 1.51 2.34 4.10

Proteobacteria Pseudomonadaceae 0.19 0.11 0.40 0.56 1.72 2.11 2.95 9.05

Chloroflexi Anaerolineaceae 0.05 0.03 0.30 0.28 0.47 6.00 5.60 9.40

Firmicutes Erysipelatoclostridiaceae 0.01 0.02 0.08 0.08 0.16 8.00 8.00 16.00

Firmicutes Sedimentibacteraceae 0.00 0.05 0.06 0.08 0.10 60.00 80.00 100.00
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Anaerolineaceae can potentially contribute to DIET in presence of 
conductive materials in the digesters (G. Wang et al., 2018). The results 
of this study suggest that that magnetic field may enhance the electron 
transfer process among methanogens and Anaerolineaceae resulting in an 
increase in RA of Anaerolineaceae as a function of magnetic field (Xia 
et al., 2016). Genus belonging to Pseudomonadaceae, including Pseudo-
monas, were reported as electrogenic bacteria responsible for converting 
VFAs to electric current in microbial fuel cells (Freguia et al., 2010). 
Moreover, family members of Pseudomonadaceae can convert alcohols to 
acetate and electrons. These electrons can be further transferred to 
Methanosarcina through DIET. However, the Pseudomonadaceae are not 
sufficient alone for the electron transfer from central metabolism to cell 
surface (Lovley, 2006) and a conductive element is required to initiated 
DIET (Y. Li et al., 2022; Liu et al., 2012). Results from XRD analyses 
indicated that the magnetic and conductive materials were concentrated 
in the digesters exposed to magnetic fields. Presence of these conductive 
elements in experiments with magnet can potentially initiate DIET 
among Pseudomonadaceae and methane producing archaea including 
Methanobacterium and Methanosarcina (Lin et al., 2017; Qi et al., 2021; 
Wan et al., 2021). 

W27, a family within Cloacimonadota phylum, are reported as active 
bacteria in the degradation of long-chain fatty acids (LCFA) in lipid-rich 
substrates through a cyclic β-oxidation (Shakeri Yekta et al., 2019). 
Cleavage of LCFA through cyclic β-oxidation resulting in acetate, 
hydrogen and/or formate (Perman et al., 2022). Lactobacillaceae is also 
characterized as hydrolyzing bacteria converting simple and complex 
sugars to acetate, ethanol, CO2, formate, or succinate (Felis and Pot, 
2014; Lourinho et al., 2020; Poszytek et al., 2017). Studies have shown 
that magnetic fields can influence the metal ions and intracellular en-
zymes. Cell membrane and electron transport systems can be affected by 
electrodynamic interaction between living organisms’ electric current 
and magnetic force (Hu et al., 2020; Zhang et al., 2015; Zieliński et al., 
2021). An increased RA of W27 and Lactobacillaceae in experiments with 
magnet can potentially be linked to an improved hydrolytic consortium; 
however, the results here are not sufficient for such a conclusion and an 
advanced meta-omic-based technique needs to be employed to investi-
gate the enzymes involved in the process. The protein content of FW 
results in an elevated ammonia concentration in the system. Guggen-
heimella is detected as anaerobic fermenters converting carbohydrates to 
butyrate, propionate, and acetate, participating in syntrophic oxidation 
under ammonia stress (Mathai et al., 2020; Zhang et al., 2022). Lutispora 
belonging to the Firmicutes phylum have been reported as key degrader 
of proteinaceous substrates (Chen et al., 2018). The end products from 
these microorganisms in anaerobic fermentation at 40 ◦C are acetate, 
isobutyrate, propionate and isovalerate (Jiang et al., 2020; Pervin et al., 
2013; Shiratori et al., 2008). Bai et al. have observed a close partnership 
among Lutispora and methane producing archaea with high VFA and 
protein content digesters (Bai et al., 2019). Even though RA of Lutispora 
is relatively low in this system, it potentially plays an important role in 
AD of FW (Jiang et al., 2022). Like Lutispora, members of Proteinibor-
aceae family including Proteiniborus are protein-specific utilizing bacte-
ria under elevated ammonia concentrations (Chen et al., 2018; Dai et al., 
2016). The Proteiniborus is gram negative mesophilic anaerobic 
fermenter that converts proteins to acetic acid, hydrogen, ethanol, car-
bon dioxide (Dai et al., 2016; Niu et al., 2008). Cao et al. demonstrated 
that the Proteiniborus have significant role in sustaining hydrogen 
consuming methanogens (Cao et al., 2022). An increase in RA of protein 
degraders after applying magnetic field may suggest that the proposed 
approach can positively influence the degradation of proteins. 

Even though Desulfomicrobiaceae have shown a relatively lower 
presence in all the experiments, the increased RA of genus belonging to 
Desulfomicrobiaceae is of interest. Desulfomicrobium (listed in the sup-
plementary document), a family member of Desulfomicrobiaceae, are 
incomplete oxidizing sulfate-reducing bacteria (IO-SRB) capable of 
degrading organic carbons to acetate (Xing et al., 2020). The electron 
donors for IO-SBR are pyruvate, lactate, methanol, ethanol, and glycerol 

using sulfate as an electron acceptor (Lu et al., 2017; S. Wang et al., 
2021). Unlike complete oxidizing sulfate-reducing bacteria (CO-SRB) 
that compete with methane-producing archaea for H2 and acetate uti-
lization, IO-SRB cooperate with methanogens (Wu et al., 2018). Several 
researchers have reported that adding iron containing materials (e.g., 
ferroferric oxide (Fe3O4), magnetite, nanoscale zero valent iron) can 
improve the cooperation between IC-SRB and methanogens while 
reducing H₂S concentration the reactors (Amen et al., 2018; Liu et al., 
2019; Z. Wang et al., 2021). Xing et al. have shown that genus belonging 
to Desulfomicrobiaceae and methane-producing archaea can potentially 
contribute in methane production by DIET in presence of iron-based 
conductive materials (Xing et al., 2020). Increased RA of Desulfomicro-
biaceae after adding FeCl3 and applying a magnetic field in this study 
may suggest that a DIET can potentially accrue among Desulfomicro-
biaceae and methane-producing archaea. Dethiobacteraceae are also 
suggested as syntrophic acetate oxidizing bacteria in high ammonia 
content (Dyksma et al., 2020; Perman et al., 2022; Trutschel et al., 
2022). Dyksma et al. have suggested that the members of Dethiobacter-
aceae family express genes encoding ferredoxin which is crucial for 
methane production through carbon dioxide oxidation pathway 
(Dyksma et al., 2020). It is also argued that these genes are essential for 
electron uptake by Methanosarcina during DIET (Holmes et al., 2018, 
2021; Wagner et al., 2017). Increased RA of Methanosarcina and 
Dethiobacteraceae as a function of elevated magnetic field in this study 
might be related to an improved electron transfer process through iron- 
sulfide proteins and close partnership among SAO-based Dethiobacter-
aceae and Methanosarcina; however, this hypothesis requires stronger 
supports through detailed analysis of gene expression. Syntrophomona-
daceae are active butyrate-reducing bacteria through hydrogen inter-
species transfer pathway in close association with hydrogen consumers 
in AD (Zhao et al., 2016). Presence of Syntrophomonadaceae is crucial to 
maintain the VFA degradation and methane production in the system (Li 
et al., 2015; Zhang et al., 2020). 

A simultaneous increase in RA of the Methanosarcina and several 
potential DIET-active bacteria families (e.g., Sedimentibacteraceae, 
Anaerolineaceae, Pseudomonadaceae, and Desulfomicrobiaceae) may sug-
gest that DIET would be an alternative pathway for biomethane pro-
duction in systems including magnetic field after adding FeCl3. The 
microbial community structure was less diverse in all the samples than 
in samples from other anoxic environments, mainly due to harsh con-
ditions (such as high ammonia content) developed during AD of FW. It is 
worth mentioning that, due to the H₂S management strategies in the 
plant from which the initial inoculum originated, the initial inoculum 
contained some conductive elements, including mackinawite and grei-
gite. The presence of hydrogenotrophic methanogens and enriched 
Firmicutes bacteria may indicate that DIET could be an important 
pathway for methane production; however, applying an external mag-
netic field could significantly increase methane production potentially 
due to an improved syntrophic partnership among different bacteria and 
archaea. 

This study indicates that increasing magnetic field strength may in-
crease the biogas production. These substances (e.g., ferredoxin) could 
be responsible for enzymatic effects as well as stimulating DIET in the 
system, and it is therefore suggested that the enzyme analysis be carried 
out and combined with magnetic stimulation to search for possible 
synergies. 

The magnetic separation and recycling will selectively recycle 
magnetic material, and the electron donors and recipients that interact 
with the magnetic/conducting surfaces. This could therefore be an 
efficient way forward in separating hydraulic residence time in the 
reactor from the residence time of the microorganisms. Therefore, 
magnetic separation and recirculation of iron sulfide crystals may turn 
stirred tank biogas reactors into highly efficient reactors for biogas 
production. 
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4. Conclusion 

Protein- and fat-rich FW was employed as a feedstock for AD. To 
prevent H₂S generation from the protein, FeCl3 was added to the system. 
Conductive and magnetic elements, including mackinawite and greigite, 
were generated during AD. Microorganisms may use these elements as a 
surface for developing biofilm and facilitating the DIET. A magnetic field 
in the system increased methane production yield and concentrated 
conductive materials while reducing the H₂S content. The genetic 
analysis revealed that the magnetic field changed the structure of the 
microbial community toward a fat-hydrolysis-rich culture. Magnetic 
fields could potentially stimulate DIET. 
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